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PREFACE

Treatises on colloid chemistry are based generally upon a
physical viewpoint, treating the colloidally dispersed particle
as a suspended, insoluble unit providing an interface to which
noncolloidal substances may be adsorbed in an empirtefl manner
quite devoid of any relationship with the phenomena.%assical
chemistry.

In this book, the attempt has been made to treat colloidal
dispersions from the point of view of crystalloidal chemistry.
Here the particle is regarded, partly at least, as in solution,
as the polar groups of water-insoluble organic compounds are
dissolved in water with the nonpolar parts protruding according
to the postulates of Langmuir, and also of Harkins, about 17
years ago. The merit of the application of the classical view-
point to protein solutions has been proven by the researches of
Pauli, Michaelis, Loeb, Cohn and others.

For inorganic dispersions, the viewpoint of this book revives
the ideas of Linder, Picton and Duclaux, among others, of 25
to 35 years ago. It is undoubtedly easier to consider inorganic
dispersions from a physical angle but the writer feels that such
a treatment is inadequate unless supplemented by considerations
of the chemical nature of the constituents. The application
of the Werner-Pfeiffer concepts of complex compound formation
has provided ‘a rational basis for an explanation of the behavior
of these dispersions in some specific instances.

This book is the outgrowth of the author’s courses on colloid
chemistry, the first of which was started in 1915, and has been
written for those who are familiar with elementary inorganic,
organic and physical chemistry. The fundamental techniques
of colloid chemistry are critically discussed with references to
the literature for those who desire further details. The writer
has endeavored to assemble interesting facts, even where explana-
tion is lacking, with the hope that workers in applied fields as
well as pure science investigators may find this book useful and
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be informed where the elucidation of colloid problems needs
their assistance.

The author expresses his appreciation to Dr. M. Irene Bailey
and to Dr. M. Mattikow for their suggestions after reading the
manuscript and proofs, to Mr. H. 8. Miller and to Mr. H. S.
Owens who assisted in reading the proofs, and to Mr. Benja-
min Cohen for his aid in the preparation of the chapter on
electrokinetics.

- The writer is indebted also to Professors V. K. LaMer and
T. C. Taylor for their suggestions concerning certain parts of
the manuseript.

ArTHUR W. THOMAS.

DEPARTMENT OF CHEMISTRY,

CorLuMsiA UNIVERSITY,

NEw York, N. Y.,
July, 1934.
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COLLOID CHEMISTRY

CHAPTER 1

INTRODUCTION

Thomas Graham, Master of the Mint in London, published in
1861 a memoir** upon his investigations of free hydrodiffusion
which showed that substances inclined to form gelatinous and
amorphous precipitates like alumina, caramel, gum arabie,
albumin, and gelatin diffused through water at an exceedingly
low rate in comparison with crystalline substances such as sodium

_ chloride, sugar, and glycerol; and further that while the crystal-
line substances diffused readily through a membrane of parch-
ment paper, this septum was practically impervious to the
amorphous bodies.

Since glue belonged to this class of substances of extremely
slight diffusibility, he ‘“‘proposed to designate substances of the
class as colloids [from the Greek xoM\e, glue], ‘“and to speak of
their peculiar form of aggregation as the colloidal condition of
matter.”” The crystalline and highly diffusible substances were

- set in an opposing class with the name of crystalloids.

Quoting from Graham’s original paper:

The distinction is no doubt one of intimate molecular constitu-
tion. . . . Although chemically inert in the ordinary sense, colloids
_possess a compensating activity of their own arising out of their physical
properties. While the rigidity of the crystalline structure shuts out
external impressions, the softness of the gelatinous colloid .partakes of
fluidity, and enables the colloid to become a medium for liquid dif-
fusion, like the water itself. . . . Another and eminently characteristic
quality of colloids is their mutability. Their existence is a continued
metastasis. A colloid may be compared in this respect to water while
existing liquid at a temperature under its usual freezing point, or to a

* Superior numbers refer to items in the bibliography at the end of each
chapter.
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2 COLLOID CHEMISTRY

supersaturated saline solution. Fluid colloids appear to have always a
pectous modification; and they often pass under the slightest influences
from the first into the second condition. The solution of hydrated
silicic acid, for instance, is easily obtained in a state of purity, but it
cannot be preserved. It may remain fluid for days or weeks in a sealed
tube, but it is sure to gelatinize and become insoluble at last. Nor does
the change of this colloid appear to stop at that point. For the mineral
forms of silicie acid, deposited from water, such as flint, are often found
to have passed, during the geological ages of their existence, from the
vitreous or colloidal into the crystalline condition., The colloidal is, in
fact, a dynamical state of matter; the crystalloidal being the statical
condition. . . .

The phenomena of the solution of a salt or crystalloid probably all
appear in the solution of a colloid, but greatly reduced in degree. The
process becomes slow; time, indeed, appearing essential to all colloidal
changes. The change of temperature, usually occurring in the act of
solution, becomes barely perceptible. The liquid is always sensibly
gummy or viscous when concentrated. The colloid, although often
dissolved in a large proportion by its solvent, is held in solution by a
singularly feeble force. Hence colloids are generally displaced and
precipitated by the addition to their solution of any substance from the
other class. Of all the properties of liquid colloids, their slow diffusion
in water, and their arrest by colloidal septa, are the most serviceable in
distinguishing them from crystalloids. . . .

While soluble crystalloids are always highly sapid, soluble colloids
are singularly insipid. It may be questioned whether a colloid, when
tasted, ever reaches the sentient extremities of the nerves of the palate,
as the latter are probably protected by a colloidal membrane, imperme-
able to soluble substances of the same physical constitution. . . .

The equivalent of a colloid appears to be always high, although the
ratio between the elements of the substance may be simple. Gummic
acid, for instance, may be represented by C;2H;,011, but judging from
the small proportions of lime and potash which suffice to neutralize
this acid, the true numbers of its formula must be several times greater.
It is difficult to avoid associating the inertness of colloids with their high
equivalents, particularly where the high number appears to be attained
by the repetition of a smaller number. The inquiry suggests itself
whether the colloid molecule may not be constituted by the grouping
together of a number of smaller crystalloid molecules, and whether the
basis of colloidality may not really be this composite character of the
molecule. . . .

" The hardness of the crystalloid, with its crystalline planes and angles,
is replaced in the colloid by a degree of softness, with a more or less
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rounded outline. The water of crystallization is represented by the
water of gelatination. The water in gelatinous hydrates is aptly
described by M. Chevreul as retained by “capillary affinity,” that is,
by an attraction partaking both of the physical and chemical character.

The systematic studies made by Graham won for him the title
of “father of colloid chemistry,” despite the fact that colloidal
solutions and suspensions had been described before 1861.

Gold in the colloidal form was utilized in the manufacture
of ruby glass in the sixteenth century, although to be sure the
nature of its dispersion was not understood. Andreas Libau,
in his Alchemia (1595), described the use of gold solutions in
making red glass, stating that the color permeated the entire
mass of the glass? analogous to rubies.

Probably T. Bergmann? should be credited with the discovery
of colloidal silicic acid, in 1779. Bergmann found that the
precipitate from sodium silicate solution formed by the addition
of acids redispersed upon copious dilution. His explanation was:

The silica particles are widely separated and made finer by the dilut-
ing water and scattered throughout the whole mass. By each extension
the surface is expanded and likewise the contact with the surrounding
fluid. In this state the silica cannot settle out since it cannot overcome
the frictional resistance. The silica particles remain therefore floating
in the liquid and due to their fineness and transparency are invisible.

Francesco Selmi,* after extensive studies, stated that there
were two distinet classes of solutions which he called ““solutions”
and “pseudo-solutions.” :

Faraday prepared and described colloidal gold at least five
years prior to Graham’s publication. The following isa quotation
from one of his papers:®

If a pint or two of the weak solution of gold before described [.e.
about 2 grains of gold chloride in two or three pints of water] be put into
a very clean glass bottle, a drop or two of the solution of phosphorus in
sulphide of carbon added, and the whole well shaken together, it immedi-
ately changes in appearance, becomes red, and being left for six to twelve
hours, forms the ruby fluid required; too much sulphide and phosphorus
should not be added, for the reduced gold then tends to clot about the
portions which sink to the bottom. .
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The novice is cautioned against an erroneous impression which
the general tendency of using the term colloid in the substantive
sense may create in his mind. No definite relationship between
chemical constitution and colloidal condition exists, nor are
there any particular elements or compounds which have the
specific nature of being ‘“‘colloids.” Many substances may exist
in either a colloidal or a crystalloidal condition. Von Veimarn®
in fact claims that any common crystalloid under properly
arranged conditions can be made to assume the colloidal state.

The state of dispersion of a given substance in solution is
influenced by the dielectric constant of the solvent,” the degree of
dissociation decreasing and the degree of association increasing
with decreasing dielectric constant. This is shown in Table 1
for the crystalloid salts tetrapropylammonium iodide and

TasLB 1.—DIFFERENT DEGREES OF DISPERSION ACCORDING TO NATURE
OF SOLVENT

. M. W. found
o | Ratio¥of po s weight
Solvent Dielectric
constant For For
N(CsHz)4l | N(CsHui)l

Nitrobenzene. .................... 35.7 0.81 0.76
Ethyl alecohol..................... 25.7 0.98
Methylene chloride................ 8.3 >2
Isoamyl alecohol................... 5.7 2.12
Aceticacid....................... 6.4 3.6 3.7
Chloroform....................... 5.0 6 >3
Benzene..................i. 2.3 Insoluble )
Carbon tetrachloride............... 2.2 Insoluble o

*“M. W, found” was determined by freezing-point depression for nitrobenszene and
acetic acid, and by boiling-point elevation for the rest.

tetraisoamylammonium iodide. With decreasing dielectric con-
stant of solvent both compounds become more associated in
solution, tetraisoamylammonium iodide existing in the colloidal
state in benzene and in carbon tetrachloride.

Soaps are nonassociated in alcohol but are crystalloidal to
colloidal in water, the latter state being favored by increase in
concentration, especially with the soaps of higher molecular
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weight.* Hexadecylamine hydrochloride, C,sH3NH;Cl, acts
like soaps.

There are other cases of transitions between crystalloidal
and colloidal dispersions. The compound bromphenanthrene-3-
sulfonic acid® is a nonassociated electrolyte in dilute solution but
colloidal in concentrated dispersions. The glucoside saponarin®
acts similarly. Several products of the incomplete hydrolysis of
proteins show these transitional properties.

Solutions of salts of weak base cations with stronger acid
anions, or vice versa, may be completely colloidal in dilute solution
owing to hydrolysis, while mainly crystalloidal when the solutions
are concentrated. For example, a 0.00025 equivalent normal
solution of ferric chloride undergoes complete hydrolysis to
colloidal ferric hydroxide and hydrochloric acid in 40 min. at
25°C.1* 'Hence solutions of hydrolyzable salts may contain
colloidal as well as simple particles, the relative amount of each
depending upon the concentration.

The terms colloid and colloids should then be used in the
adjectival sense, just as amorphous, crystalline, soluble, dense,
ete., since they refer to a state or condition of aggregation of
matter rather than to a kind of matter. Since colloid and colloids
are very convenient terms, they will be freely used in the dis-
cussion of the subject instead of the more exact and cumbersome
" expression substance in the colloidal condition.

While there is no definite relation between chemical constitu-
tion of a substance and colloidal condition, a useful rule has been
given by Wolfgang Ostwald ;2 viz., the more complex a compound
is, the greater is the possibility that it will be found in the colloidal
condition.

There is a general misconception that Graham regarded all
colloids as amorphous substances. He admitted the possibility
of crystalline colloids as shown by the following sentences in
his 1861 paper:

A similar extreme departure from its normal condition appears to be
presented by a colloid holding so high a place in its class as albumen.
In the so-called blood crystals of Funke, a soft and gelatinous albuminoid
body is seen to assume a crystalline contour. Can any facts more
strikingly illustrate the maxim that in nature there are no abrupt transi-
tions, and that distinctions of class are never absolute?
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The preparation of many proteins in the crystalline form
is now a matter of ordinary biochemical technique. In Fig. 1
are shown some protein crystals.

Crystal structure in the apparently amorphous gels obtained
by ultrafiltration of and also by precipitation from various
inorganic colloidal solutions, including silver, gold, silica, alumina,
ferric oxide, silver halides, and the sulfides of mercury, zine,
and cadmium has been revealed by X-ray examination!d:4,
Crystallization of silver from “Carey Lea’s silver’” hydrosol has
been effected.’® The gels obtained from hydrosols of zirconium
and thorium oxides showed but faint X-ray interference, while

Fig. 1.—Crystals of pepsin (left) and of a cows’ milk globulin (right). (Left
from Dr. J. H. Northrop; right from Dr. A. H. Palmer and the Journal of Biological
Chemistry.)

those from arsenious sulfide, sulfur, and selenium hydrosols gave
none at all. Haber!s states that, when the speed of agglomera-
tion of the particles of a sol to form a gel is not too great, the
precipitates tend to assume a crystalline structure.

Owing to the impression created by Graham, it is customary
to designate all amorphous substances as colloids. As a result,
colloid chemistry not only is concerned with dispersions where the
dispersed phases have low diffusion constants but embraces also
the properties and behavior of substances which have an amor-
phous appearance. In addition, it deals with the behavior of
any systems containing dispersed particles which are so small as
to be invisible in a mieroscope but are larger than atoms and
simple molecules.



INTRODUCTION 7

The following dispersed systems are recognized if one bases
a classification upon the states of aggregation.

Medium Dispersed Phase
LoSolid....oooviii Solid

2. 80hd .. e + Liquid

3. 8old. ... Gas

4. Liquid.......... ... . Solid

5. Liquid......oooiii i e Liquid

6. Liquid............ N ettt Gas

T GBS Solid

B, GaS. .ot Liquid

Examples of these systems which are cited as colloidal are:
. Colored rock salt, ruby glass, precious stones, and carbon in steel.
. Minerals with liquid inclusions, jellies, and gels.
. Minerals with gaseous inclusions, such as pumice stone.
. Ordinary suspensions and colloidal solutions.
Emulsions, such as of oil and water, and colloidal solutions.
. Foams.
. Smoke, condensed metallic vapors, ammonium chloride fumes, and
cosmic dust.
8. Fogs, mists, and clouds.

== WU O

The foregoing division gives a survey of the total possible
kinds of colloidally dispersed systems and permits a general
classification of them provided the state of aggregation of the
dispersed phase is known.

Dispersed Systems with Gaseous Dispersion Medium.—The
liquid-in-gas systems are of the greatest importance to life on
this planet. Clouds and fogs are dispersions of water in air.
Common examples of the solid-in-gas system are smoke and
voleanic dust. The particles in volcanic-dust dispersions are so
small that they may be carried hundreds of miles in the air, caus-
ing odd color effects in the sky. These systems will be discussed
in Chap. II.

Dispersed Systems with Solid Dispersion Medium.—Ruby
glass and certain gems are examples of this class. Beautiful
blue-colored crystals of sodium chloride have been found in
nature. The blue color has been ascribed to the presence of tiny
particles of sodium. Colored rock salt has been artificially
made by heating sodium chloride in a vacuum in the presence of
sodium vapor. !

Gold ruby glass is made by melting lead or barium glass
with a very small addition of gold chloride. If cooled quickly,
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the product is quite colorless. Upon slow cooling, or better,
quick cooling with subsequent warming, innumerable tiny
particles of gold are formed which color the glass ruby red.
According to Zsigmondy 1 ce. of the glass contains several millions
of gold particles, the smallest ultramicroscopically visible
particles weighing 10—1% mg.

A sort of pumice stone has been prepared in the laboratory by
heating glass and water under pressure.”” At about 200°C. glass
swells in water, dissolves therein, and sets to a solid mass on
cooling. If this mass is warmed at atmospheric pressure, it is
transformed to a porous, foamy mass.

Dispersed Systems with Liquid Dispersion Medium.—The best
understood dispersions in this class are those with aqueous
dispersion medium. Dispersions in media other than water are
of great importance, e.g., dispersions of gum resins, rubber,
nitrocellulose, ete., in organic solvents.
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CHAPTER II
CLOUDS AND SMOKES

Dispersions of liquid or solid particles in gases are called
clouds, smokes, dusts, fogs, mists, hazes, and fumes. William E.
Gibbs!® proposes the term aerosols for such dispersed systems,
denoting as clouds or cloudy aerosols those systems in which the
particles are too large to exhibit Brownian movement at ordinary
temperature and pressure, and calling the more highly dispersed
systems smokes or smoky aerosols.

Formation of Aerosols by Dispersion..—Mechanical disintegra-
tion of solids may be accomplished by shearing and tensile
stresses gradually applied, as in attrition mills, or by a crushing
pressure applied by means of rolls or by sudden blows as in the
disintegrator type of impact mills; in all of which the substance
to be divided is torn to pieces against its force of cohesion. The
work performed is directly proportional to the resulting increase
in surface area, the energy that is expended appearing as heat.
It is said to be impossible to obtain a degree of dispersion higher
than 10~ em. by ordinary grinding processes.!

Decrepitation incidental to the heating of certain substances
may form aerosols; crystals containing liquid are shattered by
the gas pressure generated in them upon heating. A close
connection between water content and degree of decrepitation
of a crystal has been shown.? When barytes crystals containing
0.04 per cent water were decrepitated, only 14 per cent of the
powder passed through a 30-mesh sieve, while 94 per cent of
the powder from crystals containing 0.45 per cent water passed
through the 30-mesh sieve, 30 per cent of which was finer than
120 mesh. This process has been used to separate a decrepita-
ting mineral, such as barytes, from nondecrepitating minerals,
such as galena, pyrites, and quartz.

The reduction of solubility of a saturated solution of a gas
in a liquid upon sudden release of pressure may cause decrepital

9



10 COLLOID CHEMISTRY

disintegration. For example, when molten volcanic magma
saturated with steam at a high pressure is suddenly injected
into the ordinary atmospheric pressure, the violence of explosive
disruption disperses the mineral matter into a volcanic smoke
8o fine that it may float about in the upper atmosphere for years.

The most complete dispersion of a dry solid in a gas is accom-
plished by the instantaneous release of an enormous amount of
energy, t.e., detonation, which spreads it violently in all direc-
tions. Certain toxic smokes were formed in the past war by
detonating solids or liquids in shells.

Liquids are easily disintegrated owing to their low cohesive
forces. When a liquid is projected rapidly against a surface,
it is stretched from the point of contact until the resulting tension
exceeds its surface tension. When tiny streams of liquid are
forced through a perforated plate, the emerging filaments break
up into drops when their length exceeds three times the diameter.

The spray method for disintegration of liquids such as molten
metals, water, and aqueous solutions has been extensively
developed for the purpose of obtaining fine metallic powders or
for removing water, as in the spray process for milk. In these
processes the action consists in a violent collision between a
jet of the liquid and a solid surface such as a rapidly rotating
disk, a second jet of the same liquid, or a jet of compressed gas.
The degree of dispersion obtained depends upon (1) the velocity
of impact, 7.e., the energy of dispersion, (2) the viscosity of the
liquid, (3) the surface tension, and (4) the density. Since much
more energy is consumed in extending the surface of a very vis-
cous liquid, much greater pressures are required. Sometimes
it is more feasible to decrease the viscosity of a viscous solution
by dilution than to increase the pressure to a point that will
form a spray with the viscous liquid. Decreasing the surface
tension by addition of suitable capillary active substances will
increase the spray efficiency. It is also apparent that the lower
the density of a liquid, the farther it will extend upon impact.

Formation of Aerosols by Condensation.—In disintegration
processes, energy is applied to large particles of liquid or solid to
increase their specific surface. In condensation processes, molec-
ular particles are condensed to larger ones by abstraction of

_energy from them. Once such a condensation process sets in,
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it is difficult to stop it, the particles coalescing owing to surface
forces and ultimately falling as rain. Nuclei such as dust or
smoke particles or gaseous ions are essential for the production
of an aerosol by this method. In the absence of suitable con-
densation nuclei, a gas may be cooled until it has become a
highly supersaturated vapor which will not condense as fine
particles. It may condense progressively upon the walls of
the containing vessel or condense abruptly throughout forming
large drops.

When the pressure upon a volume V; of air is decreased, the
air expands to the volume V,. To effect this expansion, which
involves the expenditure of energy, a part of the heat energy of
the air is utilized; and if the gas is expanded very rapidly or if
the containing vessel be thermally insulated (adiabatic expan-
sion), then the expansion will effect a lowering of the temperature
of the air proportional to the work done. The degree of cooling
(t1 — t3) will be directly proportional to the degree of expansion
Va/ V1, and, if air originally saturated with water vapor is taken,
the cooling of the air produces supersaturation to an extent which
also is proportional to Vy/V1. .

If condensation takes place, it will proceed until so much
water is condensed that the heat liberated by this process makes
the air just saturated at the temperature attained. In Fig. 2
are shown the maximal cooling ¢, the supersaturation S, and the
equilibrium temperature ¢ plotted against the ratio V,/V,,
starting with air at 20°C., saturated with water vapor. The
degree of supersaturation S = W,/W,, where W, denotes the
grams of water per cubic centimeter immediately after expansion,
and W, at the temperature {;. The initial pressures are chosen
so that after the expansion the pressure in the gas is 760 mm.
Figure 2 shows also the mass of water condensed per cubic centi-
meter (q) and the percentage of the total water condensed
[(g/W)100].

In a pure mixture of air and water vapor, there is no con-
densation under supersaturation of about 4.2 (V./V, < 1.25).
If dust particles or products from chemical or photochemical
processes be present, however, water is condensed on these
nuclei even at low supersaturation. The degree of dispersion
of the condensed water depends entirely on the number of such
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nuclei present. The greater the number of condensation nuclei,
the greater will be the number of droplets produced, and, there-
fore, since the total amount of water formed is fixed for a given
expansion, the smaller will be the average size of the droplets.

As previously stated, in a pure air and water-vapor mixture,
condensation starts at S = 4.2 (V,/V, = 1.25), and, according
to C. T. R. Wilson,? in the
region of S8 = 4.2 to 5 (V3/V,
= 1.25 to 1.28) the negative
ions in the air constitute the
nuclei whereas from S = 5.8 to
6.8 (V3/V1 = 1.31 to 1.34) the
positive ions act as condensa-
tion centers. Since the ‘“nat-
ural”’ ionization of air is very
small, there are under normal
conditions very few condensa-
tion nuclei at supersaturations
between 4.2 and 6.8. Hence
the degree of dispersion of the condensed water is very
low. The size of the drops usually varies from 0.2-mm. radius
at S8 = 4.2 to 0.02 mm. at S = 6.8 and the condensate in this
range is called “‘rainlike.”

10x10°¢

13
‘5: -
Fia. 2.—Condensation of water upon

adiabatic expansion of saturated air.

10x16° 100,000

5x|66
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F1g. 3.—Variation of mass of condensate ¢ and of number of drops N per cubic
centimeter with saturation S resulting upon adiabatic expansion of air contain-
ing water vapor. (Andrén.)
A series of measurements of the number of drops of water per
cubic centimeter at varying degrees of supersaturation is plotted

in Fig. 3.4 The mass of condensate per cubic centimeter is also
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plotted. While the values of N refer to different total masses of
condensate, the g curve shows that the variation is small within
the range § = 4.2 to 20.

There is a very rapid increase in the degree of dispersion of
the condensate from S = 8 (V3/V, = 1.4) where it becomes
foglike* up to S = 12 (V,/V, = 1.43), the drops here having
a radius of about 0.6 mp.tf Beyond S = 12, the degree of
dispersion decreases.

If the ionization of the air is increased by exposure to X-rays
or radium emanations, for example, the condensation centers are
increased in number and consequently the degree of dispersion is
increased. By such exposure it is possible to form dense fogs in
the range of 8§ = 4.2t0 6.8. C.T. R. Wilson?® utilized this prin-
ciple to render visible the paths of single a- and g-particles travel-
ing through supersaturated air. '

Very little is known concerning the nuclei responsible for the
condensation between supersaturations of 8 and 15. It has been
suggested that they are probably electrically neutral, consisting
of aggregates of water molecules.®

The condensation by adiabatic expansion of vapors other than
water has been found to be similar to that of water, although the
constants of the process are different and characteristic for each
substance. Andrén* has shown that the values for S where
highly dispersed condensates just begin to be formed for methyl
alcohol, ethyl alcohol, propyl alcohol, and benzene are 4.0,

* In this range startling color effects are obtained,? from green at 1.41
through blue green, purple to red at 1.43 to greenish white at 1.46. Wilson
estimated the fog to contain 108 droplets per cubic centimeter at § = 1.42.

t 1 micron (1 u) = 10~3 mm. = 10~ cm.

1 millimicron (1 mu) = 10 mm. = 10~7 em.

The abbreviation uu is frequently used to signify millimicron, which is
unfortunate and not in accord with the metric system. u in this system
denotes one-millionth part, i.e., one-millionth of the standard unit of length,
the meter. Hence 1 x = 10~ meter = 10~ mm., or the micrometer. The
prefix m denotes the one-thousandth part and consequently the symbol for
millimicron becomes mu. Consistently, then uu denotes micro-micron, or
one-millionth of a micron. The student is cautioned, however, to interpret
s in papers on colloid chemistry (and when used for light wave lengths) as
meaning 10~7 e¢m., and he is referred to the paper by Dorsey, Science, T1,
67 (1930), for an introduction to the discussion of the ‘“‘Micrometric
Muddle.”
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2.5, 3.5, and 11.0, respectively, while the maximal number of
drops per cubic centimeter is 160,000, 340,000, 360,000, and
190,000, respectively.

Experiments with different gases show that, within the region
S = 4.2 to 6.8, N is to some extent dependent upon the nature
of the gas.” The extent to which the gas is naturally ionized is
different in different gases.

Chlorin, for example, normally contains more ions than many
other gases, such as oxygen, nitrogen, carbon dioxide, hydrogen.
Consequently between 8 = 4.2 and S = 8.0, the condensation
in chlorin is more foglike than in these other gases.

When a cloud of any substance is formed, the particles of the
cloud may exist either as supercooled liquid or as solid if the
temperature is below the freezing point of the dispersed phase.
If the concentration of the vapor be sufficiently high for the dew
point to be above the freezing point of the liquid, condensation
will produce droplets of liquid, which, as the temperature falls
below the freezing point, will become supercooled. Water drogp-
lets in a cloud may, in the complete absence of the solid phase, be
supercooled to temperatures as low as —30°C.t If, however,
the concentration of. vapor is so low that the freezing point is
passed before the dew point is reached, then, instead of liquid
droplets being formed, the molecules of the vapor will condense
upon the nuclei that are present to form crystals of the solid
phase. Instead of a dew point, a ‘‘hoar-frost’’ point is obtained.

Since at temperatures below 0°C. the vapor pressure of ice
is lower than that of liquid water, the relative humidity of air in
equilibrium with ice at such temperatures is lower than the
relative humidity of air that is in equilibrium with supercooled
liquid water.

Influence of Nuclei upon Condensation Process.—Variations
in the character of the condensation process arise owing to the
specific action of different kinds of condensation nuclei. The
degree of supersaturation at which vapor will condense upon them
will be determined by their shape, electrical charge, and chemical
nature.

Lord Kelvin demonstrated that the vapor pressure of a liquid
is modified according to the curvature of the surface of the liquid.?
The vapor pressure at a convex liquid surface of a sufficiently
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small radius of curvature is greater, while that at a concave
surface is less, than that at a plane surface. Consequently,
vapor will condense more readily upon a concave surface than
upon a convex one. Since liquid nuclei are generally spherical
and, therefore, have a convex surface, while solid, erystalline
nuclei may present a series of plane surfaces to the vapor or, if
irregularly crystalline or amorphous in structure, may at some
point be concave, then vapor will condense more readily upon
-such a particle, e.g., a dust particle.

8
7
6 A
5 \
' M \\
A
3 5 \\\
9 57 E I~
!
.
0 —
10 ., 20 m
Radius s

Fia. 4—Vapor pressure of water droplets.

The vapor pressures p above a plane surface and p’ above a
curved surface with radius of curvature r are related to each other
and to r by the expression®

/
RT? =% W
p 7
where ¥ = surface tension of the liquid.
p = density of the liquid.

R = gas constant.
T = absolute temperature.

The values of p’/p for different values of r are plotted in
Fig. 4 (curve A) if it is assumed that the surface is convex, and
that p’ therefore is greater than p. For a concave surface p'/p
would possess values less than 1. .

At a plane water surface at 0°C. the vapor pressure p is 6,000
dynes per square centimeter, while for a water droplet of radius
10~* em., the vapor pressure at 0°C., p’, is 6,007.3 dynes per square
centimeter, a negligible difference. It is seen from the curve,
however, that when the value of » has become 1.6 X 10~ em.,
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p’ is twice as great as p. As the radius is further diminished, p’
increases with increasing rapidity. Such small droplets would
evaporate, therefore, extremely rapidly at ordinary degrees of
supersaturation. Conversely, it is impossible for vapor to con-
dense upon them, unless the degree of supersaturation is very
high. In the absence of nuclei, therefore, it is impossible for
droplets to form, unless, perhaps, at supersaturation of 8 or more,
where molecular aggregates exist of radius of about 0.6 mp.
Very little is known concerning the surface tension of drops as
small as these, consisting as they do of only a few molecules.
The surface tension probably has a lower value than for large
drops and the p’ value would therefore be decreased. Thus the
increase of vapor pressure may not be very great with such
extreme values of the curvature of the surface of the drops,
but it is sufficient to prevent condensation at low degrees of
supersaturation.

To induce condensation, therefore, it is necessary to introduce
suitable nueclei which will reduce the pressure of the vapor at
their surfaces. Such nuclei may be placed in four categories:

1. Particles possessing plane surfaces, the vapor pressure at
such a surface being equal to p and, therefore, lower than the
pressure of supersaturated vapor, induce condensation.

2. Porous particles wherein the radius of curvature of the
pores is less than 10—* ¢m. induce condensation owing to the
fact that this is the value of r at which, for a concave surface,
the pressure of the vapor begins to be less than at a plane
surface.

3. Particles carrying an electrical charge, e.g., 10n1zed gas
molecules, induce condensation. The presence of an electrical
charge on the surface of a liquid opposes the surface tension and,
therefore, diminishes the vapor pressure to an extent that is
proportional to the fourth power of the radius of the drop.

For charged liquid surfaces,®

RT In P _ %(_21 - e_z) 2)

where e is the quantity of charge per square centimeter of surface.
The relation between p’/p and r for charged droplets is shown
in Fig. 4 by curve B.
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For a droplet of radius r, carrying unit charge, »’/p is equal to
1, so that the vapor pressure of the charged drop is just equal to
that of a plane liquid surface. If more vapor were to condense
upon it, r would increase, and its vapor pressure would rapidly
increase until, at a radius of 0.63 my, the vapor pressure would
reach a maximum, p’ being 4.2 times as great as p. Condensa-
tion is, therefore, impossible upon such charged droplets if the
radius is less than 0.63 mu. It is possible only if the vapor
pressure diminishes as r increases, t.e., when r is greater than
0.63 mg.

The vapor pressure at which condensation to form a charged
droplet first becomes possible, therefore, is that corresponding
to radius r,. This pressure is 4.2 times that above a plane
surface, a value which corresponds well with that obtained
experimentally. '

4. Substances that have a strong chemical affinity for the vapor
induce condensation. With water vapor, for example, substances
such as sodium chloride and sulfur trioxide combine with mole-
cules of the vapor to form droplets possessing a lower vapor
pressure, upon which more vapor easily condenses, even from
unsaturated vapor. Droplets so formed have, to be sure, a
permanently lowered vapor pressure, although it increases slightly
as the drop becomes diluted by further condensation. Such
droplets, therefore, remain stable even when the air has become
unsaturated. Atmospheric water vapor condenses to form a
mist or cloud because of the presence of hygroscopic nuclei in
the atmosphere. The stability of a city fog, often in a highly
unsaturated atmosphere, has been attributed to the lowered
vapor pressure of the droplets, due to the presence of sulfuric
acid dissolved in them.

It is evident that the air of a room contains all sorts of con-
densation nuclei. Consequently condensation in such air occurs
readily at low degrees of ‘supersaturation. Prior to making a
study of adiabatic expansion of such air, it is saturated with
water vapor and expanded once or twice. The resulting cloud is
allowed to settle and the particles which served as condensation
nuclei are thus washed out. Such purified air will not give a
cloudy condensation at expansions below Vi/V; = 1.25 (or
S =4.2).
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Fia. 5.—Kohlschiitter's zinc condensates,!0 a, c,
and 700 mm. pressure, respectively, and b, d, and
700 mm. respectively,

and e in hydrogen at 50, 300,
f in nitrogen at 50, 300, and
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Condensation of Vapors to Solids.—The condensation of
metals in gases has been investigated by Kohlschiitter.® He
heated metals in various gases and collected the condensates on
glass or silica plates enclosed in a tube and also collected con-
densates arising from the evaporation of metals exposed to an
intense beam of positive rays. This was accomplished by making
the specimen the cathode in a vacuum tube. The glass plate
which collected the condensed metallic particles was situated
near the cathode.

As a rule the degree of dispersion of the metallic vapor was
found to increase with the molecular weight and pressure of the
gas. Figure 5 shows the influence of the gas on the degree of
dispersion of zinc condensates in nitrogen and hydrogen at differ-
ent pressures. It is seen that the size of the particles increases
as the pressure decreases and that at equal pressures coarser
condensates were obtained in hydrogen than in nitrogen. It
was found also that the degree of dispersion was higher in the
case of the more refractory metals.

Formation of Aerosols by Chemical Interaction of Gases.—
When two gases react to form a product which is solid at ordinary
temperatures, the degree of dispersion is high. It is especially
so if the gases have been thoroughly mixed before they react.
An example is the interaction of hydrogen sulfide and sulfur
dioxide. These gases can be mixed without any immediate
reaction. The reaction can be catalyzed by light, however, and
then the precipitation of sulfur taking place from a homogeneous
medium produces a uniform dispersion.

In the case of two gases which react immediately upon mutual
contact such as ammonia and hydrogen chloride, the formation
of the ammonium chloride occurs at the surface of contact of the
two gases and spreads only as the gases mingle. This produces
a smoke of a lower and more uneven degree of dispersion.

In both cases the initial degree of dispersion of the smoke is
higher the more dilute the reacting gases are. Ammonium
chloride smokes can be prepared over a wide range of concen-
trations, 0.02 to 1.2 mg. per liter. '

In many cases, as in combustion processes, a gas reaction
proceeds exothermally, and the reaction product, gaseous at
the temperature of formation, condenses as it cools. A volatile
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solid, such as iodin, volatilizes when heated sufficiently and upon
contact with cold air the vapor condenses to form a smoke.
If a current of air is passed over certain hot solids or liquids
which are only slightly volatile, highly dispersed smokes are
formed when the air saturated with the vapor passes to a cool
region. Such materials are anthracene, acetanilide, diphenyl-
amine, orthophthalic acid, and paraffin wax.! Other substances
such as benzyl benzoate, or clean mercury, produce either a cloud
of low degree of dispersion or no detectable smoke. If a hygro-
scopic substance, or one of its hydrolytic products, possesses a
considerable vapor pressure, it will cause fumes to arise in moist
air. Such substances are hydrogen chloride, aluminum chloride,
and stannic chloride. The fume is produced by the condensation
of atmospheric water vapor upon the hygroscopic-vapor mole-
cules. If the vapor pressure is slight at ordinary temperature,
no fume is produced, as in the case of calcium chloride or sulfuric
acid.

Photophoresis.—Photophoresis is the migration of particles
caused by impact of light rays. Fine particles, suspended in a
gas, are attracted or repulsed by the light of an electric arc.l!
Tiny particles of gold, silver, and mercury formed in nitrogen
and smokes of camphor and turpentine are repelled. Sulfur and
selenium particles distilled in argon, nitric acid mist, water mist,
cigar and wood smokes are attracted. Water droplets suspended
in oxygen or hydrogen are unaffected.

The velocity of displacement is increased by increasing the
intensity of the light or by diminishing the pressure of the gas.
Whether a particle will be attracted or repelled will depend upon
its capacity for absorbing or transmitting radiant energy. The
illuminated side of a strongly absorbing particle will be heated
more than the other side and consequently, owing to the greater
impacts of the gas molecules on the heated side, the particle will
be driven away from the source of light. Weakly absorbing
particles, owing to the refraction of the light within them, become
warmer on the reverse side, thus provoking a tendency to move
toward the light.!?

~ Electric Charge.—Clouds and smokes usually contain a certain
proportion of charged particles, depending upon the age of the
aerosol and the manner in which it was produced. The stability
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of aerosols is greatly influenced by the number of charged parti-
cles and the relative proportions of positively and.negatively
charged particles. The unlike-charged particles attract each
other and coalesce as do also uncharged and charged particles.
If all the particles are charged and of the same sign, the mutual
repulsion results in a more stable dispersion.

With liquid particles, the effect of an electrical charge, opposing
the surface tension, is reduction of the vapor pressure of the
liquid, as shown previously. For example, when an object such
as a charged stick of sealing wax is held near a fine spray of
water, the droplets coalesce to a coarse rain. Owing to the lower
vapor pressure of charged drops (r > 0.63 my), uncharged drops
tend to evaporate and condense upon the former.

The particles may become charged in one of two general
methods: (1) by contact with gaseous ions originally present in
the dispersion medium or arising through formation of the
aerosol, or (2) by the direct action of an ionizing agent. When
dust is blown in air, the particles become electrically charged.
The charge of such particles varies according to the chemical
composition.’* In general, the dust of nonmetals and of acidic
oxides is positive, while that of metals and basic oxides is negative.
The charge of salt dusts appears to depend upon the relative
strength of the acid and basic ions.

Studies of the charges of fume particles arising through chem-
ical action have produced the following information!'4: Fumes
produced by chemical action without rise in temperature do not
contain charged particles, as, for example, by the action of moist
air upon hydrochloric acid, phosphorus pentachloride, arsenious
chloride, tin chloride, silicon tetrafluoride. Fumes produced by
violent chemical action, as, for example, through the action of
water upon sulfuric acid, metallic sodium, phosphorus pentoxide,
phosphorus pentachloride, contain charged particles of both
signs. Likewise fumes arising through flaming combustion, as,
for instance, powdered arsenic or antimony projected into
chlorin, or the exposure of phosphine to air, contain charged
particles.

When a liquid is sprayed in a gas, the droplets become electri-
fied.’s In waterfalls, the spray becomes positively charged, as
do large raindrops broken up by the resistance of the air, the air
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in the neighborhood becoming negatively charged.* Faraday
studied the electrification of expanded steam, attributing it to
friction of the water droplets against the walls of the orifice.
The nature of the charge depends on the nature of the orifice and
is markedly influenced by impurities in the dry steam. If
turpentine is present in the steam, the particles become nega-
tively charged. A charged cloud is formed when water is
vigorously aspirated by the passage of an ionized gas through it.
The cloud disappears when passed through sulfuric acid but
reappears as the gas hits moist air again.” When a gas contain-
ing uncharged nuclei is bubbled through ionizing liquids, the
nuclei become charged. Water, alcohol, and salt solutions are
ionizing liquids, while benzene, ether, and mineral oils are not.

The action of radioactive substances and of ultraviolet light
may give rise to charges. Both positive and negative ions are
produced when neutral clouds and smokes are exposed to radio-
active substances.!® -~

In an electrical field, a charged particle will move under the
action of the field, the force imparted to the particle being
the product of the intensity of the field X and the charge e on the
particle. Applying Stokes’s law, the velocity of the movement

Xe
v = 6-7l'_1)7' (3)

By expressing the field X in volts per centimeter and taking the
electronic charge e = 1.59 X 10~2 electromagnetic units, the
radius can be measured approximately by

r =465 X 10102

This method has been used by Wells and Gerke? for the esti-
mation of the sizes of particles dispersed in a gaseous medium.
By reversing the direction of the field with a rotating commu-
tator, the particle is made to describe a definite stroke many
times in succession. The convection due to the source of the
light is perpendicular to this motion so that a zigzag line is
obtained. The amplitude of this oscillation is an accurate meas-
ure of the distance traversed by the particle under the electrical
force for a definite small interval of time. Photographic records
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of these oscillations have been obtained, giving simultaneously
the sizes of a large number of particles and thus making possible
a study of the size distribution of the particles.
Ultramicrographs of tobacco smoke, in which the oscillation
time was varied, gave the results shown in Table 2. The mean

TABLE 2.—MoTi0N oF CHARGED PARTICLES IN AN ELECTRIC FIELD!?

Time of one-half | Field strength, Velocity, Average d lameter
oscillation, sec. volts per cm. ¢m. per sec. of particles, d,
’ X 102 em. X 108
0.25 587 1.97 2.76
0.25 590 2.07 2.65
0.545 587 . 2.03 2.70
0.545 585 1.87 2.80

of these four determinations of d is 2.73 X 10~5 cm. with an
average deviation from the mean of 1.8 per cent and a maximum
difference between two determinations of 5.4 per cent.

At sufficiently high voltages, particles which were originally
uncharged acquire a mobility? due to contact with streams of
rapidly moving gas ions. The velocity acquired between two
successive collisions by an ion of mass m and charge e, moving
under the action of a field of intensity X, is

_ Xex

where \ is the mean free path length of the ion and V its mean
velocity of ‘‘thermal agitation.’’2!

When the field is sufficiently intense, ionization by collision
with the molecules of the gas or electrode is produced. The
negative ions thus produced will move away from the negative
electrode where the charging took place and move with a high
velocity to the opposite electrode, driving by impact the sus-
pended particles in their path.

Settling and Flocculation.—Since a particle suspended in a
gas is subjected to bombardment by the molecules of the gas,
and if the particle is larger than the mean free path of the gaseous
molecules (mean free path = 10~% em. at ordinary temperature
and pressure), the general effect is that of a uniform continuous
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pressure over the entire surface of the particle. If the particle
is falling through the gas under the influence of gravity, the force
of the molecular impacts will be greater from below than from
above and consequently the particle will encounter a continuous
uniform resistance to its fall, increasing as the velocity of falling
increases. A constant limiting velocity is reached when F = F’,
where F = force of gravity, F’ = force of frictional resistance.

The velocity of fall of a spherical body under the influence of
gravity was studied by Sir G. G. Stokes,?? who demonstrated
that F’ = 6xnrv, where n = viscosity of the medium, r = the
radius of particle, and v = velocity of particle. It is seen that
the resistance increases as the particle becomes larger and moves
more rapidly.

The force F by which the spherical particle is pulled downward
is equal to mg where m = its mass and g is the acceleration due to .
gravity. Now for a spherical particle m = 43xr%(p1 — p2), where
p1 and p; are the densities of the particle substance and of the
medium, respectively. Hence, when F = F’,

6rnrv = 471 (p1 — pa)g
from which the constant velocity of the particle

_ 2r*(p1 — palg
v = TR Pl (5)

Stokes used this formula to calculate the rate of fall of water
droplets in air. Here p; = 1, p; is small enough to be neglected,
7 = 1.8 X 10~* ¢.g.s. units, and therefore v = 12 X 10° X 7% cm.
per second. Consequently a water drop of radius equal to
10~2 cm. will fall at the rate of 120 em. per second. Lord
Rayleigh has shown that Stokes’s law does not apply to water
drops larger than 10~2 cm. Such drops fall as rain.

When the particle is smaller than the mean free path of the
molecules of the medium, it will tend to slip between the mole-
cules, the pressure will no longer be uniform, and it will be
knocked about by the irregular impacts of the molecules. It
will also rotate and its fall will be along a zigzag path. If the
gas is under reduced pressure, a larger particle will, of course,
fall in the same manner. Insuch cases the particle will encounter
less resistance and will fall more rapidly than predicted by
Stokes’s law,
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It has been shown by Cunningham?? and by Millikan?* that

v = v'(l + Ki) (6)

where v = actual velocity. ,
v’ = velocity predicted by Stokes’s law.
! = length of mean free path of gas molecules.

r = radius of particles.
K = constant equal to 0.82.
The following tabulation® gives the diameters of particles
computed from observed velocities using Millikan’s data for oil
drops.

By Applying Cunningham’s

From Stokes’s Law Correction
1 X 104 cm. 1.14 X 10~* c¢m.
1 X 1078 cm. 2.57 X 1075 em.
1 X 10~% cm. 4.5 X 107¢ cm.
1 X 1077 cm. ) 17.0 X 1077 cm.

Stokes’s law is valid then for aerosol particles in the approxi-
mate range of diameter 10— to 10~2 c¢m. in a gas under standard
conditions of pressure and temperature. When more than one
particle is settling, the degree of dispersion must be uniform for
quantitative validity since the larger particles of a nonuniform
dispersion would collide with the smaller ones. If the particles
deviate from spherical shape, the law likewise cannot be applied
in a rigid, quantitative manner. Nonspherical particles fall in
the position which causes the greatest frictional resistance; a
disk falls with its plane surface at right angles to the path of fall,
a cube with a point downward.

When the particles of an aerosol come in contact with a solid
surface, they tend to adhere to it and to each other. Conse-
quently, the stability of an aerosol may be decreased by agitation
because the frequency with which the particles strike the solid
surface?® is thereby increased.

When an aerosol is first formed, the smallest particles, owing
to their high diffusion velocity and corresponding frequency of
contact, rapidly coalesce, decreasing the degree of dispersion.
The stability of the system then increases as a result of the more
sluggish movement of the enlarged particles. The life history of
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smokes of ammonium chloride, cadmium oxide, cupric oxide,
and zinc oxide has been found to be separable into three periods?:

1. An unstable period, lasting about 5 hr., in which the decrease in number
of particles due to mutual coalescence is very rapid.

2. A stable period, of about 24 hr., in which the number of particles
decreases slowly due to sedimentation.

3. These two stages overlap, producing an intermediate stage of coales-
cence and sedimentation.

The curves in Fig. 6 show the distribution of the particles of a
smoke, obtained by detonating oil in air, according to their size
at different time intervals.
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F1a. 6.—Frequency distribution of mineral-oil smoke particles. 19

The particles of an aerosol may adsorb gas films and become
stabilized thereby. The stability of the blue zinc oxide smoke
from a brass foundry may be so explained. When this zinc oxide
is collected in woolen filters, it is light and mobile. It flows
and surges like a liquid and has an apparent density of 0.1.7

When gas-enveloped particles come in contact with each
other, strong forces of cohesion will cause them to adhere to each
other, especially since the surface molecules, owing to the high
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degree of curvature of the particles, exercise a stronger attractive
force than the molecules of a plane surface. While the particles
adhere, they do not coalesce, owing to the intervention of the
gaseous envelopes, and so may form loose flocks. In some cases,
the particles may be electrically polarized owing to.their chemical
nature. Such particles become attached to-each other by their
oppositely charged poles, tending to form threadlike aggregates.
Smokes of the oxides of zine, cadmium, magnesium, aluminum,
and antimony readily form such strings.

The electric charge of like sign confers stability not only
through the electric repulsive forces but also because a charge
acts to oppose the effect of surface tension.?® However, in the
case of the protective envelopes of gas, this opposition to the
effect of surface tension tends to promote flocculation by dimin-
ishing the force of attraction between the adsorbed gas and the
particle. When water particles collide in air, they may rebound
from one another probably owing to their gaseous envelopes, but
if the air near the drops is charged, the particles coalesce upon
collision owing to the adsorbed ions overcoming the effect of the
gas films.

An aerosol containing neutral particles may be flocculated
by the introduction of a charged aerosol because the charged
particles induce an opposite charge upon the neutral ones.

The most satisfactory method of precipitating smoke particles
is electrostatic precipitation. Alternating or direct current
can be used. Since in commercial work the smoke must be
removed from moving volumes of gas, the direct-current method
is employed where the charged smoke particles are attracted to
oppositely charged plates. This is used in the Cottrell process
of fume and smoke precipitation. The principle involved was
suggested by Hohlfeld in 1824 and by Guitard in 1850 and was
applied by Lodge in 1886.

A thermal gradient will decrease the stability of an aerosol.
The introduction of a heated rod in an aerosol results in driving
the suspended particles away from the rod. This is due to the
increase in energy of the gas molecules near the rod thus moving
more energetically than the colder remote gas molecules. The
hot rod thus becomes surrounded by a region of warm dust-free
air moving upward.



28 COLLOID CHEMISTRY

A rod colder than the aerosol becomes surrounded by a down-
streaming current of dust-free air, but in this case the particles
are deposited on the surface. Suspended particles are attracted
by a solid surface which is colder than the aerosol. For this
reason the walls and ceilings of rooms heated by steam or hot-
water radiator systems become blackened by the dust and smoke
in the room; the walls are colder than the air. Tobacco smoke
passed between two concentric tubes maintained at a tempera-
ture difference of from 50 to 80° is quantitatively deposited on
the colder tube.? An automatic smoke recorder based on this
principle has been described by Thomson.?® Paper mounted on
a water-cooled drum moves at a constant rate across a slit
exposed to smoke. The density of the deposit is a record of the
smoke at a given time.

The removal of smoke and cloud particles by filtration through
fabrics such as cotton or wool or through granular particles such
as charcoal presents interesting problems. The dispersed parti-
cles obviously must come in contact with the solid structure in
order to be adsorbed. The efficiency of a filter depends there-
fore upon the rate at which the particles diffuse toward the
filtering surface as the aerosol passes through. It will also
depend upon the eddy currents produced, which by centrifugal
action throw the suspended particles against the filtering surface.
Diffusion effects apply to the smaller particles, while centrifugal
action is important in the case of large particles. The relation-
ship between the efficiency of filtration through paper felt and
particle size is shown in Table 3, which gives the results obtained

TABLE 3.—FILTRATION OF A Foa As A FUNCTION OF PARTICLE SI1ZE

Radius of Percentage Which
Particles, Passed through
mp Filter

Under 50........covviiiiiiii it 52.4

5010 100.. ... ..ot e 87.6
10010 200. . .. ovveitr ittt i e e 93.9
20060 400. . .. ... it e 30.4
40010 800. ... coiiiiit i e 4.2
OVEr 800.....ccoiis iiiiie it 0

by filtering a fog of diphenylchlorarsine, obtained by detona-
tion.3! It is seen that the efficiency of the filter was least for
particles 100 to 200 my in radius.
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Freundlich states that during the war it was found that gas
mask filters made of felt or paper afforded much better protection
than charcoal against chemical-warfare fogs and smokes. A
paper filter made of a felted mass of loosely packed long fibers
was more efficient than tightly packed short fibers, probably
owing to the greater centrifugal action of the whirling motion
imparted to the ‘aerosol as it passed through the ramifications of
the loosely packed long fibers. This would apply to coarse
aerosols rather than to highly dispersed ones.

Smokes will become less stable in humid air owing to the con-
densation of moisture upon the particles, which thus become
larger and heavier.

Various commercial methods of removing the dispersed phase
from aerosols, using settling by gravity, centrifugal action,
loading the particles with water, contact with solid surfaces,
flocculation by electrical wind, electrostatic precipitation, filtra-
tion, and gas washing have been devised.

Thermal Effects of Aerosols.—The presence of dust or smoke
in the atmosphere increases its capacity for absorbing heat.
This affects atmospheric temperature in three ways:!

1. The heat rays are partly absorbed by the particles which then warm
the surrounding air by conduction.

2. The diurnal temperature range is decreased because the temperature
rise at the ground level during the day is checked by virtue of the diminu-
tion in the intensity of the heat rays that pass through.

3. Conversely, radiation of heat from the ground to the upper cooler
air is checked by the dust particles. This last principle has long been applied
in orchards when a frost is feared. Smudge pots are burned under the trees

not merely to produce heat but to provide soot that will retain the heat
and inhibit ground radiation of heat.

Many of the brickworks in northern Sweden produce smoke in
the drying houses by burning peat with insufficient access of air
on cold nights in the spring and autumn in order to protect the
raw bricks against low temperature.

Owing to their heat-absorbing capacity, dusts and smokes
striking warm air may give rise to fogs and mists.

Dust Explosions.—The reactivity of a substance increases
with its degree of dispersion. Consequently the rate of oxidation
of highly dispersed particles is very much greater than that of
massive particles. The best possible contact between oxygen
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and a combustible substance is attained when the combustible
is a gas. When a portion of such a mixture is heated to its
-ignition temperature, the heat from the resulting combustion
-at that point is communicated to the adjacent gas molecules,
raising them to the ignition temperature. Hence a wave of
ignition spreads through the gas-air mixture, followed by a flame,
or wave of combustion. If the gas and oxygen of the air are
mixed in approximately their combining proportions, combustion
spreads through the mixture with explosive velocity. Flame
velocities of 9,000 ft. per second are reported to have been
observed with mixtures of hydrogen and oxygen. Mixtures of
gases become less explosive as the proportion of either gas is
increased beyond that of the combining proportion.

When combustion occurs in a portion of a gas mixture, the
adjacent gas becomes expanded owing to the rise in tempera-
ture, so that a wave of pressure arises. This has the effect of
compressing the gas immediately in front of it and so raising its
temperature. If this is sufficient to reach the ignition tempera-
ture, combustion occurs with much greater velocity, producing
detonation. ‘

The inflammability of a gas mixture is lowered by reduction
of pressure or by dilution with anything that is incombustible
and which will absorb heat, thus inhibiting the ignition wave.
Such a substance may be an inert gas, an excess of either of the
reacting gases, water vapor, fog, or an aerosol of inert particles.
A metallic screen may absorb the heat of combustion, preventing
the spread of ignition, as in the Davy safety lamp used by
miners.

Oxidizable solids or liquids in the form of smokes or clouds in
air may be ignited and caused to burst into flame. Since there
cannot be as intimate contact between the particles of an aerosol
and oxygen as between gas molecules, the facility of flame
propagation is less. The inflammability of an oxidizable dust or
fog in air depends upon:

1. The size and concentration of the dispersed particles. The greater
the specific surface, the more rapid is the combustion. Also with increasing
fineness the more active Brownian movement helps to bring the particles
in more frequent contact.

2. The ease of oxidation of the particles controlling the propagation of
the ignition wave which depends upon their chemical nature.
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3. The partial pressure of oxygen and the presence of adsorbed films of
oxygen or of inert gas or water vapor.
4. The specific heat and the thermal conductivity of the dust or cloud.

5. The presence of water on the particles or of mineral matter in them.

A study of the inflammability of 66 different sa.mplés of dust
collected from factories in Great Britain has been made by

TABLE 4.—IGNITION AND PROPAGATION TEMPERATURES OF DuUsTs IN AIR

(In degrees centigrade)

Dust Ignition Propagation
temperature | temperature
Sugar............ ... 540 805
Dextrin....................... 540 940
Starch........................ 640 1035
Cocoa.........oiiiii 620 970
Flour......................... 630 , (1322) -
Cork....oooviii i 630 1000
Rice. . 630 970
Mustard...................... 680 1050
Wheat elevator............... (1295)
Oat and corn elevator.......... (995)
Oathull...................... (1020)

* Values in parentheses taken from Price.’3

Wheeler.32

Some of Wheeler’s results are given in Table 4. The

‘“propagation temperatures’” at which the various dusts could
be ignited freely were determined by passing the dust over elec-

(In milligrams per liter of air)

TasLE 5.—Lowrr ExpLosIvE LiMiTs34

Glowing .
Dust platinum | Are Induction
. spark
wire
Starch................. .. ... ... ..., 7.0 10.3 13.7
Cornelevator......................... 10.3 10.3 13.7
Wheat elevator........................ 10.3 10.3
Sulfur.................. ... ... 7.0 13.7 13.7
Sugar......... ... 10.3 17.2 34.4
Aluminum.................ooo ... 7.0 7.0 13.7
Coal... ...t 17.2 24.1 | No ignition
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trically heated platinum and noting the temperature at which
combustion occurred. The lowest temperatures at which ignition
occurred were determined by passing the dusts through a small
glass tube containing an electrically heated copper spiral. The
nature of the source of heat has an influence on the tendency to
explode, particularly on the lower concentration limit of the
dust.** This is illustrated by Table 5.

The relative inflammability of dusts as indicated by the pres-
sure generated during combustion is given in Table 6.3°

TABLE 6.—SOME MEASUREMENTS OF EXPLOSION PRESSURES®
Pressure Gener-

Dust ated, lb. per sq. in.
Lycopodium.........................c.coevne. ... 17.5
Dextrm146
Wheat starch...................................... 14.0
Tanbarkdust..................................... 13.3
Wooddust..........................c.iiiin..... 12,8
Cornstarch........................................ 127
Wheat elevator.... ................................ 12,8
Sugar. . e e 12,2
Llnseedmeal PP § B 4
Plttsburghcoal.............4...................4.10.1
Cocoa......... .. .. 9.9
Sulfurflour.... ................................. 8.8
Rice-sbrandust.................................... 8.7
Ground-cork dust.................................. 7.4

A dusty atmosphere such as prevails in certain industrial
operations is exceedingly perilous. A number of conditions must
be satisfied before an explosion can take place and, owing to the
rarity of the fulfillment of all optimum conditions, the danger is
apt to be overlooked. Once the conditions have been fulfilled,
however, the result may be frightful. In large-scale experiments
with coal dust, pressures as high as 270 lb. per square inch have
been recorded and flame velocities of 3,000 to 6,000 ft. per second
have been observed.??2® Starch, flour, sugar, and other factory
dusts which are more inflammable than coal dust have been
found capable of producing many times the pressure of a coal-dust
explosion. As an example of the disastrous results obtainable
from the explosion of starch dust, the description of the accident
at Pekin, Illinois, in which 30 persons were killed is impressive.
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CHAPTER III

OPTICS—BROWNIAN MOVEMENT

The path of a beam of light projected through a medium is
visible or invisible to the eye depending upon the presence of
dispersed particles which scatter the light, upon certain proper-
ties of the particles, and upon the intensity of the projected light.
This phenomenon of light scattering is called the Tyndall effect
in honor of the English physicist who was the first to use and
study it intensively, although by no means the discoverer of the
phenomenon. .

Particles that are large in comparison with the wave length
of light reflect and refract the light in a regular manner, while
particles that are small in comparison with light waves scatter
the incident light in all directions. The scattered light is plane
polarized, each particle becoming the source of a new wave
front.! '

Tyndall found that very fine smoke particles scatter blue light
and transmit orange-red. This can be observed in producer
gas or freshly formed cigar smoke which appears blue against
a dark background and orange-red against the light. As the
particles increase in size, the blue color disappears and the scat-
tered light finally appears white.

The scattering of light by colloidal solutions was reported
by Faraday? in 1856, who stated his belief of the heterogeneous
nature of a colloidal gold solution which was based on the scatter-
ing of light by the hydrosol.

The first attempt to give a mathematical formulation to the
scattering of light by turbid media is that of Lord Rayleigh.
The Rayleigh formula relating intensity of light scattering with
the number and size of uniform suspended spherical particles
and the wave length of light is:

2 2 92
I, « I.(:‘T; - 1) (1 + cos® )72 (1)
35
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where I, = intensity of scattered light.

intensity of incident light.

= index of refraction of dispersed phase.

index of refraction of dispersion medium.

angle between line of sight and the incident direction.

= number of particles per unit volume.

= average volume of particles.

= wave length of the scattered light.

= distance from the particle to point of observation.
The particles are supposed to be contained in such a small

volume that the distance a and the angle 8 are the same for all

the particles. For particles of different size, all small in respect

to the wave length, a summation must be made requiring the

size distribution of the particles. Furthermore, all of the light

scattered by the particles in the direction B is assumed to reach

the eye. When the medium is densely packed with particles,

however, secondary scattering cannot be ignored. The fractional

decrease of the intensity I in traversing a thickness dx of the

system is

a>vyeSws SN
It

ar ...,
Frte hIXN

where & is a constant independent of A. Integrating, we get

I = Ie ™ (2)

where I, is the intensity of the light when z = 0 and I, is the
intensity after traversing the thickness .

A striking characteristic of these equations is the inverse pro-
portion of the fourth power of the wave length to the intensity
of scattering. The scattered light is therefore much bluer than
the incident light, while the blue is correspondingly absent from
the transmitted light. This was used by Rayleigh to account
for the blue color of the sky® and for the red colors of the sunset.
The blue color observed when viewing white light through tobacco
smoke likewise is explained.

An observation of the traffic lights along an avenue in a foggy
or smoky atmosphere will serve as an illustration. The red
lights are visible to a greater distance than the green lights. -
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Rayleigh’s equation requires that the particles be dielectrics;
hence it is not valid for metallic particles. The colors of metallic
dispersions are so characteristic that no simple theory can
apply.* '

A “Tyndallmeter”’ for measuring the intensity of the Tyndall
beam has been devised by Tolman and Vliet.* It is shown in
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Fig. 7.—Tyndallmeter.

Fig. 7. 'This instrument was used during the war to determine
the concentrations of obscuring and toxic smokes or clouds and
to study their change in concentration with time.

The apparatus consists essentially of an electric-light bulb
B, a condensing lens L, giving a beam of parallel light which passes
through the diaphragm D, and a Macbeth illuminometer I for
measuring the strength of the Tyndall beam T. In case the
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material to be examined is a liquid suspension or solution, it is
introduced at T in a cylindrical glass tube, while smokes and
clouds are pumped directly through the apparatus. The long
closed tubes A; and A4, are provided, respectively, for absorbing

§ N S N U TN W O TN N TN U RSN N S I B B |
1 2 3
Concentration in Grams per Liter

F1a. 8.—Relation of Tyndallmeter reading to concentration of silica suspensions.

Tyndalimeter
© = N N

the beam after it has passed through the dispersed system and

for giving a dark background for observing the Tyndall beam.
The instrument was standardized by means of silica sus-
pensions prepared from ground

18 silica that passed a 200-mesh
16 sieve. The readings obtained
14F from a series of silica suspen-
2 1ol sions of varying concentrations
3 are shown in Fig. 8. It is seen
ST that the intensity of the
E’ 8+ Tyndall beam is directly pro-
3 6f portional to the concentration
S 4l up to about 1.4 g. silicon
" dioxide per liter, beyond which
2r it is no longer proportional
1 1 1

PRI TS TR m ” owing - to the fact thgt an
Concentration in Mg. per Liter ~ appreciable part of the light is
Fra. 9.—Relation of concentration absorbed [Eq. (2)] The direct
321?:&?;:&::1“;@ smoke to Tyn- proportionality between the
concentration of an ammonium

chloride smoke and Tyndall-beam intensity is shown in Fig. 9.
The measurements by Tolman and associates show that the
intensity of the Tyndall beam that is produced when cloud or
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smoke is illuminated by a light of given intensity will be pro-
portional to the concentration of the dispersed phase, provided
that (1) the concentration is not high enough for the opacity of
the cloud or smoke to affect the result, and (2) the degree of
dispersion at the different concentrations remains constant.

For a given wave length of light the intensity of scattered light
may be written I = kmd® (where d = diameter and m = number
of particles) and, since the concentration c is proportional to md?,
it may be written I = Kcd® The results of Tolman and associ-
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F1a. 10.—Nephelometer effect with barium sulfate suspensions of identical con-
centration, 3.5 X 10-3 mole per liter, but of different particle size.

ates showed that this relation does not hold for very large parti-
cles which reflect the incident light. Here they point out that
I = kymd?; i.e., I is proportional to the area of the reflecting
surface, or, in terms of concentration, I = k,c/d; 7.e., for large
particles (probably larger than 10~* cm.) the intensity of the
scattered light as a function of concentration is inversely propor-
tional to the diameter.

Figure 10 shows the results obtained by Bechhold and Heble:
with suspensions of barium sulfate in water of equal concentra-
tion but of different particle size, thus involving variation in the
number as well as the volumes of the particles. It is seen that
the maximum Tyndall effect was found at a particle size of about
0.88 i diameter.
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Equation (1) may be written
my?
I, = kI"T 3)

if we ignore the refractive indices. Then for a given wave length
of light, the intensities of light scattered by two dispersions of
the same substance* would be proportional to the numbers of
particles if the particle sizes are identical, or to the squares of the
particle volumes if the number of particles is identical in the two
hydrosols. Since concentration (¢) = mvp where m = number,
v = volume, and p = density of particles, then

I, = kli:-;); @)

and the scattered light intensities are proportional to the concen-
trations provided all other factors are constant. This is funda-
mental to nephelometry. For a more detailed discussion the
reader is referred to the article by P. V. Wells.”

Microscopic Observation.—The application of a microscope
to the examination of a Tyndall beam is termed ultramicroscopy.

The limit of resolution (e) of a microscope objective is expressed
by the equation

A A
€T nsina 2 NA. (5)

where ¢ = distance by which two points must be separated in
order to be distinguished as two points.
n = index of refraction of the medium between the objec-
tive lens and the object.
a = half the angle of aperture of the objective lens.
N = wave length of light employed. '

N.A. = “numerical aperture” of lens, i.e., = 7 sin a.

It is apparent that the resolving power of a microscope can be
increased either by decreasing \ or by increasing the numerical
aperture or both. The limit for sin @ = 1, (@ = 90°) and the
maximum for n is 1.66—that of a-monobromnaphthalene. With
A = 5607 A. as a mean value for white light, the limit value of
e = 0.17 X 10~* em. for white light. This has not been realized
experimentally.

I

* In this case the refractive indices are alike in both cases.
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Stoney® showed by use of an immersion objective of N.A. 1.35
and an immersion condenser of N.A. 1.30 with blue light
(A = about 4500 A.) that the limit of resolution was about 0.19
to 0.20 u. Actually he determined the displacement at which
two particles would still appear as two and not as one. This
may also be taken to represent the limit of smallness of particles
at which it is possible to detect detail by microscopic vision.
Light of this wave length is about the limit of visual range. Of
course, by use of rays in the ultraviolet region, with quartz lenses,

anr%l.—Sht ultramicroscope.
and a photographic camera, images of smaller particles may be
obtained. The greatest resolving power® reported by such means
is 0.075 pu.

The limit of visibility may be set then at 0.1 to 0.2 X 10—* cm.
For the investigation of particles smaller* than this, the ultra-
microscope was devised. The ultramicroscope actually is an
ordinary microscope provided with illumination that reveals the
particles as spots of light against a dark background.

Slit Ultramicroscope.—The slit ultramicroscope devised by
Siedentopf and Zsigmondy is shown in Fig. 11. The optical
bench b is screwed on the base board a, at the right end of which
is an electric arc lamp d placed in such a position that the axis of
the narrow pencil of light which passes through the diaphragm
set up in front may be parallel to the optical bench. Next to the
arc lamp is a small projection lens f having a focal length of about
120 mm. The lens is surrounded by a screen to block out stray
light. The rays from f impinge upon a movable slit g which is

* Such particles are called uliramicroscopic particles.1®
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accurately controlled by knife edges and can be rotated through
an angle of 90°.

The slit furnishes a means of obtaining a definitely measurable
volume of liquid within the preparation, the depth of which may
thereby be very exactly adjusted to conform to the penetratlon of
the microscope objective employed for observation. For,
obviously, in the absence of a slit the illumination would extend
to so many ill-defined strata above and below the stratum in the
focal plane that the circles of confusion arising from them would
inevitably blur the entire field of view. The sharply defined
diffraction disks would then cease to be perceptible.

F1g. 12.—Cell with quartz windows,

A second projection lens k4 is set up at some distance from the
slit. It forms a real image of the slit, reduced in size, 114 to 5
times according to its position. This image is projected into the
objective lens fitted in a tube fixed upon the compound slides I,
which can be moved in two directions horizontally by the screws
m to center the beam of light. This objective reduces the image
of the slit g about ten times. It forms then in the focal plane of
the viewing objective of the microscope 7 an image which is fifteen
to fifty times smaller than theslit. Consequently the illuminated
stratum of the observed preparation is in most cases only a few
microns thick.

The solution under examination is in a cell (Fig. 12) which is
clamped to the viewing objective, optical contact being effected
by a drop of water. The cell is rectangular in cross section to
insure a well-defined position in the clamp. At one end it carries
a funnel g, while the other open end is fitted with a piece of
rubber tubing and a pinch cock. The observation chamber of
the cell is the black portion which is provided with the quartz*
(or glass) windows ¢; and ¢. The beam of light from the conden-

* Quartz is preferable to glass because the latter is slightly fluorescent.
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ser objective enters ¢ and is viewed at right angles by means of
the viewing objective through c,.

The only light visible to the observer is that diffracted by
the particles. By means of this type of ultramicroscope it is said
that the light diffracted from particles as small as about 5 mu can
be seen and the particles thereby counted.

That the light scattered by the particles is polarized can be
proved by viewing through a Nicol prism superimposed on the
microscope ocular. As the prism is turned, the light of the cone
changes sensibly in brilliance. If attention is focused on one
particle, the speck of light may disappear at a certain position
of the Nicol. Fluorescent light does not change in intensity when
thus viewed. The appearance of the individual spots of light
gives an indication of the shape of the particles.!' Spherical
particles scatter light with uniform intensity, while nonspherical
ones such as rod-shaped and leaf-shaped particles produce a
twinkling or scintillation because the scattered light is most
intense when such a particle, in the course of the Brownian move-
ment, lies with its long axis in the plane of the line of observation
and with its side of greatest area perpendicular to the illuminating
light. As it turns, the scattered light diminishes in intensity,
owing to the orientation of its smaller side (rod) or edge (leaf)
perpendicular to the incident illumination.

An advanced type of instrument is the immersion ultramicro-
scope of Zsigmondy!? which eliminates the observation cell.
Both the illuminating and the viewing objectives are beveled at
the ends so as to allow their front lenses to be brought very close
together with their axes at right angles. The drop of liquid under
examination clings by capillarity between the front lenses of the
objectives. It is claimed that particles as small as 3 mu can be
counted in this instrument.?

Dark-ground Illuminators.—Substage illumination by means
of the paraboloid and cardioid illuminators gives very brilliant
results with certain colloidal solutions. A cross section of a
paraboloid illuminator is shown diagrammatically in Fig. 13.
A drop of the observed solution is placed on a slide (s) and covered
with a cover glass. The slide is in cedar-oil contact with the
top of the illuminator. With the illumination and the objective
lens properly adjusted, the particles of a suspension appear as
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bright spots against a dark background. Only the light scattered
by the particles travels up the microscope tube. A more power-
ful type of dark-ground illuminator is the cardioid condenser
shown in Fig. 14.

Recently, a dark-ground condenser and lens system developed
by Spierer* surpasses in illuminating power, especially for thin
sheets of organized structures, those illuminators mentioned
above. The Spierer lens system provides illumination not only

F1a. 13.—Diagram of a paraboloid F1a. 14.—Course of the rays
condenser. through a cardioid condenser and
a plate of uranium glass placed

upon it.

from the sides but also at nearly a zero angle to the source of
the light. The expression (1 + cos? 8) in Eq. (1) states that the
intensity of the scattered light is greatest when the angle g8 = 0.
The Spierer system (Fig. 15) consists of two parts:

A. A special immersion objective with a central mirror.
B. A special dark-field condenser.

In the center of the front lens (1) of the immersion objective
there is a tiny concave mirror (2) consisting of deposited platinum.
The illuminating beam of small aperture (3), which has passed
up from below through the object, is thrown back on to the object
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by the reflector so that both principal surfaces of the preparation
are intensively illuminated. The observed rays consist of the
light which had been scattered and diffracted in the object.

The special condenser consists of two concentric systems.
. First, as in the case of the common dark-field condensers, there
are the reflecting surfaces (4, 5) which illuminate the specimen
with rays of large aperture (6, 7) at
an oblique angle. Second, by means
of a lens (8) in the center of the
condenser, a light beam of small
aperture (3) is directed to the speci-
men. By means of three movable
stops the illumination is regulated so
that light beams of very large or
very small aperture may be readily
produced. |

Particles which are below the limit
of resolution are called ultramicro-
scopic particles. Ultramicroscopic
particles which show as points of
light in an ultramicroscope or dark- 8
field condenser are termed submicro- 6 |3 L7
scopic particles, while those which are r' ¢
not detectable by ultramicroscopic
methods are amicroscopic particles.

The reader is reminded that size Fic. 15.—Spierer lens and
alone does not control “visibility” illuminator.
in an ultramicroscope. From Eq. (1) it is to be noted that

2 2
I, = kn(%; - 1) (6)

Curiously, this function is frequently ignored in discussions
of size of particles as revealed by ultramicroscopy although the
originators were well aware of it, Siedentopf!® pointing out that
the particles in hydrosols of alumina, silica, and albumin were
invisible ‘‘ doubtless because the refractive indices of these bodies
do not differ sufficiently from those of the medium in which they
are contained.” Consequently, dispersions which contain large
amicroscopic particles may exist.
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The Tyndall cone popularly associated with colloidal dis-
persions may be exceedingly faint and in fact nondistinguishable
in the electric-arc illuminated ultramicroscope if the refractive
indices of the phases are nearly alike. On the other hand, by
means of a heliostat, light scattering by chemically homogeneous
liquids is discernible.®

Certain solutions undergo photochemical changes in the
brilliant light used in ultramicroscopic observation. Sometimes
these changes produce suspended particles.”” Such solutions
may be examined without interference of decomposition by means
of longer wave lengths.

Counting of Particles. Estimation of Size.—If m = the mass
of particles dispersed in unit volume, n the total number, and p
the density of particle substance, then the average particle volume
v would be
m
on

P =

or, assuming cubical shape the length of side of particle,
3 —
m
l= po )
The number of particles in a given volume of a colloidal dis-
persion may be counted in the ultramicroscope provided they are
not amicroscopic. The volume of dispersion observed may be
measured by means of an ocular micrometer. Figure 16 shows
how the dimensions are obtained. The Tyndall beam D from the
condenser objective AA passing through the cell B is measured
at its brightest width ab by means of the ocular scale C. When
the slit (g, Fig. 11) is rotated through 90°, the former depth of
the observed portion is revealed as a width which can be meas-
ured. Thus from these dimensions and the third dimension of
the length observed, the volume is obtained. The spots of light
in this volume are counted. Then on the assumption that (1) all
particles present are revealed as spots of light, (2) the density for
macroscopic particle substance is the same as for the particles in
state of fine subdivision, (3) the particles are cubical in shape,
the average size of the particles may be calculated.
The most serious limitation of this method of estimating the
size of colloidal particles is the fact that no amicroscopic particles
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are permissible. As a consequence an error of unknown magni-
tude is present which quite overshadows the others, such as the
error in measuring the volume of the part of Tyndall cone
observed, the error in count (where a cluster of particles might
be taken for one particle), the possible density difference as a
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Fia. 16.

result of fineness of substance, and the assumption of cubical
shape. '

When a colloidal dispersion is too concentrated for accurate
counting, it is diluted to such an extent that the number of parti-
cles can be counted at a glance. This may introduce another
error as shown by the following experiment made by Zsigmondy:
A silver hydrosol containing 0.0037 g. of Ag per 100 cc., and
3.5 particles per 440 cu. u, yielded the following results:

Number of | Number of particles
Dilution particles expected from
found original count

1 volume of sol 4+ 1 volume
of water. . 2.28 1.75
1 volume of sol + 7 volumes
of water. . 1.62 0.45
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An increase in number of particles upon dilution is shown in
this experiment. This may mean that clusters disaggregated on
dilution and thus another appreciable error may be introduced
if a sol is diluted prior to counting.

A quicker and less accurate method of estimating the size of
particles is through determination of their average displacement

and use of the formula
3m
P

where [ = length of side of particle.

D = mean displacement of particles.

m = mass of particle substance per unit volume.

p = density of particle substance.
When this method is used, the depth of focus of the microscope
must be about the same as the displacement of the particles; if
it is larger, the observed displacement will be too small, and
vice versa.

Brownian Movement.—The ultramicroscope reveals the parti-
cles trembling and swarming, making very little progress in
motion despite their ceaseless activity. This is called the
Brownian movement after the botanist Robert Brown who, in
1827, showed that the motions of particles suspended in water
are not limited to living matter.’® TUp to this time such motions
of suspended particles were believed to be due to life forces.
Brown’s experiments with powders of lifeless substances dis-
proved this notion. He was led to examine such substances
since spore dusts of mosses which had been dry about one hun-
dred years showed to his surprise a lively motion when suspended
in water.

After Brown, thé motion was studied notably by Wiener
(1863), Exner (1867), Jevons (1870), and Gouy (1888), who
demonstrated that the motion was not caused by living matter
or by external influences such as vibration of the apparatus or
incident light or heat. Then the questions of the influence of
gravitational, electrical, magnetic, and surface-tension forces
between the particles were argued by Gouy, Jevons, Ramsay
(1892), Bliss (1894), Maltézos (1894), Bache (1894), and Spring
(1900) with the result that these influences were eliminated as
possible causes.



OPTICS 49

A molecular kinetic theory for the motion was suggested by
Wiener, Exner, Gouy, and Maltézos. The mathematical
development of a molecular kinetic explanation was published
by Einstein® (1905-1906), Smoluchowski% (1906), and Langevin2!
(1908), all of whom arrived at the same equation by different
modes of attack.

For the present purpose a simplified derivation will suffice
and such a one by Einstein,?? taken almost verbatim from his
article, follows.

We shall consider how diffusion of a solute in a dilute solution
depends upon the osmotic pressure in the solution and upon the

A P . B p —> < p
b3 dx
£ E
Fia. 17. Fia. 18.

motion of the solute particles in the solvent. It will be assumed
that the molecules of the solute are large in comparison with those
of the solvent and obtain an equation for the diffusion constant
which depends only on the size of the dissolved molecules and the
viscosity of the solvent. From this it will be shown how the mean
magnitude of the disorganized motion of the particles, whether
dissolved or suspended, can be calculated involving merely the
two factors above mentioned, v:z., size of particle and viscosity
of the medium.

Diffusion and Osmotic Pressure.—Consider the cylindrical
vessel in Fig. 17 filled with a dilute solution. The interior of the
cylinder is divided into two compartments, A and B, by the mova-
ble piston P which is freely permeable to the solvent molecules
but impermeable to the molecules of solute. If the concentration
in 4 is greater than in B, the piston P will move from left to right
until equilibrium is attained. The force causing the movement
of the piston is the difference in osmotic pressure (K) between
A and B, which the dissolved substance exerts from left to right,
and becomes zero when the concentrations in the two compart-
ments are equal. It is evident then that the osmotic forces are
responsible for the equalization of concentration brought about
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by diffusion since this can be prevented by the exertion of an
external force on the piston which just balances the osmotic
force K.

Consider a similar cylindrical vessel (Fig. 18) of unit cross
section in which there is no piston but as above the concentration
on left-hand side is greater than on the right-hand side. From
the left, the osmotic pressure p acts upon the plane E and from
the right the osmotic pressure p’ is exerted upon E’, the distance
between E and E’ being dx. Since E is located at the distance z
from the end, E’ will be z + dz distant.

Since p — p’ is the difference in osmotic pressure, then the
osmotic pressure exerted per unit volume of solution is

_p—9 _ p—p_ _dp
K= dr de =~ dz

Owing to the fact that for dilute solutions the osmotic pressure
p = RTn

where n = number of gram molecules of solute per unit volume
of solution, we obtain for the effective osmotic force K, acting
in the dissolved substance per unit volume,

K = —RTZ—Z ©)

Now the velocity v of the motion of a molecule under the
influence of the force k is
k
i)

where f is the frictional resistance opposed to its motion. If the
moving molecule is taken to be spherical and large in respect
to the molecules of the solvent, we may set

J = 6mnr (11)

where 7 = viscosity of the solvent.
r = radius of the spherical particle.
Since in the unit volume under consideration there are n
gram molecules of solute, then there are nN actual molecules.
Since the force K is distributed over these nN molecules, the

v = (10)
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velocity imparted to each is 1/nN of that which would have
resulted if the force were acting on one molecule only. From
Eqgs. (9) and (10) we have for the velocity of motion resulting
from the driving force:

p=1 K
nN 6xyr
Since K is the osmotic force, we have from Eq. (9)
_BT_ 1 dn
N 6mqrdx
dividing both sides by —dn/dz,

(12)

—_ =22 . 2 . (13)

According to Fick’s law, the amount of solute which will
diffuse across unit area under a concentration gradient of unity,
in unit time, at constant rate, is the specific diffusion rate, or
the diffusion constant D.

Therefore

~D% = (14)

The minus sign denotes that the solute diffuses in the direction
of decreasing concentration.

Combining Eqgs. (13) and (14) we get
RT 1
_ N e
an expression for the diffusion constant in terms of the viscosity
of the medium and the radius of the dispersed molecules. Its
validity, it will be recalled, depends upon the assumptions that
the diffusing molecules are spherical and are large in comparison
with those of the dispersion medium [Eq. (11)]. :

The Relationship between Diffusion and the Irregular Motion of
the Molecules.—A second point of view of the process of diffusion
is opened up by the molecular theory of heat. Owing to the
thermal energy, a single molecule of a liquid moves about in an
entirely irregular manner with the end result that any original

D = (15)
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inequality in concentration of the dissolved substance will
disappear.

Restricting the argument to the assumptions involved pre-
viously, let us consider the case of diffusion solely along the z-axis
of the cylinder indicated in Fig. 19. Imagine that the position
along the z-axis of all molecules is known at the given time ¢
and likewise at the time ¢ + = where 7 is an exceedingly short
interval in which there are but very slight changes in the dis-
tribution of the molecules in the solution. During the time
7 the z coordinate of a given molecule will have shifted the
magnitude A;, of another A,, etc.,
owing to the irregular motion.
These displacements A;, A, As,
ete., will be in part negative (to
the left) and in part positive
(to the right). Furthermore the
magnitudes of these displace-
ments for a single molecule
will differ. Since a dilute solution was postulated, the displace-
ment is due to the solvent molecules alone because the solute
molecules are too widely scattered to influence each other
appreciably, and therefore the mean displacement A will be the
same in various parts of the solution where the concentrations
may vary somewhat and will be as often positive as negative.
We may now see how large the mean diffusion of the dissolved
molecules is in the time 7 through unit cross-sectional area of
the cylinder along the z-axis, if the extent A of the displacements
is known. In order to simplify this task it will be assumed that
all molecules undergo the same displacement A (.e., substitute
the mean value for the individual displacements A;, Az, As, ete.)
and that as many move to the right (4A) as to the left (—A).
According to the simplifying assumptions, there will pass from
left to right through the plane E in the time r only those molecules
which are less than A distant to the left of E. These molecules
are all located between the planes £, and E. But since only half
of these molecules have positive displacement, only half of them
will pass through E. The half of the dissolved molecules located
between E; and E expressed in gram molecules is

l/énlA

E,E£ M, E M, E,
Fia. 19.
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where 7, is the mean concentration in the volume E,E, or the
concentration in the mean plane M,. Consequently when the
concentration n,; is multiplied by A, the result is the number of
gram molecules in the volume between E, and E because the
cross section is unity. '

In an analogous manner it is found that the amount of solute
which passes through E from right to left in the time r is

14n.A

where 7, is the concentration in the mean plane M,. The differ-
ence between these two values

L5A(n1 — M) (16)

~ obviously is the net quantity of solute which diffuses across the
plane E in the time 7. Since the coordinate of E is x and express-
ing in terms of a differential quotient

mo— e = — A a7

From (16) and (17) we have

A%dn
T2 | (18)
Then the quantity in gram molecules which diffuses through the
unit area E per second under the concentration gradient dn/dx is

A?dn
“%r dz (19)
Hence the quantity which would diffuse under unit concen-
tration gradient is [Eq. (19)] divided by dn/dz which is equal to
~14(A?/7). This is the diffusion constant D; hence

2
D=5 (20)

27
- Combining this equation with Eq. (15) we have

‘ RT
ar = S (21)
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the general formula for the Brownian movement where A is the
average displacement* of a spherical particle of the radius r
along the z-axis in the time 7 in a liquid of viscosity 7.

Perrin?® and his collaborators Chaudesaigues and Dabrowski
traced the motion of a given particle by marking its position at
intervals of 30 sec. on cross-sectional paper. A typical tracing
is shown in Fig. 20. They used suspensions of gamboge in water.
Intermittent photographic exposures of rubber latex were taken
by Henri?* and of vermillion particles by Seddig.2?®

p 4

ro=1Qq

A

R
i

240

N

o1

F16. 20.—Perrin’s tracings of the Brownian motion of particles.

Another method for measuring the displacement of the particles
consists in allowing a dispersion to flow slowly through an ultra-
microscope cell. This method, devised by Svedberg,? showed
the particles as wavy lines (Fig. 21). If the time ¢ required for
the velocity of flow to carry a particle the distance z is known,
then the mean absolute velocity of the particle would be 44/t

Ezxperimental Verification of the Brownian-movement Equation.—
The experimental methods just mentioned were devised to

* More exactly, A is the root-mean-square of the single displacements
A}, Al ete.
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test the validity of the Brownian-movement equation. By com-
bining the constants, this equation may be written

A? = k— (22)

i.e., the square of the displacement of a particle in the time ¢ is
directly proportional to the absolute temperature of the system
and inversely proportional to the viscosity of the medium and
the radius of the particle.

Fia. 21.

The first quantitative confirmation of the kinetic theory
of Brownian motion was given in 1906 by Svedberg,? who studied
platinum dispersions by means of his flowing method. Table 7

TABLE 7.—BROWNIAN MOVEMENTS OF PLATINUM PARTICLES

Dispersion medium n-103| 24, u|t, sec. | 24/t - 1072 | 249 - 102

Acetone...................| 3.2 6.2]0.016 3.9 2.0
Ethyl acetate..............| 4.6 3.9 |/0.014 2.8 1.8
Amyl acetate. 59| 2.9/0.013 2.2 1.7
Water.. ..| 10.2 | 2.1 ]0.0065 3.2 2.1
Normal propyl alcohol 22.6 | 1.3 [0.0045 2.9 2.9

gives his results. The platinum particles were about 25 mp in
radius and the temperature was 19°C.

From the values in Table 7, Svedberg came to the conclusion
that 24 /t and 24 were constant. Since in the experiments both
of these factors were interdependent,

a4 = 1L
7

which is the Einstein formula in qualitative form for the

placement of a particle at constant temperature.
Seddig’s photographs of vermillion particles taken ti?

intervals of 0.1 sec. gave quantitative verification of thé relatiafi-
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ship between displacement, temperature, and viscosity. For
the mean displacement of particles of equal size at two different
temperatures we have

Ar_ [T,
Ay Tom

The experimental values for A obtained by Seddig were 6 per cent
higher than those demanded by this formula. This discrepancy
was ascribed to error in the measurement of the temperature of
the thin layers of dispersion photographed.

Chaudesaigues varied the viscosity of an aqueous gamboge
suspension by addition of sugar. In this way, using two dis-
persions of viscosity ratio 1:4, he found that the motion was
twice as fast in the less viscous as it was in the dispersion of
higher viscosity.

This experimenter also measured the displacements of gamboge
particles (one of 0.450 u and another of 0.213 u radius) at various
time intervals and found, for the times 30, 60, 90, 120 sec., the
displacements 6.7, 9.3, 11.8, 13.95 u. The square roots of the
times are proportional to the numbers 6.7, 9.46, 11.6, 13.4,
giving an ideal confirmation of the theoretical A = k+/¢. He
also found that the velocities for the two sizes of particles varied
inversely as the square of the radii, thus proving A = k/4/r.

Brownian Movement of Rotation.—The molecular shocks
received by a suspended particle confer upon it a rotational as
well as a translatory motion. Einstein obtained the following
equation for the mean square of the angle of rotation d, in a time
t, relative to an arbitrary axis:

RT ¢
@ = N 4myrd (23)
By observation of the time of rotation of rather large particles
of mastic (r = 6.5 X 104 em.), Perrin? obtained most satis-
factory quantitative confirmation.-

Brownian Movement in Gases.—Smoluchowski,?® recalling an
observation of dancing movements in fumes made by Bodas-
zewski in 1881, pointed out that small particles suspended in
gases ought to show Brownian movement and calculated the
magnitudes of the same. He noted that the formula for motion
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in liquids applies to gases when the radius of the particles is
large in comparison with the mean free path of the gaseous
molecules.

Ehrenhaft® was the first to make measurements on the
Brownian movement of particles in gases and found, as the
theory predicts, a much livelier motion. Confirmatory quantita-
tive data were supplied by deBroglie.?®
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CHAPTER IV
LIQUID DISPERSED SYSTEMS

There are three commonly recognized classes of liquid dis-
persed systems:

1. Crystalloidal or true solutions or molecular dispersions.*
2. Colloidal solutions or colloidal dispersions.
3. Emulsions and suspensions or coarse dispersions.

Distinction between Colloidal and Crystalloidal Solutions.—
Fluorescence excepted, crystalloidal solutions are clear in
appearance and are optically void when viewed in the ordinary
electric-arc ultramicroscope. Colloidal solutions may be clear or
turbid in appearance and may or may not show the Tyndall
effect in the same type of ultramicroscope.

Returning to the property by means of which Graham origi-
nated the recognition of colloidal solutions, the dispersed phase
in a crystalloidal solution diffuses readily through a superimposed
layer of the dispersion medium, whereas the dispersed phase of a
colloidal dispersion manifests but slight diffusibilityt through the
medium. As a consequence, the osmotic pressure of a crystal-
loidal solution is great in contrast to that of a colloidal solution.

Since tests of the rate of diffusion through the dispersion
medium are not convenient to make, and while osmotic pressure
measurements require apparatus which is not simple in prepara-
tion, the measurements of the colligative properties of freezing-
point depression, boiling-point elevation, or vapor-pressure
depression may be employed. If a liquid containing an appre-
ciable amount of dispersed phase has a freezing point or vapor

* Some writers prefer the general term dispersion. The dissolved or
suspended particles are called the dispersed phase and the solvent or suspend-
ing medium is the dispersion medium.

1 There are recorded instances, however, of fast-diffusing colloidal par-
ticles due to the influence of accompanying oppositely charged ions. [See
McBaiN, DawsoN, and BARKER: J. Am. Chem. Soc., 66, 1021 (1934).]
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pressure appreciably lower than that of the pure solvent, or
boiling point appreciably higher than that of the solvent, it
may be judged to be a crystalloidal solution. No appreciable
or measurable difference in these properties characterizes the
dispersion as colloidal.*

For the purpose of qualitative differentiation, convenient
diffusion tests are available by the use of jellies and of certain
types of membranes. Asshown by Graham, colloidally dispersed
particles do not diffuse through jellies or dialyzing membranes,
while the solute in a crystalloidal solution readily permeates
such media. Convenient jellies are prepared with agar-agar or
gelatin. A hot 2 per cent aqueous solution of agar-agar, or a hot
5 per cent solution of gelatin, is poured into a test tube. Upon
cooling to room temperature a firm jelly forms. Then a portion
of the dispersion to be tested is placed on top of the jelly in the
tube and permitted to stand for several hours; then it is examined
to determine whether diffusion through the jelly has taken place.
For comparison, two jelly tubes may be prepared and one may
be used to note the rate of diffusion of the solute in a colored
crystalloidal dispersion. The observation should be made with
care for the reason that the jelly occasionally pulls away from the
wall of the tube and thus allows the solution under test to run
down between the jelly and the glass wall. Twenty-four hours
is usually sufficient time to elapse before examination.

The dialyzing membrane test should be interpreted with
caution because the membranes vary widely in permeability.
This will be discussed in detail in Chap. V. The author would
point out that there is a fairly widespread erroneous impression
concerning the use of these membranes in establishing the nature
of a dispersion.

Inasmuch as there is no abrupt transition between crystalloidal
and colloidal solutions, and since no arbitrary definition con-
cerning any line of demarcation has been announced or agreed
upon, a general statement concerning a differentiation between
crystalloidal and colloidal dispersions must of necessity be vague.
In 1892, Picton! said:

* Thus a molecular dispersion of a high molecular weight substance is
also a colloidal dispersion. Aqueous solutions of proteins are examples
(see Chap. XII).
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Arsenic sulfide is capable of existing in a state of suspension so perfect
as to simulate the phenomena of liquid diffusion, but yet revealing solid
particles by Tyndall’s experiment. It is easy to conceive of a case in
which the process of subdivision has gone still further, and Tyndall’s
experiment is no longer adequate to discover the suspended particles.
Passing on from this, there seems no satisfactory reason for imagining the
existence of any sharp boundary between solution and pseudo-solution.
It is quite possible that the one merges by imperceptible gradations into
the other.

Distinction between Colloidal and Coarse Dispersions.—
It is generally agreed that if the dispersed particles can be
optically resolved, 7.e., seen in their true shape, the dispersion is
coarse and not colloidal. Consequently, by means of this
arbitrary definition, these dispersions are sharply differentiated
from colloidal dispersions at a particle size of about 0.2 u. The
best test in this instance is made therefore by use of a microscope
of highest power, illuminated by light of short wave length.

Comparing coarse dispersions of particle size appreciably
greater than 0.2 p with colloidal solutions containing much smaller
particles, certain differences in properties are noted. Coarse
dispersions are always turbid. A clear coarse dispersion is
possible only when the dispersed phase possesses the same
refractive index as the dispersion medium. While it is possible
to prepare such a dispersed system especially if monochromatic
light be used for the illumination, the chance of meeting one
accidentally is slight.

In the ultramicroscope, coarse dispersions display a brilliant
Tyndall effect provided they are not too concentrated. Any
coarse dispersion, except for the rare case noted in the paragraph
above, will show a Tyndall cone either in its original condition
or when diluted.

Coarse dispersion particles, as expected, are less diffusible
than colloidal particles and the diffusibility is so slight as to be
called zero for most theoretical as well as for all practical purposes.
The particles do not pass through dialyzing membranes or jellies.
In fact many coarse dispersion particles can be separated from
the dispersion medium by ordinary filters, provided protective
colloids such as, for example, gelatin, gum arabic, or soap are not
present.
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An idea of the porosity of some common filters is given in
Table 8.2 By application of a series of such filters, a rough

TaBLE 8.—PoRO08ITY OF CERTAIN FILTERS?
Approximate Diameter

Filters of Pores, Microns
Common thick filter paper.. vivi.... 3.3
Schleicher and Schiill filter paper 556 oo 1.7
Schleicher and Schiill filter paper 602 (hard) .0.9t01.5
Chamberland filter (earthenware) ce......0.2t00.4
Reichel filter (earthenware). . T | B ¥ 4

idea of the size of suspension particles may be obtained. A
protective colloid is likely to cause the dispersed phase of a
coarse dispersion to run through ordinary filters. The reason
for this is that the particles of such coarse dispersions consist
of loosely bound aggregates of small particles which are dis-
integrated into their individual parts by the surface active films
of protective colloid. Furthermore, while pure coarse dispersion
particles may be adsorbed by the fibers and walls of the pores of
a filter, thus making the pores smaller in size, the presence of a
protective colloid may prevent such adsorption because it is
adsorbed instead.

In the absence of a protective colloid, the dispersed phase
of a coarse dispersion settles rather rapidly either upward or
downward according to the density. The more viscous the
medium is, the less rapid is the settling. A protective colloid
tends to hold the particles in suspension not only owing to the
disintegration of large aggregates into smaller particles but also
on account of the surface layer of attached protective colloid
particles. This film tends to hold the central core of inert matter
in suspension by virtue of the forces which hold the protective
colloid itself in dispersion.

The sedimentation of a coarse dispersion may be accelerated by
centrifugal force. The ordinary laboratory centrifuges in short
times of action exert no grossly apparent action upon either
colloidal or crystalloidal solutions, while coarse dispersion
particles may be readily thrown out thereby,?® if the medium is
not too viscous and in the absence of protective colloids. An
equation for the effect of centrifugal force upon a particle may
be derived by means of Stokes’s law.
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If = is the distance through which a spherical particle of
radius r moves from the center of rotation in the time {, then
the equality between the viscous resistance 6ryr(dz/dt) and the
centrifugal force 44mr3(py — pa2)w?e
where w = the angular velocity of rotation,

n = the viscosity of the medium,
p1 = the density of the particle substance,
pz = the density of the dispersion medium,

gives
dr _ 2r%(py — po )w’:l:
da ~ O )
Integrating between the settling distances z; and z,,
T2 2 t
[T - 2o - w [ @
T 7 Jo
or
zy _ 2r:(py — pa)wt .
In o I &)

Nomenclature.—Graham* named aqueous colloidal dispersions
hydrosols, alcoholic dispersions alcosols, and, in general, disper-
sions in organic liquids organosols. Colloidal dispersions are
now frequently called sols.

Certain sols change to semisolid jelly-like masses upon partial
evaporation of the dispersion medium or by decrease in tempera-
ture. Such jellies are now commonly called hydrogels or gels,
although Graham applied this term to the precipitated or coagu-
lated gelatinous residue from a sol.

Upon complete desiccation of a sol or of a jelly, a solid residue
is obtained which may be transparent and glassy in appearance
or porous and spongelike or an amorphous powder. In the case
of many of the inorganic and some of the organic colloids, this
dry matter will not redisperse upon addition of some of its former
dispersing liquid. These residues also are termed gels. Dried
colloids such as gelatin, gums, dextrins, which will redisperse
in water or in general in any pure liquid in which they are soluble,
are also very commonly referred to as gels. Freundlich has pro-
posed the term zerogel (from &mpos, dry) for such dry substances.

In his discussion of colloidal tungstic acid, Graham stated:
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‘It is remarkable that the purified acid is not pectized by acids
or salts even at boiling temperature. Evaporated to dryness, it
forms vitreous scales, like gum or gelatine.” It is to be noted
that he described the dry residue as ‘“scales, like gum or gelatine”
and not as gel. Further, in his paper of 1861, in explanation of
the word pectous (wnkros, curdled) he stated: “as fibrin, casein,
albumen. But certain liquid colloid substances are capable of
forming a jelly and yet still remain liquefiable by heat and
soluble in water. Such is gelatine itself, which is not pectous
in the condition of animal jelly. . ., ”

The indiscriminate use of the term gel in colloid literature
produces confusion. It has been suggested by Weissenberger®
that the word gel be restricted to jellies and that coagula and
precipitates be called coagel. Thus another term is coined and
an old one is changed in meaning.

Coagulation or transformation of sols into gels was termed
pectinization (now shortened to pectization) by Graham. This
term is becoming obsolete since the words precipitation, coagula—
tion, and flocculation adequately describe all such cases.

When gels are converted to sols by the influence of added
foreign substances, a reaction takes place which resembles in
appearance the peptonizing of proteins in animal digestion and
consequently was named peplinization (now shortened to
peptization) by Graham. Bancroft® has stated his preference for
a more general use of this term and he has applied it whenever a
substance is dispersed to a sol, thus avoiding the words solution
or dissolve. Accordingly when a piece of dry gelatin is dissolved
in warm water, following this usage, the process would be referred
to as the peptization of the gelatin by water.

Types of Hydrosols.—Two main types of colloidal dispersions
have been recognized. These have been diversely named:

Reversible colloids Irreversible colloids
Stable colloids Unstable colloids
Hydrophilic colloids Hydrophobic colloids
Emulsoids Suspensoids

According to the difference in behavior toward electrolytes, the
stable and unstable distinctions were made. Upon evaporation to
dryness, the difference in behavior upon attempts to redisperse
the material by addition of the dispersion liquid gave rise to the
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terms reversitble and irreversible. Both these classifications are
practically the same. Since the stable or reversible dispersions
seemed to resemble emulsions, they were also called emulsoid,
while the unstable and irreversible dispersions were termed
suspensoid owing to their resemblance to suspensions.

Lyophobic and lyophilic or the analogous terms, which are
generally restricted to hydrosols, hydrophilic and hydrophobic are
probably the most expressive.*

The classification of colloidal solutions in two groups is
inadequate. Graham’s ferric oxide hydrosol is fairly stable in
the presence of neutral electrolyte (more so than gold or platinum
hydrosols, for example) while it is irreversible when evaporated to
dryness and thoroughly desiccated, although frequently reversible
if not completely dried. Most writers classify Graham’s ferric
oxide hydrosol as a suspensoid, while some others call it emulsoid.
Actually, its properties place it between the suspensoid and emul-
soid classes and this is so for many of the hydrosols of the weakly
basic or acidic oxides. It is better, therefore, to classify hydrosols
in three groups. Those whose properties locate them interme-
diate between the two extremes of hydrophobic and hydrophilie
may be called the inlermediate type of dispersion. These have
also been called inorganic hydrophilic colloids.

The properties of the three main types of dispersions may
be expressed briefly, as follows.

HyprorHOBIC DISPERSIONS

1. Dispersed phase is precipitated by very small amounts of electrolyte.
2. Coagulate upon prolonged dialysis. Presence of small amount and
kind of electrolyte is essential.

* Hydrophobic and hydrophilic come from Greek roots which signify
water fearing and water loving, respectively. Lyophobic and lyophilic are
made up of Greek roots meaning fear to loosen and love to loosen, respectively.
Hence a hydrophobie substance is lyophilic while a hydrophilic substance
is lyophobic. However, confusion has arisen in the use of the terms with
the lyo- prefix and the reader is warned to suspect that a stable, reversible,
emulsoid sol is meant when he sees the word lyophilic, and the reverse
type when he finds the word lyophobic, used in colloid literature. Owing
to the confusion, the lyo- terms are avoided in this book. There is no objec-
tion to the use of hydrophilic or hydrophobic in describing systems con-
taining liquids other than water, when it is understood that the hydro-
prefixes are used to denote liquids in general.
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. Migrate in an electrical field according to the sign of charge.
. Irreversibly coagulate upon desiccation.
. Surface tension is not very different from that of the dispersion medium.
. Viscosity is not very different from that of the dispersion medium.
. Viewed in ultramicroscope, show decided optical heterogeneity.

Some examples of this class are the hydrosols of gold, silver, platinum,
certain sulfides, and the silver halides.

N OOt W

INTERMEDIATE DISPERSIONS

1. Tolerate the presence of more electrolyte than hydrophobic dispersions
do but are more sensitive to electrolyte precipitation than hydrophilic
dispersions.

2. Coagulate upon prolonged dialysis. Presence of certain amount and
kind of electrolyte is essential.

3. Migrate in an electrical field according to the sign of charge.

4. Upon evaporation to dryness, residue is reversible if sol was not too
“pure” and if not thoroughly desiccated; is irreversible if sol was very
pure or thoroughly desiccated.

5. Surface tension is not very different from that of the dispersion medium.

6. Viscosity is higher than that of the dispersion medium.

7. Show a faint Tyndall effect.

Some examples of this class of dispersion are certain hydrosols of the
oxides of iron, chromium, silicon, vanadium, etc.

HyproPHILIC DISPERSIONS

1. With the exception of the formation of insoluble complexes in some
cases, they tolerate the presence of considerable amounts of electrolyte.

2. Upon prolonged dialysis there is no change (a few cases, such as globu-
lins excepted).

3. May or may not migrate in an electrical field.

4. Residue obtained upon evaporation to dryness is reversible (with
exception of “heat-coagulated’ proteins).

5. Surface tension is generally lower than that of the dispersion medium.
Show tendency to form persistent foams when shaken.

6. Viscosity is greater than that of the dispersion medium. The vis-
cosity rises markedly with temperature decrease or with increase in
concentration.

7. Frequently there is no striking optical heterogeneity in ultramicroscope.

Some examples of this class are hydrosols of gums, starches, proteins,
and alkali soaps.

It should be noted that the properties listed refer to kinds
of dispersions rather than to kinds of colloids. Once more the
criterion of state, not of kind, is involved. Gelatin is frequently
termed a hydrophilic or emulsoid colloid because its aqueous
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dispersions are of that class. It is true that it is hydrophilic
toward water, but it is hydrophobic when dispersed in a medium
consisting of a mixture of alcohol and water. Addition of
alcohol to an aqueous solution of gelatin or of gum arabic produces
a turbid dispersion with certain of the properties of hydrophobic
dispersions. For example, the presence of a trace of an elec-
trolyte will precipitate the dispersed phase. The explanation
for this behavior is that the dispersed phase in the hydrophilic
dispersion is highly hydrated. Since these particles do not
imbibe alcohol, i.e., they are insoluble in alcohol, the latter
dehydrates them.

Some dyes are hydrophilic in water but hydrophobic in
alcohol.® Sulfur hydrosol prepared by Odén’s method belongs to
the intermediate class, while von Veimarn’s sulfur hydrosol is
hydrophobic. Some of the sulfide hydrosols have properties
which place them between the intermediate and the hydrophobic
dispersions. Iron oxide hydrosol made by Graham’s method is
intermediate while the iron oxide hydrosol of Péan de St. Gilles
is rather hydrophobic.

Pyrosols.—Colloidal, dispersions of metals in molten mineral
media are called pyrosols.® Pyrosols may be prepared by the
solution of certain metals in their salts, the metallic particles
giving off a colored mist in a lively fashion. Upon cooling,
the dispersed partieles separate in the metallic form. The
metal is claimed to be present in the colloidal form owing to the
intense color of the molten mass, to the homogeneous appearance
to the naked eye, and to the fact that addition of alkali salts
destroys the color.
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CHAPTER V
DIALYSIS AND ULTRAFILTRATION

Since membranes of parchment paper, nitrocellulose, cellulose
acetate, ‘‘Cellophane,””* and animal gut are generally quite
permeable to crystalloids while rather impervious to colloids,
dialysis by means of these membranes is extensively used for the
purification of colloidal solutions. Although the first application
of dialytic purification of colloids is attributed to Graham,
dialyzing membranes} were generally known before Graham’s
work, Dutrochet (1826) noted the osmosis of solutes from a
solution through animal-gut membranes to an outer water phase
and of water into the solution phase. He named the former
exosmosis and the latter endosmosis. Liebig (1849), L’Hermite
(1854), Fick (1855), Dubrunfaut (1855), and Naegeli (1858)
are others who used dialyzing membranes. Fick made flat
pyroxylin membranes. Dubrunfaut pointed to the cell walls
in sugar beets as the separating septa which allowed the sugar to
diffuse from the cosettes whilst holding the colloidal matter
back.

When a dialyzing membrane is used for the filtration of dis-
persions to remove the dispersed phase from the liquid medium,
the process is called ulirafiltration, the name having been sug-
gested by Bechhold.! Apparently ultrafiltration was first
performed by Martin? (1896), who used unglazed porcelain filter
““candles” impregnated with gelatin or with silicic acid gel.

* ¢Cellophane,” manufactured by the E. I. du Pont de Nemours Co., is
a transparent film composed of regenerated cellulose. It contains glycerol.
‘“Moisture Proof Cellophane” has a lacquer coating containing wax.

1 Since the name ‘‘semipermeable membrane’’ is generally taken to mean
a membrane which is permeable to a solvent while impermeable to a crystal-
loid solute, such as the copper ferrocyanide membrane which is pervious
to the water of a sugar solution but not to the dissolved sugar, the term
‘‘dialyzing membrane’’ will be used here to denote membranes which show
selective degrees of permeability toward dissolved or dispersed substances.

68



DIALYSIS AND ULTRAFILTRATION 69

Nitrocellulose films seem to have been first employed in 1904
by Borrel and Manea in the purification of bacteriological sera
and by Malfitano in the filtration of ferric oxide hydrosols.?

Walpole* has combined dialysis and ultrafiltration in a process
which he termed pressure dialysis and has applied the method to
the commercial purification of diphtheria toxin and tuberculin.
In this process the ‘“filtrate” side of the membrane in the ultra-
filter was bathed by a constantly flowing stream of water, thus
purifying the crude toxin by dialysis while it was being con-
centrated by ultrafiltration.

The removal of electrolyte in dialysis and in ultrafiltration is
accelerated by the application of an electric current. When an
ean.f. is applied, the processes are called electrodialysis and
electroultrafiltration. Electrodialysis was first applied to the
purification of inorganic hydrosols® and is now widely used,
particularly for removal of electrolyte from solutions of biocolloids.

Dialysis and Ultrafiltration Apparatus.—An early form of
dialyzer consisted of a sheet of parchment paper affixed to a
cylindrical or conical vessel, open at both bases. Figure 22
illustrates this type of appa-
ratus. An improvement for
providing greater dialyzing sur-
face consists in folding a
pleated sheet of parchment
paper over a cylindrical frame.®

Nitrocellulose is very con-
venient inasmuch as collodion
(a solution of nitrocellulose in
a mixture of ether and alcohol)
may be flowed on the outside of Fre- 22‘“Th°(‘i’i‘:lsyze?“‘h“m's bulb
test tubes or on the inside of )
any vessel such as a test tube, a volumetric cylinder, Kjeldahl
flask, and later a nitrocellulose model of the vessel obtained.” A
flask, free from sharp points or rough areas on the inside, is thor-
oughly cleaned, rinsed with alcohol, and drained. About 25 to
50 cc.of collodion is poured in and the flask rotated slowly while
inverted to secure a uniform coating and to remove the excess
of the collodion. The flask is inverted on a ring in order to
drain and to allow most of the ether to evaporate. This may be
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hastened by introducing a glass tube connected to a pump.
When most of the ether has evaporated, the flask is filled with
water and allowed to stand about 10 min. or longer. The
adhering nitrocellulose is cut loose from the outer edge of the
mouth of the flask and the water poured out. Then water is
introduced between the nitrocellulose and the flask and by gentle
pulling the nitrocellulose sack is removed from the mold. It is
then filled with water and examined for perforations before using
in dialysis.

The solution to be dialyzed is poured into the sack to about a
third of its volume, a bent glass tube is tied in the neck, and the
bag is then hung in distilled water. Owing to the occasional high
rate of osmosis of water into the bag, the contents become
diluted. This dilution is avoided by using a round flask to cast
the bag, and tying the open end, or by insertion of a long vertical
glass tube through a stopper on to which the bag is tied, 7.e.,
pressure dialysis. One objection to this is that the contents of
the bag cannot be conveniently stirred.

The speed of dialysis is, of course, increased by stirring® the
contents of the dialyzer and of the outer liquid.

Parchment paper or regenerated cellulose tubing* is frequently
employed instead of nitrocellulose bags. The colloidal solution
may be placed in a U-shaped loop and suspended in water,
or the water may flow through the tube which reposes in a
receptacle holding the colloidal solution. The advantage of
this procedure is the facility of stirring the colloidal solution.
The disadvantage is the possible dilution of the latter.
Tubes of nitrocellulose may readily be made in the labora-
tory, to be sure, but they are not so tough as the regenerated
cellulose tubing which is made for use as sausage casing.

A very serviceable dialyzer for use especially where the dif-
fusatet is wanted for subsequent tests is illustrated by Fig. 23.%

* «Visking” sausage casings, sold in 30-ft. lengths, are convenient.

t Diffusate is the term which Graham applied to the material which
diffused through the membrane. One often hears the term dialysate applied
to Graham’s diffusate. According to Webster’s International Dictionary
(1927) dialysate is defined as: “That part of material subjected to dialysis
which fails to pass through the membrane: opposed to diffusate.” The
Oxford New English Dictionary concurs in this definition. In this book
these terms are used according to these authorities.
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A flat dialyzing membrane is clamped between two glass bells
and then put in a rotating machine. In the author’s laboratory
two vacuum desiccator lids are used. Parchment paper or
Cellophane may be used, or a flat sheet of nitrocellulose may be
made by pouring collodion on to a glass plate or a dish of mercury.

For general dialysis purposes, unglazed porcelain vessels are
frequently very convenient. The fact that some grades of
porcelain act ‘‘osmotically’’ was
shown by Graham.® Pipe
clay was used by Dutrochet.!?
The application of unglazed por-
celain as a dialyzing septum for
the purification of a colloidal
solution seems to have been over-
looked until it was used again
in the purification of iron oxide

Membrane

IR

—— >

Fia. 23.—Thoms’s dialyzer. Fic. 24.—Apparatus for electro-
dialysis.’* @ and a: are nitrocellu-
lose membranes, b is a battery jar,
and ¢ is a cylindrical vessel.

hydrosols.!t Unglazed porcelain pots are convenient since they
are rigid, permitting the convenient use of mechanical stirring
devices. Iron oxide sols deposit a coating of hydrous ferric oxide
gel in the porcelain and the latter serves as a support for g
dialyzing septum of the gel. The gel is impervious to ferric ion.#

Unglazed porcelain in which barium sulfate has been precipi-
tated is proposed as a ‘“‘“mechanical colloid sieve,”’12

A simple type of electrodialyzer consists of a three-compart-
ment vessel, the compartments separated from each other by
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dialyzing membranes.!* The central compartment contains
the solution to be purified and the end compartments the elec-
trodes.* An electrodialyzer* used in the separation of the amy-

Fia. 256.—Zsigmondy’s suction ultrafiltration apparatus.

F1a. 26.—Bechhold’s porcelain suction filters.
loses of starch is shown in Fig. 24. The electrodes are connected
to a 110-volt or higher direct current.
* Frequently in this horizontal type of electrodialyzer, the dialysate
separates in layers (see Blank and Valko!?), the colloidal solution on the

bottom and erystalloidal solution on top. The upper layer can be siphoned
off. This process has been called elecirodecantation by Professor Pauli of
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There are three main kinds of ultrafilters: the sack or “spon-
taneous,” the suction or low-pressure, and the high-pressure

type.

The spontaneous ultrafilter's consists of a bag made of a

suitable dialyzing membrane
filled with solution which is
allowed to hang free, the sol-
vent and permeable solute
slowly filtering under the pres-
sure of the weight of the
contents.

The suction ultrafilter con-
sists of a modified type of
Buchner funnel which has been
developed by Zsigmondy,® who
has suggested useful applica-
tions for it in analytical opera-
tions. It is shown in Fig. 25.

Bechhold’s” suction ultra-
filters consist of partially glazed
porcelain containers as shown
in Fig. 26. The heavy black
markings indicate the glazed
portion. The unglazed part of
the device is coated with acetic
acid collodion.

When it is desired to ultra-
filter at pressures higher than
atmospheric, the pressure type
originated by Bechhold!® is
employed. A simple pressure

_ultrafilter designed in the
chemical laboratory of Colum-
bia University* is illustrated
in Fig. 27. The Columbia

e
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Fi1g. 27.—Columbia pressure ultra-
filtration apparatus. A, automobile
tire valve; B, collar which takes up on
funnel at C; D, rubber gasket; E, wire
gauze on which membrane rests; F, per-
forated heavy plate; G and G’, hexagonal
forms for holding in vise.

ultrafilter is easily manipulated since the pressure may be
applied by an ordinary tire pump, the inlet on the top

being an automobile tire valve.

If air is objectionable, the

* Improved upon and manufactured by Hayes & Whitmore, Urbana, Il
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pressure may be furnished by connection with a cylinder of
compressed nitrogen.!®

Since the slime of colloidal matter collecting on the ultra-
filtration membrane tends to retard the process, Bechhold has
fitted his ultrafilter with a scraping device. The advantage of
this is doubtful since a very thin deposit is about as effective in
retarding ultrafiltration as a thick one and the scraper or stirrer
cannot effcctually remove it. Ultrafiltration is an exceedingly
slow and tedious operation and at present is restricted to the
laboratory. It has been found very useful in the study of
bacterial toxins.?

An approach to a commercial scale ultrafilter is the ‘‘stream-
line” filter in which many sheets of water-and-oil-proof paper
are pressed tightly together.2! The liquid to be filtered is forced
between the sheets.

Electroultrafilters are now available, also.?2

The membranes used in ultrafiltration may be any suitable
dialyzing membrane. Cellophane has been recommended?
because it resists compression. An unusual ultrafilter septum is
200-mesh nickel or phosphor bronze gauze which is nickel plated
to such an extent that only submicroscopic openings are left.2*

Preparation of Membranes of Graded Permeability.—The
permeability of a given membrane substance may vary greatly.
With nitrocellulose taken as an example, it has been found that
the permeability of its membranes is influenced by (1) the kind
of nitrocellulose employed,?® (2) the nature of the solvent and,
when it is a mixture such as alcohol and ether, the relative
proportions,®2:28 (3) the time of drying* and the amount of
swelling of the film,? (4) the concentration of the nitrocellulose
in the collodion used,! and (5) the presence of nonsolvent agents
such as glycerol?® and ethylene glycol.3* Pyroxylin membranes
can be prepared for the purpose of separating two crystalloids
or two colloids or colloids and crystalloids from each other if
care is exercised in the preparation of the membranes according
to a standard technique; 7.e., it is possible to make pyroxylin
membranes of a wide range of graded permeability.

Bechhold! was the first to devise a practical method of making
a graded series of membranes. He discovered that the per-
meability of the ultrafilters depended on the concentration of the
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jellies used in preparing them. Filter papers were impregnated
with glacial acetic acid collodions of various strengths, drained,
and immersed in water to gel the collodion and wash it free from
the acid, or the papers were soaked in warm gelatin solutions of
different strengths, drained, and cooled to jellify the gelatin
which was subsequently tanned by formaldehyde.

An excellent method of grading has been devised by Brown.?
Since the permeability is affected by the thickness of the mem-
brane, the simple manner of casting in a flask as described pre-
viously for ordinary work cannot be employed because the rate
of evaporation of ether from the film cannot be controlled.
Consequently the thickness of the film will vary. Brown
overcame this difficulty by dipping a closed tube in collodion,
allowing it to drain in the atmosphere of the collodion, thus
permitting drainage without evaporation of ether, His technique
briefly is as follows.

An 8 per cent solution of pyroxylin* in a mixture of equal
volumes of absolute ethyl alcohol and ethyl ether is prepared.
A closed glass tube is dipped in a flask of the collodion and
allowed to drain for 5 min. (hanging in the flask over the collodion
solution) in order to obtain regularity in thickness. Then the
tube is exposed to the air for 1 min., following which it is plunged
in water for 1 min,, then it is removed from the tube. The
temperature of operation is 20°C. or lower.

The concentration of 8 per cent nitrocellulose was found
best; over 8 per cent gave tendency to uncven drainage; under
5 per cent resulted in delicate membranes which tore easily and
shrank excessively.

The proportion of equal volumes of alecohol and ether was
arrived at after trial of various mixtures. Membranes made
from collodion containing much ether and little alcohol are highly
impermeable, white, and have a low water content after soaking.
They show very small shrinkage on drying, however. Mem-
branes made from pyroxylin in absolute alcohol alonef are clear,

* Brown used Schering’s ‘ Celloidin.”

t Certain kinds of pyroxylin are soluble in absolute ethyl alcohol. Others
are insoluble in alcohol and require esters, ketones, or a mixture of alcohol
and ether for solution.
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highly permeable and have a high water content after soaking.
They shrink to a large extent on drying.

Since the permeability of the membrane is a function of the
alcohol held in it previous to removal from the tube, it is now
thoroughly dried out by exposure to air overnight and then graded
by alcohol-water solutions. The air-dry membrane is soaked in
the alcohol-water grading solution for 24 hr. at 20°C. Then it is
thoroughly washed in distilled water for 24 hr., after which it is
ready for use. When such uniform air-dried membranes are
used, the permeability may be specified in terms of the alcohol
percentage of the grading solution; 7.e., a ‘75-index” membrane
is a previously air-dried membrane that has been soaked in 75
per cent alcohol for 24 hr. at 20°C. and washed in water. By 75
per cent alcohol is meant an alcohol-water mixture made up of
75 cc. of absolute alcohol plus 25 cc. water.

The degree of swelling as a function of the alcohol content
of the grading solution is shown in Table 9. The wet weights

TABLE 9.—SWELLING OF PYROXYLIN MEMBRANES IN ALCOHOL-WATER

MiIxTURES??
Alcohol index | Wet weight Weight on
of membrane | after washing | drying again
0 106 100
50 111 99.3
70 116 98.6
80 122 98.2
20 142 97.0
92 161 93.8
94 209 89.1
96 388 74.8

given in the table are the weights of sheets of membrane after
washing in distilled water given in terms of an original dry weight
of 100. (Theair-dried membranes contained 3 per cent moisture.)

It will be noticed that the degree of swelling is gradual at
first but increases abruptly above 92-index alcohol and also that
the membrane undergoes partial solution which, while slight up to
90 per cent, is considerable in 96-index alecohol. The swelling is
anisotropic. For example, in 94 per cent alcohol the longitudinal
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extension is 12 per cent, while the increase in thickness is 180 per
cent.

TABLE 10.—INCREASE OF PERMEABILITY WITH SWELLING?®

Potassium permanganate Methylene blue
Index Time of penetration Index Time of penetration
70 1 min. 95 12 min.
60 5 min. 90 70 min.
50 25 min. 85 4 hr.
40 120 min. 80 10 hr.
30 None in 24 hr. 75 24 hr.
70 6 days

The increase in permeability with swelling is shown in Table 10
where the times of appearance of color in the diffusates from 0.1
per cent solution of methylene blue and in another case from 0.5
per cent solution of potassium permanganate are tabulated.
Brown’s membranes of index zero (dry membranes) were imper-
meable to crystalloids such as sodium sulfate, barium chloride,
and glucose, although water, sodium chloride, and ammonium
chloride passed through them. On the other hand, membranes
of index 96 and higher permitted the colloids starch, Congo
red, and night blue to dialyze through them. Thus it isseen that
by means of these graded membranes it is possible to separate
two crystalloids or two colloids from each other.

An example of the application of the graded membrane is
shown in Table 11 where a mixed solution of sodium chloride,

TaBLE 11.—EXAMPLE OF GRADED PERMEABILITY OF MEMBRANES??

Test for solute in diffusate
through membranes of index

Solute
50 85 92
NaCl............coiiiiiiiii, + + +
Glucose. .. .......ccovviiiiiinin.... 0 + +
Dextrin. ...............cooii.. 0 0 +
Starch.................. ... 0 0 0
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glucose, dextrin, and starch were dialyzed against different
membranes for 24 hr.

The sensitivity of the grading is parallel to the degree of
swelling. In the range of 40 to 70 per cent alcohol, variations of
10 per cent alcohol strength produce continuous gradation, while
in the range of 70 to 80 per cent an alcohol treatment which
varies by 2.5 per cent definitely produces continuous gradation
in an average set of membranes. From 85 per cent upward, 1 per
cent increments in alcohol strength are significant until in the
region of 96 to 98 per cent where the imbibition changes so
profoundly with slight increase in alcohol as to render fine
grading impracticable.

If a liquid in which the membrane swells is called the swelling
liguid and one for which the membrane has no affinity is called
the restraining liquid and provided that a given restraining liquid
and a swelling liquid are miscible, a general principle of membrane
grading may be stated: Membranes of graded permeability
for use in dialysis of solutes in the restraining liquid can be pre-
pared by soaking the membranes in a series of mixtures of the
swelling and restraining liquids followed by washing in the
restraining liquid, the permeability increasing with increasing
degree of swelling, i.e., with increasing proportion of swelling
liquid to restraining liquid.

It ought to be possible then to make graded membranes of gela-
tin for dialysis of alcoholic solutions by soaking gelatin films in
mixtures of alcohol (restraining) and water (swelling). Such
have been prepared by Brown. A 2 per cent aqueous solution of
gelatin at 40 to 50°C. was poured on a clean mercury surfacc
and allowed to dry completely. The dry sheets were then soaked
in alcohol-water mixtures for 24 hr. at 20°C. and then were washed
in absolute alcohol (two days with three changes of alcohol).
An example of the grading as revealed by swelling is given in
Table 12. The graded permeabilities were retained for six
weeks.

As an example of the gradation of gelatin membranes an experi-
ment with an alcoholic solution of night blue is pertinent. No
trace of dye passed through 0- and 20-index membranes in 24 hr.,
a 40-index membrane permitted slight diffusion, while an appre-
ciable amount of the dye passed through a 60-index membrane
in 5 min. ‘
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TABLE 12.—GRADING OF GELATIN MEMBRANES??
Percentage Water in

Grading Solution Wet Weight*
100 505
60 204
40 151 -
20 133
0 117

* Wet weight referred to a dry weight of 100. It is to be noted that here the membrane
is wet with alcohol.

Just as the imbibed water may be displaced from a graded
gelatin membrane by alcohol, so may the alecohol be displaced
by a liquid miscible with it and in which gelatin is insoluble such
as acetone, benzene, toluene. It may then be used for dialysis of
solutes in these solvents. Furthermore, if one wished to dialyze
a petroleum ether solution, he would first displace the imbibed
water by alcohol, the latter by, say, benzene and this in turn by
petroleum ether.

Attempts made by Brown to grade rubber membranes by
means of benzene-alcohol solutions for dialysis of alcohol solutions
were unsuccessful, the differential grading becoming obliterated
when the membranes were washed in alcohol. He attributed
this to the elastic nature of rubber.

Graded membranes may be used in dialysis of solutions in the
swelling liquid if they can be treated after the grading so as to
suppress the capacity for imbibition of the swelling liquid. This
can be accomplished in the case of gelatin membranes by tanning
them with formaldehyde. Films of air-dried gelatin were soaked
in alcohol-water mixtures for 24 hr. at 20°C., when formaldehyde
was added, 1 ce. of 40 per cent formalin to each 10 ce. of the grad-
ing solution. After an additional soaking for 24 hr., the mem-
branes were washed thoroughly in water. A typical series is
given in Table 13.

TaBLE 13.—GRADING OF FORMALIZED GELATIN MEMBRANES?®
Percentage Water in

Grading Solution Wet Weight*
100 1,360
80 730
60 410
40 270
20 218
0 209

* Referred to a dry weight of 100. Note that here the membrane is wet with water.
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While a pronounced differential effect is produced, it is obvious,
upon comparison with Table 12, that the formaldehyde does
not entirely prevent the subsequent swelling in water. The
swelling in water is merely inhibited. Such membranes might
occasionally be used advantageously, however. For example,
while pyroxylin membranes can be prepared which definitely
allow starch to pass through and hold back night blue, the reverse
is true with formaldehyde-tanned gelatin membranes. Brown
noted also that dialytic separation of dextrin from starch can be
effected with greater rapidity with formaldehyde-tanned gelatin
than with pyroxylin membranes.

Pyroxylin membranes of greater permeability than those of
Brown have been prepared by Eggerth,?” the degree of per-
meability being obtained by variation of the relative proportions
of absolute alcohol and anhydrous ether used as solvent for the
pyroxylin. Six grams of pyroxylin* are dissolved in 100 g. of
aleohol-ether solvent. The parts of alecohol and of ether in
the solvent are measured by weight, and the membranes are
defined by the weight percentage of alcohol in the solvent; e.g.,
a ““70-index”” membrane is one prepared from pyroxylin dissolved
in a solvent consisting of 70 per cent alcohol and 30 per cent ether.

A glass tube, melted down at one end to leave a small hole,
is the mold. A small fragment of cigarette paper is slightly
moistened and placed over the hole, where it dries quickly; a
layer of collodion is painted over the paper and the end of the
tube; this is allowed to dry for 20 to 30 sec. A few cubic centi-
meters of collodion solution are poured into a test tube; this is
held nearly horizontal while the end of the mold tube is immersed
in the collodion. The mold tube is rotated slowly and slowly
withdrawn; then it, with its covering of collodion, is thrust hori-
zontally into a large test tube, rotated therein for 1 min., and
then immersed in water. Rotating the membrane within the
large test tube in the manner described makes the drying slower
and more uniform and cuts off air currents.

By filling the mold tube with water and applying air pressure
to the open end, water is forced between the glass and the mem-
brane, thus dislodging the latter. The tube and the membrane
should be immersed during this process.

* Eggerth used “Parlodion’” manufactured by the DuPont Company.
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The degree of swelling of membranes made in this manner is
shown in Table 14. The relative degrees of permeability are

TABLE 14.—GRADING OF PYROXYLIN MEMBRANES BY VARIATION OF ALCOHOL
AND ETHER IN COLLODION SOLUTION??

Alcohol Index Ratio Wet Weight
of Membrane Dry Weight
10 1.9
15 2.2
20 2.6
30 3.2
40 4.0
50 5.0
60 6.4
70 7.7
80 8.5
85 9.1
90 9.2

given in Fig. 28. The influence of temperature is plotted in Fig,
29. The data from the work of Brown and of Eggerth show how
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Fra. 28.—Permeability of membranes. A, sodium chloride, 1.0 min.;.B,
potassium dihydrogen phosphate, 10 min.; C, sucrose, 30 min.; D, indigo carmine,
20 min.; and E, primary proteose, 2.5 hr., all at 20°. F, methemoglobin;
G, Congo red; and H, dialyzed serum, all 3 hr. at 35°.
widely the permeability of nitrocellulose membranes may be
varied. For the purpose of exact reproduction of a definite

permeability, however, the tube or bag membranes of these inves-
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tigators are surpassed by flat membranes. Walpole* developed
a technique for making this type of membrane, the solvent-
nitrocellulose ratio being determined by the length of the drying
time prior to immersion in water.

An improvement in this technique was developed by Nelson
and Morgan,” who established the grade of the flat membrane
by its evaporation to a definite weight before soaking in water.

50 o

- T o2

/ e
40 .-
o .
| .{ &; : /
= ' o
< o0
3 [ :L" 8/
d_:-’ 20 / / / —
[ / y"fo/
10 o

1 2 3 4 5 6
Time in Hours

Fia. 29.—Diffusion of methemoglobin through 70-index membranes at different
temperatures.

Five cubic centimeters of a 2 per cent solution of nitrocellulose
(in alcohol ether, 75:25 by weight) is pipetted on to a carefully
leveled, clean 4-in. circular glass plate which was previously
moistened by blowing the breath upon it. A cylindrical glass
shield protects it from draughts while evaporating. As soon as
the jelly stage is reached, the plate is placed on a balance and
allowed to evaporate to a weight which was previously found by
trial to give the permeability required. The plate is then placed
in water to remove the membrane which is allowed to soak
overnight. Highly permeable membranes of this type were found
successful in the purification of crude invertase solutions—
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permeable to invertase while impermeable to certain colored
colloidal impurities. s

Pierce?®! has devised a method of making flat graded membranes
of a high degree of reproducibility, based on the principle that
the permeability depends upon the ratio between the amounts
of nitrocellulose and swelling agent in the membrane at the
moment when it is immersed in water. A solution of nitro-
cellulose is prepared according to the formula:

Nitrocellulose,* dried...................... 1lg.
Ethyl alcohol, absolute.................... 25cc.
Ethylene glycol, anhydrous. . .............. 0.5 to 15 cc.
Ether to make........... ceeee. ... 100 ce.

* Pierce, like Nelson and Morgan, used Du Pont’s Parlodion.

Ethylene glycol is a swelling agent for nitrocellulose.

A dish of mercury is placed in a container fitted with an air-
tight cover, a ground and polished glass plate 7.5 ecm. in diameter
is floated upon the mercury in the dish, and 4 cc. of the nitro-
cellulose solution are pipetted on to the plate. The cover is
closed, and by means of pipe connections a slow current of dried
air is passed through the container for 24 hr. in order to evaporate
off the alcohol and ether, leaving upon the plate only the nitro-
cellulose swollen with the ethylene glycol. The plate is then
immersed in water and the membrane floats free within a few
minutes. After being washed in running water for 24 hr. the
membrane is ready for use.

The higher the ratio of glycol to nitrocellulose in the film, the
higher is the permeability. Field32 has shown that the volatility
of the glycol is appreciable and that alcohol is partially retained
in Picrce’s membranes. However, she points out that, if a defi-
nite measured volume of any air is passed over the membrane at
constant temperature, the method affords satisfactory reproduci-
bility. Snell,®® in applying Field’s improvements, prepared
membranes which she applied to the purification of malt amylase.

The writer, having had the opportunity of following the
researches of Nelson and Morgan, Pierce, Field, and Snell from
the start of each, is inclined to doubt the value of the tremendous
effort required in order to make these membranes of precise
permeability. They can be exactly duplicated only when of
small area; for each usable membrane, another has to be made
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for the purpose of analysis to determine the grade; and as soon
as the ultrafiltration starts, the permeability is altered owing to
sorption of dispersed phase. Inasmuch as nitrocellulose is not a
definite chemical compound, one can duplicate exactly another
investigator’s results only provided a specimen of the same
batch of nitrocellulose is used. Unless one has a room of constant
temperature and constant humidity and his problem is worth
spending a great amount of time and energy to obtain a small
volume of filtered material, he is advised to be content with
the less exact types of membrane proposed by Brown and by
Eggerth.

If Cellophane is soaked in water, its permeability is increased,
and different degrees of permeability are obtainable by soaking
in mixtures of alcohol and water, the latter being the swelling
liquid. Its ability to swell diminishes with age, a year-old
specimen swelling to only 70 per cent as much as a new one.23
It has been recommended for ultrafiltration work.

Kahlenberg?* found that the permeability of pyroxylin mem-
branes for aqueous dialysis is curiously altered by treating col-
lodion films with a chloroform solution of lanolin previous to
removing from the glass mold. Such lanolin-treated membranes
afforded practically complete aqueous dialytic separation of urea
from mannose and sodium chloride, boric acid from sucrose,
sodium chloride from nickel chloride (the first-named substance
of each pair being the one which diffuses through the membrane
more readily). These membranes were found to be practically
impervious to Rochelle salt, sodium sulfate, potassium nitrate,
copper sulfate, nickel chloride, sodium acetate, silver nitrate, mag-
nesium sulfate, lithium chloride, ferric chloride, alum, sugars,
amino acids, and ethyl alcohol. They were very slightly per-
meable to acids such as citrie, tannic, and oxalic; somewhat more
permeable to acetic, hydrochloric, and sulfuric acids; and readily
permeable to urea, boric acid, borax, and sodium chloride.

There seems to be no end to the possibility of dialytic sepa-
ration when the difference of behavior of substances in various
solvents and toward sundry membranes has been learned. A
study of the application of rubber membranes to the dialysis of
ethereal solutions by Gies® has shown among other things that
fats, fatty acids, heavy metal soaps, cholesterol and its esters,
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and lipochromes will dialyze in ethereal solution through rubber
while lecithins, kephalin, and cuorin will not.

Copper oleate, sulfur, naphthalene, and camphor in pyridine
solution dialyze through rubber into pyridine, while lithium
chloride, silver nitrate, and sucrose do not.

Graded membranes useful for all types of laboratory work
are now supplied by chemical-apparatus dealers.

Nature of Membrane Permeability.—Membranes may be
regarded as porous structures, through the capillary spaces of
which liquids and the solutes pass mechanically, or the diffusing
substances pass through as a result of solution in the membrane
substance. :

If a membrane consists of bundles of capillaries, then the
passage of a liquid through it would be expected to follow the
law of Poiseuille:

_ pwrit

Q=" )

where @ = the quantity of liquid of viscosity » passing in the
time £ through a capillary tube of radius r and length 7 under the
pressure p. Thus the quantity of liquid passing through the mem-
brane in a given time should be a straight-line function of the
pressure. This has been found true for the passage of water
through pyroxylin, parchment paper, gold beater’s skin, and
porcelain membranes.®” It should likewise be proportional
to the fluidity which has been demonstrated for diverse liquids
and membranes of cellulose, nitrocellulose, and cellulose acetate.’
The increase in permeability of a membrane concomitant
with increase in swelling would suggest a sievelike action, while
several other experimental facts indicate that it is not so simple.
For example, copper oleate dissolved in pyridine will not traverse
a membrane of parchment paper while it will pass through a
rubber membrane. Parchment paper is pervious to larger mole-
cules when in aqueous solution. Rubber is not permeated by
certain smaller molecules in aqueous solution. Parchment
paper imbibes water but not pyridine, while the reverse is true for
rubber. Hence it is evident in this case that the membrane
must have an affinity for the solvent in order to be permeable to
the solute. Further, a rubber membrane is porous to camphor
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and copper oleate in pyridine solution but acts like a solid wall
toward smaller molecules like lithium chloride and silver nitrate
in pyridine. It has been mentioned earlier that a nitrocellulose
membrane can be made permeable to starch while impermeable
to night blue in aqueous solution while the reverse is true when
formaldehyde-tanned gelatin membranes are used. In these
instances it would appear that there is some interaction between
the membrane and the solute.

A chemical mechanism for membrane permeability was
announced by L'Hermite® in 1854, who showed that, if water is
covered by a thin layer of castor oil on top of which is a layer of
aleohol, the alecohol passes through the castor oil and enters the
water layer. He repeated this experiment with other combina-
tions of liquids and ascribed osmosis through a membrane to
solution therein. IL’Hermite’s view was soon abandoned but
later was readopted.® The problem is not yet solved, however,
and it seems that membrane permeability may be entirely
mechanical, profoundly chemical, or a combination of both,
depending upon the nature of the membrane and of the system
with which it is in contact.

Michaelis,*' having found that a potential difference arises
when a dried nitrocellulose membrane separates aqueous solu-
tions of electrolytes, states that the negatively charged nitro-
cellulose prevents the passage of negative ions, thus setting up a
diffusion potential. He retains the idea of pores in these very
impermeable membranes, the pores being too small for the passage
of large molecules. Michaelis’s suggestion that the potential
arises through differential ionic mobility in the pores of an
inert membrane has been questioned by Beutner,*? who has
shown that sodium chloride reacts with a nitrocellulose producing
hydrochloric acid.

A comprehensive series of experiments by Northrop*® has
proved that dry nitrocellulose membranes are not porous and
that the diffusion of molecules through them is the result of
solution in the membrane. The relative rates of penetration of
the gases hydrogen, nitrogen, oxygen, hydrogen chloride, and
carbon dioxide through them bore no relationship to the densities
of these gases. The rate of penetration of hydrogen and carbon
dioxide was the same whether the membrane and gas were dry
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or the membrane was immersed in water. Phenol passed through
many times more rapidly than acetic acid, and aminoacetic acid
did not pass through at all. Solubility measurements showed
that those substances which pass through at higher rates were
more soluble in nitrocellulose than those passing through less
readily.

Northrop found that nitrocellulose reversibly holds about 5
per cent water in solution at 22 mm. aqueous tension, amounts in
excess of this, such as are effected when collodion films containing
solvent are perfused with water, being held in capillaries.

Thus it is scen that dry nitrocellulose is permeable to sub-
stances soluble in it, while in swollen nitrocellulose membranes
the presence also of pores must be considered.*

The following is a method for testing the nature of dialysis.*

If an aqueous solution of a substance is separated by a thin
porous membrane from pure water (or a dilute solution of the
same substance) and if the liquids on both sides of the membrane
are well stirred, then a diffusion experiment is instituted in which
the length of the space in which the process of diffusion takes place
is exccedingly small. The equalization of the differences in
concentration will then be proportional to the diffusion coefficient
of free hydrodiffusion provided that no disturbing influences
are set up in the capillary spaces of the membrane.

Under these suppositions the driving force will be proportional
to the difference of the concentrations on both sides of the
membrane. Then

de; = k(61 — Cz)dt (2)

where the concentration c, is greater than ¢, and ¢ represents time.

Upon integration for the case where the volume of the concen-
trated solution (outer) is selected as much greater than that of
the dilute solution (inmer), and hence where c, is regarded as
constant:

1
=1_jem 3)

QIO
)

This condition may seldom be realized, however.
With C representing the initial concentration of the outside
solution, V its volume, v the volume of the water in the thimble,
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then the outside concentration is, if the inner concentration rose
from zero to c,,

Cy = C — v—;.z
Then Eq. (2) becomes
des = k(C -’ V)dt @
which upon integration gives
1
V=, ®)
Cv TV e V

. v .
The expression Cv_-F_V is the final concentration at equi-
librium. Letting V/(v + V) = m, then Eq. (5) may be written

- log( - &)
043k = K = m . Cm (6)

Experiments with glucose, sucrose, and urea against parchment
paper verified Eq. (6), showing that the dialysis of these non-
electrolytes was a simple hydrodiffusion through the capillaries
of the parchment-paper membrane. While sodium chloride gave
results predicted by the equation, hydrochloric acid and sodium
hydroxide as well as other electrolytes (not neutral in reaction)
did not. This shows that in general the dialysis of many elec-
trolytes through parchment paper is not a simple diffusion but
is complicated by other forces arising in the membrane.

The complication of chemical forces arising in the membrane
is demonstrated very strikingly by precipitate membranes.
Precipitate membranes are made by the interaction of two sub-
stances which form an insoluble compound. These membranes
are impermeable to ions which form a part of the membrane
substance® or which would form an insoluble compound with
one of the ions of the precipitate membrane. For example, a
copper ferrocyanide membrane is impermeable to copper salts
and to ferrocyanides; when barium sulfate is deposited in a
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gelatin-tannate membrane it becomes impermeable to sulfates
and to barium salts, while silver chloride renders it impervious
to chlorides. The results of extensive experimentation upon
permeability of ‘‘precipitate membranes’’ published by Walden®
show that ions common to ions forming part of a precipitate
membrane, or which enter into a double decomposition reaction
producing a less soluble membrane substance, cannot penetrate
the membrane.

When the precipitated particles in such membranes, as, for
example, in copper ferrocyanide and Prussian blue membranes,
are small enough, the membranes are semipermeable, i.e., per-
meable to solvent and not to solute.

Fia. 30.

Tinker,* working with precipitate membranes, has proposed a
theory of permeability which involves surface-bound solvent.
Assuming that the precipitated particles are spherical, the radius
of the largest particle which could penetrate between them would
be the perpendicular distance OP in Fig. 30. If the solution
bathing the membrane, however, is one in which the solute is
negatively sorbed by the membrane substance (it raises the
interfacial tension), then there will be a film of surface-bound
solvent indicated by the dotted lines DEF, thus leaving a canal
of free water with a radius less than OP. Thus a solute mole-
cule smaller than OP but larger than the canal of free solvent
cannot penetrate the membrane if it raises the interfacial tension,
while one which may be larger (provided its radius is less than OP)
will penetrate if it lowers the interfacial tension. Tinker, from
his estimates of the size of the particles in some precipitate mem-
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branes based on microscope examination, and the fact that sur-
face-bound films of water are supposed to be as thick as 140 mu,*
assumes that the water between the particles in semipermeable
membranes is entirely surface bound or in the sorbed state,
whereas in swollen membranes of parchment paper, nitrocellulose,
ete.,, the maximal pore radii are very much larger providing
space for unsorbed water.

Tinker’s hypothesis is serviceable in considering the following
strange behavior: A pyroxylin membrane impermeable to
hemoglobin in aqueous solution becomes permeable to it when
sodium oleate, linoleate, glycocholate, peptone, digitonin,
atropine, pilocarpine, caffein, strychnine, quinine or morphine
is added to the solution.® Codeine, cocaine, and novocaine do
not produce this effect. That the increase in permeability is
not due to enlargement of the pores of the membrane was proved
by the fact that the catalysts did not affect the rate of passage
of water through the membrane. Furthermore, the action was
reversible since prolonged washing of the membrane rendered it
impermeable to hemoglobin again. Unfortunately, the effect
upon the pyroxylin-water interfacial tension is not known. An
analogy might throw light on the question, however. Cocaine
does not lower the interfacial tension between petroleum ether
and water, while atropine, strychnine, morphine, caffein, and
pilocarpine do lower it just as they lower the air-water surface
tension. Comnsequently, they might also lower the pyroxylin-
water interfacial tension, thus decreasing the thickness of surface-
force bound water on the walls of the pores, enlarging the
free-water canal in the pores so that the hemoglobin particles
could freely pass through.

Speed of Dialysis and of Ultrafiltration.—From what has been
said about membranes, it would be expected that the rate of
diffusion through them would be increased by elevation in
temperature. A few hours hot dialysis of the chlorides of
iron, chromium, and aluminum equals many days operation at
room temperature.5!

The rate of dialysis of a strong acid or base such as hydro-
chloric acid or sodium hydroxide is increased by the presence of a
salt such as sodium chloride,®? while the dialytic speed of weak
acids is decreased by the presence of a salt.’® These facts corre-
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spond with the fact that strong acids and bases diffuse more
rapidly through a salt solution than through pure water, while in
the free hydrodiffusion of nonelectrolytes and weak electrolytes,
the rate of diffusion is lowered by the presence of a salt.5

The colloid on the inside of a dialyzing or ultrafiltration mem-
brane may decrease the speed of dialysis owing to its sorption
by the membrane.®® Loeb%® found that the mere dipping of a
pyroxylin membrane into a solution of a protein resulted in such
a tenacious sorption that repeated washing failed to remove the
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last traces of the protein from the membrane. A quantitative
study of the sorption of proteins by pyroxylin membranes® has
shown that the ‘pore cross section may be diminished by over
50 per cent. The sorption of protein is greatest at the iso-
electric point as shown in Fig. 31.

The Donnan Equilibrium.—If an electrolyte, NaR, dissolved
in water (solution 1) is separated from an aqueous solution of
NaCl (solution 2) by a membrane impermeable to R~ but permeable
to the other ions present, it is obvious that Na* ions cannot diffuse
from solution 1 to solution 2 on account of the electrostatic force
of attraction of the R—ions. On the other hand, there is nothing
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to prevent the diffusion of Nat and Cl- ions from solution 2
to solution 1. The presence of NaR in solution 1, however,
influences the amount of NaCl transferred by diffusion across the
membrane; and inasmuch as its presence results in an unequal
concentration of oppositely charged, diffusible ions, Z.e., [Nat]
will be greater than [Cl-] in solution 1, a potential difference
will be set up across the membrane. This was pointed out by
Donnan¥ in 1911, who derived equations for the quantitative
distribution of the ions and the calculation of the difference in
electrical potential.

Nat = ¢, Nat = C, Nat=C, +x| Nat=cC, -
R- =¢ | cim=c, R- =c, Cl= =Cp -7
) (2) crm =x
n ()
M M
Original Condition Equilibrium Condition
Fic. 32.

Following Donnan’s terminology, the initial and equilibrium
states are pictured in Fig. 32 where equal initial volumes of solu-
tions 1 and 2 are separated by the membrane M,

= [Na*] = [R]
in 1 and Cp = [Nat] = [Cl'] in 2 initially, while 2 = the con-
centration of Na* and of Cl- which diffused from solution 2
to solution 1 to the establishment of equilibrium. At equi-
librium, let us consider the reversible transport, isothermally and
at constant volume of én moles of Na* and of Cl— from solution 2

to solution 1. The free energy of the system is not changed,
t.e., no work is done; hence,

Natl, Cl-
nRT 1o (S22 + snRT 1n S =0 @
whence
[Na#), . [CI]; = [Nat]s . [Cl], @®

or at equilibrium the product of the concentrations of a pair of
oppositely charged, diffusible ions on one side of the membrane
is equal to the product of the concentrations of the same pair
of oppositely charged, diffusible ions on the other side of the
membrane,
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Equation (8) may be arrived at in a pictorial manner. In
passing from one solution across the membrane to the other solu-
tion, it is obvious that positively and negatively charged ions
must move in electrical balance, owing to the electrostatic forces
of attraction between them. Consequently, a cation or an anion
striking the membrane alone could not pass through. However,
if a diffusible cation and a diffusible anion strike it together,
there is nothing to prevent their passage through it. The rate
of their transfer through the membrane depends then upon the
frequency with which they strike the membrane in pairs, which
is equal to the product of their concentrations. Since, at equi-
librium, the amount of Na* and Cl~ ions diffusing from solution 2
to solution 1 is equal to the amount diffusing from 1 to 2, obvi-
ously the product of the concentrations on one side of the mem-
brane is equal to the product of the concentrations on the other
side as shown in Eq. (8).*

Substituting the values for the concentrations in Eq. (8),
we have

2(C, + x) = (C; — x)? 9)
or .
* = G, (10)

from which it is seen that £ = 14 when C; = 0. With different
ratios of C; to C; considered, the percentage of the NaCl which
diffuses from solution 2 to solution 1, 100z/C,, is as follows:

Cl Cz 10027/01
0.01 1 49.7
0.1 1 47.6
1 1 33.3
1 0.1 8.3
1 0.01 1

With the system taken at equilibrium and concentrations
assigned as done in Fig. 33, Eq. (8) becomes

22 = y(y + 2) (11)

* For the salt K,An consisting of the polyvalent ions K™+ and A",
the equation would be [Km*]% « [A*]® = [Kmt]3 - [A™]P.
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Since, in Eq. (11), the product of equals is equated to the prod-
uct of unequals, then the sum of the equal parameters is less than
the sum of the unequal parameters, or

2r <2y + 2

thus showing that the sum of the concentrations of the diffusible
ions is greater in solution 2 than in solution 1. Further, from

Eq. (11),
= /1 £
T =1y + v

and, since z and y are both greater than zero, then z > y and in
consequence (y + z) must be greater thanz. Thus [Cl~]; > [Cl7],
and [Nat]; > [Na*]; and a difference of potential thus arises.
Letting 1, and =, represent the positive electric potentials ot
solutions 1 and 2, respectively, at equilibrium and isothermally
and reversibly transporting én¥
R™ = z Na+ = x coulombs of positive electricity
Nat =y+z Cl1- = x {rom solution 2 to solution 1,
c1- = the electrical work énF(ry — 3)
Y will be performed, but it will be
(1) (2) exactly balanced by the work of
M .
¥io. 38. transferring pén moles of Na*
from solution 2 tosolution 1and
gén moles of Cl~ from 1 to 2, where p and g are the respective
transport numbers. The osmotic work thus gained is
[Nat], [Cl"lk
[Nat], [Cl].

and, since p + ¢ = 1 and [Nat],/[Nat], = [Cl-]/[Cl-].

pdnRT In + qonRT In

=2 mY

y+2 F z
y+z

or (12)

RT

1r2——1rl=—F—ln

- ET mZ
F "y
In the general case, where the ions concerned in the ratio z/y,

etc., have the valence 7, and E represents the potential difference

_RT, =z

T
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Eliminating z by substitution of its value /42 + yz [from

Eq. (11)], we have
RT z

Thus the potential difference is large when 2z is large with respect
to y and decreases with increasing values of .

In Fig. 34 are plotted the experimental values® obtained
upon the addition of potassium chloride, sodium chloride, and
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Fia. 34.—Effect of salts on the membrane potentials of a 1 per cent solution of
gelatin at pH 11.
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lithium chloride to a system where R~ was the negatively charged
gelatin micelle.

The consequences of the Donnan distribution of ions will be
considered in subsequent chapters. For a more rigorous develop-
ment of the equilibria the reader is referred to later papers by
Donnan® and by Hiickel.®
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CHAPTER VI
PREPARATION OF COLLOIDAL SOLUTIONS

The fundamental processes available for the preparation of
colloidal (and coarse) dispersions are:

Dissolution.
Mechanical.

Electrical and thermal.
Oxidation-reduction.
Double decomposition.
Simple precipitation.

The three first mentioned are called dispersion methods while
the others are termed condensation methods.

Dissolution Process.—Colloidal dispersions of certain sub-
stances arise merely by contact with a suitable solvent, as, for
example, albumin, gelatin, gum arabic, agar-agar, dextrins,
starch, soap, and Bentonite in water. Some disperse readily
in the cold while others require heating of the liquid or, better,
preliminary soaking in the cold liquid followed by heating.

Mechanical Processes. The Colloid M:ll.—By mechanical
processes large particles of solids and liquids may be shattered
or torn into small ones, thus forming dispersions of fine particles.
Since dispersions of liquids in liquids are discussed in detail in
the chapter on Emulsions, only dispersion of solids in liquids will
be considered here. '

The dispersion of substances by grinding either dry or in
the presence of water has been studied by Wegelin,! who pre-
pared dispersions from silicon, antimony, tungstic acid, titanic
acid, molybdic acid, and vanadium trioxide by this method. He
had no success with ductile metals, such as copper and bismuth,
or with selenium, tellurium, graphite, sulfur, violet chromium
chloride, calcium fluoride, copper oxide, iron oxide, cobalt oxide,
lead dioxide, and zinc oxide. One-half to three-quarters of an
hour grinding of 0.3 to 0.5 g. of substance in an agate mortar

98
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sufficed to produce an appreciable amount of highly dispersed
particles. The dispersed phase was readily precipitated by
sodium chloride and migrated to the anode.

Grinding in admixture with water-soluble substances such as
lactose,? glucose,® and urea* has been found helpful to the for-
mation of dispersions of indigo, aniline blue, sepia, sulfur, sele-
nium, ete.

Kuzel® prepared dispersions of tungsten, molybdenum, silicon,
zirconium, and titanium by fine grinding followed by alternate
treatment with acid and alkali. Washing with water between
each treatment produced the dispersions. In all probability,
the chemical interaction is the prime factor in this method.

Ordinary ball mill grinding of certain dry hydrophilic colloids
promotes their dispersion in water.! Dry-milled raw starch is
readily dispersed in cold water.®

While the idea of preparing dispersions by mechanical grinding
or shearing stresses is said to have been originated by von
Veimarn in 1906,” the first industrial apparatus was built by
Plauson (1920).2 The advent of the so-called colloid mill caused
considerable excitement in the industries because it was originally
believed that colloidal dispersions of a wide variety of materials
could be made by the simple process of milling. This excitement
has abated for the reason that hard solids cannot be ground to a
high degree of dispersion except at prohibitive cost in power®
and destruction of the apparatus. Such mills are valuable,
however, for the disintegration of soft solids or the ‘““defloccu-
lation” of aggregates of particles of harder solids (to a size of
0.5 x) and the formation of emulsions.

The Plauson mill was the beater type. In this type of mill,
now obsolete, lugs on a beater drum revolving at high speed
passed grooves notched in stationary baffles, the particles in
suspension being mechanically broken to smaller size. The
colloid mills on the market in the United States at present
(Charlotte, Hurrell, Premier, United States, and Eppenbach)
employ smooth surfaces which may or may not have grooves cut
in them. Smooth disks may revolve close to each other in
opposite directions; a smooth cylinder may revolve in a slightly
tapered stator; a truncated cone, smooth or grooved, may rotate
in a smooth or grooved conical stator.
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The Eppenbach mill (Fig. 35) differs from the others named
in that it operates at a very low final clearance (0.5 u) and at
low peripheral speed (1,750 r.p.m. for 6-in. base to 3,500 r.p.m.
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«——ABypass line
L! Intake tank
j Intake and
stortronor:
turbine
Swirl arrester | —Turbine housing
Rotor H—Pressure turbine
Insert stator 0;;‘?;‘/,7?; e
[ /
Adjustment fock Outlet housing
Discharge furbine Regularting quadirant
Position lock Grease cup
Coupling
Thrust bearing
Motor housing N
base I
Motor support
— Base plate

for a 1-in. base).

Fia. 36.—An Eppenbach mill.

The material is fed in under high pressure.

The others operate at higher peripheral speeds at wider clear-
ance (>50 u) and low-pressure feed. The speed of these mills
varies from 2,000 to 10,000 r.p.m. The high-speed smooth-
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surfaced mills depend upon hydraulic shearing forces for their
effects, while the grooved surfaces add to the hydraulic shearing
action an intense turbulence and beating produced by eddy cur-
rents in the liquid between the irregular surfaces. The high-
speed mills entrap and disperse air in the milled liquid, while the
low-speed mill does not.

An example of a smooth-surface high-speed type with trun-
cated-cone working surfaces is shown in Fig. 36. One with
counter-revolving smooth disks is illustrated by Fig. 37.

i
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Fia. 36.—A smooth surface type of mill with truneated-cone working surfaces.

The low-speed mill shown in Fig. 35 has a conical rotor grooved
at the top and smooth at the bottom. It relies on positive grind-
ing action for its effect and in view of its low clearance requires
a high-pressure feed.

The materials to be dispersed are first mixed with the dis-
persing medium before being fed into the mill. Generally, a
““dispersing agent,” such as one of the emulsifying agents men-
tioned in Chap. XVI, is added. Thus the dispersed particles
are not pure dispersions of the solid or liquid phase which is dis-
integrated but carry the dispersing agent on their surface.

The reader interested in details on colloid mills will find
several articles in the literature.®

Electrical and Thermal Processes.—The first use of the method
of forming colloidal dispersions by striking an electric arc between
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two metallic wires under a liquid is attributed to Bredig!! and is

generally called the Bredig method.
The dispersion of gold in vacuo by an electrical discharge was

reported by Guyton-Morveau!? in 1809, and its dispersion in air
was studied by Faraday.!3

AN NN

F1a. 37.—A mill with counter-revolving smooth disks.

The apparatus used by Bredig is shown schematically in
Fig. 38. His apparatus requires constant manual operation and
is suitable merely for the preparation of very small volumes of
dilute sols. The most satisfactory apparatus known to the writer
is one developed by Beans and Young!* and illustrated in Fig. 39.
The Beans and Young arcing device provides for stirring, cooling,
and semi-automatic arcing in one adjustable, compact mechanism
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producing a hydrosol substantially free from contamination,
because hydrolysis of the solution due to breaking of the arc is

filri
110 Volts D.C. WMNWJ

F1a. 38.—Scheme for Bredig arc process.
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F1a. 39.—Arcing apparatus devised by Beans and Young.

reduced to a minimum. The arcing apparatus was connected
to a 60-cycle 110-volt alternating current through a resistance of
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16 to 40 ohms, with a 1-microfarad condenser in parallel. Alter-
nating current is preferable to direct because with the former the
erosion of the arcing electrodes is equalized.

In Fig. 39a which shows the apparatus in elevation, beaker 1 contains
the pure water (plus its trace of suitable electrolyte, if gold is to be arced)
and rests in the water jacket 2 which is adjustably attached by ring 3 to
the upright rod 4. The glass stirrer 6 extends from the solution through a
hole in the cover to the chuck 7 on the end of the drive shaft 8. Pieces of
gold 9 form the arcing surface. These are fused at right angles to platinum
wires 10 which extend from the solution through the cover to drilled brass
rods 11 and 12 into which the wires are inserted and held in place by set
screws 13. The brass rods are embedded and insulated from one another
in the hard-rubber cylinder 14. The middle of rod 11 contains the steel
spring 15 and the cylinder 14 is hollowed out from the spring downward
which permits the lower part of 11 to move outward when actuated by the
fibrous eccentric 16 which is attached to drive shaft 8. A spring 17 presses
rod 11 back into place as the eccentric pressure is released. The gold at the
solution terminus of 11 thus moves into contact with and away from the
gold at the end of 12 with each revolution of the drive shaft 8. Rod 12 also
contains a flat spring junction at 18. A set screw 19, through the brass rod
20, embedded in the rubber cylinder 14, acts against the lower part of rod 12
and the gold terminating 12 should be laterally adjusted to contact with the
gold terminating 11 when the eccentric is exerting a minimum push on 11.
The upper ends of rods 11 and 12 are soldered to clips 21 through which the
electrical connection is made.

Drive shaft 8 is attached to motor 22 which in turn is bolted to a brass
plate 23 grooved to fit against upright rods 24 and bolted to a smaller
brass plate 25 on the opposite side of rods 24. This permits vertical adjust-
ment of the motor at will.

The rubber cylinder 14 is attached by iron rings 26 to upright rod 4. The
rings are larger than the cylinder and are pierced by three set screws acting
around the periphery of cylinder 14, as shown in Fig. 39b. A vertical and
horizontal adjustment of cylinder 14 is thus possible. Water jacket 2 is
gimilarly adjustable. The rods 24 and 4 are cross-braced at 27 and the iron
base 28 securely bolted down to reduce vibration.

Figure 39¢ shows the beaker 1, glass cover 5, and water jacket 2 in plan.
The glass cover and beaker are held firmly within the water jacket by the
aluminum piece 29 clamped to the water jacket by bolts and lugs 30. To
protect further the solution in 1 from contamination, a cloth 31 is clamped
on top of glass cover 5 and under aluminum piece 29 so as completely to
cover the hole where stirrer 6 and wires 10 enter the solution. The glass
cover is provided with a hole 32 fitted with a removable glass stopper. A
thermometer may be inserted or the solution may be withdrawn through
this hole without disturbing the set-up.
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The arc method of electrical colloid synthesis has been applied
to many metals, the most interesting, however, being platinum,
gold, and silver arced in water. The base metals yield coarse
dispersions mainly of the oxides or hydroxides as might be
expected. A large proportion of the dispersed phase of ‘““silver”’
hydrosol prepared in this manner consists of the oxide or hydrox-
ide!® and, in fact, when freshly prepared may be alkaline to
phenolphthalein. ¢

Gold and Platinum Hydrosols.—It was generally thought that
the noble metals formed stable dispersions when electrically
dispersed under pure water until proof to the contrary was
afforded by the experiments of Beans and Eastlack.” Prior
to their work it was known that traces of sodium hydroxide or
of hydrochloric acid were helpful in the synthesis but were not
regarded as essential.

In the case of gold, Beans and Eastlack found that a blue
dispersion of momentary stability was formed when gold wires
were arced under highly purified water (specific conductivity of
0.6 to 1.2 X 10~% mho at 25°). Upon the addition of an alkali
chloride, bromide, iodide, or hydroxide, or of hydrochloric acid
in concentrations ranging from 0.00005 to 0.005 N prior to the
arcing of the gold, stable red-gold hydrosols could be formed.
Barium chloride also was effective, but not at the higher con-
centration range. On the other hand, only unstable blue-gold
hydrosols resulted when potassium fluoride, nitrate, sulfate,
chlorate, or sulfuric acid were added to the pure water prior to
the arcing. Furthermore, the addition of the traces of any
electrolyte to a blue dispersion in pure water after the arcing
process failed to convert the dispersion to the stable red variety.

These experiments proved that the presence of a certain kind
and amount of ions in the water is essential for the preparation of
a gold sol by the electric-arc process. The electrolyte must be
one with which gold reacts to form a stable gold compound and
the amount must be below that range which would precipitate
red-gold sol. Thus there was established a direct chemical
relationship between the metal and the crystalloid ions in the
production of a colloidal solution of the metal.

All of the colloidal gold particles upon electrophoresis migrated
to the anode whether prepared by arcing in sodium hydroxide,
neutral halide, or in hydrochloric acid solution.
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With platinum, Beans and Eastlack obtained a result which
differed from gold in that stable hydrosols of this metal were
formed by striking an arc between platinum electrodes in pure
water. This behavior is due to the fact that platinum oxidizes
in the arcing process to an extent sufficient to form stabilizing
electrolyte. By conductivity measurements it was found that
the electrolyte so formed corresponded to a concentration of
0.0001 to 0.0003 N.

By the direct-current arc method a clear red-gold hydrosol
has been prepared containing 5 g. of gold per liter.’* The
aqueous solution used was 0.0013 M sodium chloride and the gold
content of the hydrosol was measured after coarsely dispersed
gold had been removed by centrifuging at a force of twelve
hundred times gravity for 1 hr. By direct-current arcing of
platinum wires under pure water as much as 1.6 g. of dispersed
platinum per liter has been obtained in a sol (after 15 min.
centrifuging at twelve hundred times gravity) and 0.9 g. after
the sol was centrifuged at this force for 6 hr.»®

The electrical dispersion of metals has been extensively studied
by Svedberg? with respect to the influence of the electrical cur-
rent, the type of are, dispersion medium, ete. For the purpose
of preparing dispersions of metals in organic liquids he developed
an arc enclosed in a quartz tube in order to eliminate decomposi-
tion of the liquid. Nitrogen or hydrogen is led in at the top and
bottom of the tube, emerging at a hole in the center opposite the
arc with the particles of metallic solid and vapor thrown off by
the arc. The metallic vapor condenses as it strikes the liquid
surrounding the tube. In this manner Svedberg prepared a
reddish-yellow alcosol of silver. Without a gas-encased are,
the silver alcosols obtained were greenish black in color and more
dilute. An objection to the gas-encased arc, however, is that
the quartz vaporizes from the tube in the vicinity of the arc
forming colloidal silica, and in the case of a low melting-point
metal the electrodes fuse together.

Comparing alternating?! with direct current, Svedberg states
that the high-frequency alternating arc produces more highly
dispersed colloids than a direct-current or low-frequency alter-
nating arc. At 50 to 500 cycles, a colloid of almost the same
properties as one prepared by direct current is obtained. At
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1,000 cycles the colloidal particles are slightly more highly
dispersed, while the amount of coarse particles is greater. By
using alternating currents of extremely high frequencies (10° to
107 cycles) the dispersions were composed of much finer particles
than those produced by low frequency or by direct current and
the decomposition of the medium was much reduced. The latter
was shown by the fact that the conductivities of sols prepared
by the high-frequency arcs were lower than those prepared by the
direct-current arcs. Low self-induction, high capacity, and short
arc length favored the formation of purer dispersions.

By means of the electrical-dispersion method, hydrosols of
platinum, palladium, iridium, gold, and silver have been pre-
pared. As previously stated the silver sols frequently contain a
considerable proportion of oxide. Bredig claimed to have pre-
pared a dispersion of the metal cadmium. In the case of more
positive metals, however, electric-are dispersions in water con-
tain more or less oxide.

By a simple thermal process consisting of the condensation
of sulfur vapor in water, white, opaque hydrosols of sulfur have
been prepared.?? Polythionic acids and hydrogen sulfide are
formed in small amounts by the interaction of the hot sulfur
vapor and the water. In the same manner selenium hydrosols
have been prepared.23

Oxidation-reduction Processes.—The formation of sols by
the action of reducing agents has been applied most extensively
to the preparation of gold sols and to a certain extent to silver
sols.

Gold Hydrosols.—In the preparation of gold sols a wide variety
of reducing agents have been employed, such as carbon mon-
oxide, acetylene, nitric oxide, hydrogen sulfide, aldehydes,
alcohols, glycerol, acrolein, sugars, organic acids, phenolic com-
pounds, hydrazines, hydroxylamines, hydrogen peroxide, tannin,
ferrous salts, stannous salts, sulfites, phosphorus, ete.

The reduction of solutions of gold salts to hydrosols of gold
was known long before colloids were recognized. It is discussed
in Johann Juncher’s ‘“Conspectus Chemiae” (1749) and in
Macquer’s ““ Dictionnaire de Chymie” (1774).2¢ Mrs. Fulhame
(1794) described the coloration of fabries by dipping them in
gold solution followed by treatment with an ether solution of
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phosphorus or by hydrogen.?® She found that hydrogen reduced
platinum and silver salts also. In 1811, Oberkampf? prepared
a wine-colored solution by reduction of a gold solution with
hydrogen. Faraday’s study'® was the first important con-
tribution to our knowledge of gold hydrosols. He used various
reducing agents, the most successful being phosphorus.

For the preparation of gold hydrosols the most important
reducing agents from the point of view of careful study and prac-
tical application are formaldehyde, hydrogen peroxide, phos-
phorus, and perhaps hydrazine and tannin. The general method
of preparation consists of the addition of a small quantity of the
reducing agent to a very dilute solution* of chlorauric acid,
frequently containing sufficient alkali to neutralize the latter.
The addition of a small amount of gold hydrosol facilitates the
operation.

The formaldehyde method was developed and extensively
studied by Zsigmondy,?'* who prescribes reagents of the highest
purity and the utmost cleanliness of apparatus for the successful
preparation of ‘“formol’’ gold hydrosols. He recommends that
the water be redistilled preferably through a silver or gold con-
denser, the first and last third of the distillate being rejected,
and that all the glassware be of the Jena variety and steamed
thoroughly but not wiped. The recipe for the preparation is as
follows:

One hundred twenty cubic centimeters of the purified water is heated to
boiling in a beaker of 300 to 500 cc. capacity. The beaker is placed prefer-
ably on a plain wire gauze over a very hot flame. While the solution is
warming, there is added to it 2.5 ce. of chlorauric acid solution (6 g.
of HAuCl,.4H,0 crystals per liter of distilled water) and 3 cc. of a 0.18 N
solution of purest potassium carbonate. When the solution boils, the
beaker is rotated or stirred (stirring rod should not be soft glass) vigorously
while 3 to 5 cc. of a dilute solution of formaldehyde (0.3 cc. of formalin
solution in 100 cc. water) is quickly added. Generally after a few seconds,
and always in less than a minute, an intense red color develops. The mix-
ture is stirred until a deep red color develops when the sol is boiled for a few
minutes until the odor of formaldehyde is absent. The color should remain
deep red.

* The higher the concentration of the gold compound, the coarser are the
reduced particles according to Weiser and Milligan.?
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The sol is prepared more easily if a small amount of a suitable
gold hydrosol is mixed with the dilute formaldehyde solution.
This is called the nucleus method and will be discussed below.

Some operators do not believe Zsigmondy’s extreme pre-
cautions are at all necessary and find it possible to prepare larger
volumes of the sol at a time, using water redistilled over per-
manganate through a tin condenser. It has been pointed out
that the purity of the formaldehyde is the most important factor.
It should be freshly redistilled.®®

The formol gold hydrosol is used in hospital laboratories for
the Lange* test of spinal fluid. At Bellevue Hospital in New
York City the technique given below has been found successful.3!
An ordinary glass Florence flask of 1.5 liter capacity cleaned
with aqua regia and distilled water serves as reaction vessel.
The water is prepared by redistilling 10 liters of water to which
a few crystals of potassium permanganate have been added in a
large copper still, rejecting the first 300 cc. of distillate. The
reagents used are the ordinary chemically pure substances.
It is stated that the temperature may be raised either slowly or
rapidly by means of a gas burner and that it matters little in
what sequence or at what temperature the reagents are added.
A departure in the method consists in the use of oxalic acid. The
recipe in detail taken verbatim from the original paper is as
follows:

Into a clean 1.5 liter Florence flask place 1 liter of water, distilled as
outlined in the foregoing. To this add 10 cec. of 1 per cent gold chlorid
solution, 7 cc. of 2 per cent potassium carbonate and 0.5 cc. of 1 per cent
oxalic acid. Heat this mixture to the boiling point, and at this tem-
perature remove the flask from the flame, holding it by means of a towel
and shake vigorously. While the solution is still in motion, add quickly
from 0.2 to 0.3 cc. of ordinary concentrated 40 per cent chemically pure
formaldehyde and at once shake thoroughly for from one-half to one
minute. After from three to four minutes the color usually commences
to develop. If, however, there should be no indication of color, the
solution must again be shaken well and, while still in motion, an addi-
tional 0.1 to 0.2 cc. of formaldehyde quickly added; this addition almost
invariably produces the desired change. At no time during this
process should the shaking be stopped. The color should develop

*See Chap. XVIL.
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rapidly to a deepred. If, however, there is a delay in the appearance of
color, the mixture should be allowed to stand, and in a minute or two the
color will start to develop; at this instant the solution should again be
thoroughly shaken until the color reaches a deep red shade. The entire
process, from the moment the solution reaches the boiling point until
the color is fully developed, requires at the most about three minutes.

The sol made according to Zsigmondy’s recipe contains parti-
cles of about 15 to 30 mu3? and is stable for a year or so if kept
in. stoppered resistance-glass containers. Upon dialysis and
evaporation at a temperature of 40 to 50°, it has bcen concen-
trated to a gold content of 0.12 per cent without decomposition.3?
Sols containing 0.27 per cent gold have been made by centrifugal
sedimentation (3,000 r.p.m., 15 cm. radius) followed by taking
up the deposit in water.3*

Formation of gold hydrosols by reduction with phosphorus
is of interest because a very high degree of dispersion is obtained.

A saturated solution of phosphorus in very pure ether diluted with 4 vol-
umes of pure ether is prepared. To 120 cc. of distilled water at room
temperature is added 2.5 cc. of the chlorauric acid solution described above,
followed by 3 cc. of 0.18 N potassium carbonate and the whole well mixed.
Then 1 cc. of the ether solution of phosphorus is stirred into the solution.
After standing a few hours at room temperature the solution turns brown
and within 24 hr. is deep red in color. If an insufficient amount of reducing
agent is added, the solution may undergo a change to blue, violet, or black
before it becomes red. This is due to the formation of aurous oxide.* The
development of the red color can be hastened by boiling the solution about
15 min. after the reducing agent has been added. After the red color has
developed in a phosphorus gold sol, it may be boiled to remove ether without
suffering decomposition and any excess of phosphorus may be oxidized
by aeration.

The particles in sols thus prepared are amicroscopic. If too
little or no alkali carbonate is present, turbid dispersions result.3®
Impure phosphorus and, particularly, impure ether give poor
results, the impurities preventing complete reduction of the
gold. Actually under the best of conditions, all the gold is not
reduced, as demonstrated by Thiessen,* who devised the follow-
ing test. A few drops of concentrated ammonium hydroxide is
stratified on a few cubic centimeters of the gold sol in a test tube.
The formation of a blue ring reveals the presence of traces of
unreduced gold compounds, and if more than traces are present,
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the blue color gradually permeates the whole hydrosol which
finally coagulates. Thiessen attributes this reaction to the
formation of fulminating gold due to the reaction between
ammonia and gold salts or gold oxides. This test can also be -
applied to formol gold sols.

The reduction of gold solutions by hydrogen peroxide is
accomplished?® by the addition of a few drops of 3 per cent hydro-
gen peroxide solution to 100 cc. of a solution of chlorauric acid
containing 0.006 g. gold. After 1 to 3 min. a wine-red sol is
formed.

A method involving heating is described by Beaver and
Miiller.?

A solution of chlorauric acid containing 0.05 g. gold per liter is neutralized
to litmus with a 0.1 N solution of potassium carbonate. One liter of this
neutral solution is placed in a clean (steamed) resistance-glass beaker on a
hot plate, the temperature of the solution being raised to 85°. Then with
rapid stirring, 1 ce. of a 0.5 per cent aqueous solution of hydrogen peroxide
is added and the sol cooled.

Another method used by the same workers and by Nordenson®
consists in reducing unneutralized chlorauric acid solutions by
hydrogen peroxide under exposure to ultraviolet radiation.
If neutralized chlorauric acid is used, the reduction proceeds too
fast under the radiation producing coarsely dispersed gold.
Exposures of the unneutralized solution varying from 1 to 60
sec. make progressively redder sols.

Beaver and Miiller found that red hydrogen peroxide gold sols
made under ordinary laboratory illumination turned blue when
exposed to ultraviolet light up to two days and then after con-
tinued exposure (up to eight days) they regained their red color
and underwent no further change on further exposure. This
was true also for gold sols prepared by reduction with tannin,
quinol, catechol, resorcinol, and pyrogallol, while no change
was observed under similar exposure of gold sols made by
reduction with hydrazine, phosphorus, formaldehyde, and
acetylene, and those prepared by the Bredig-arc method.

When hydrazine hydrate is selected as reducing agent, blue or
red sols may be obtained, depending upon whether or not the
solution is heated. Reduction in the cold produces blue sols,
while at boiling temperature they are red. It has been shown
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that the blue sols contain unreduced gold compounds*' and it
has been stated that the blue color is due to colloidal oxide.?
The hydrazine method was invented by Gutbier.4? A good recipe
is the following:

A dilute, unneutralized solution of chlorauric acid (as that described under
the formol method) is treated with a few drops of a dilute (0.1 per cent)
solution of hydrazine hydrate in the cold. A blue sol is thus obtained. If

the chlorauric acid solution is brought to boiling before the addition of the
hydrazine hydrate, a red sol is obtained. :

In all of the preparations of gold sols by reducing agents, the
process is facilitated by the presence of added gold nuclei and,
in fact, the degree of dispersion obtainable can be controlled.
The gold particles formed under the action of the reductant
deposit upon solid nuclei originally present or upon nuclei formed
spontaneously and, as a consequence, without the addition of
some finely dispersed gold particles, the sols obtained with a given
reducing agent may contain larger or smaller particles depending
upon the adventitious presence of less or more nuclei and whether
the reducing action is rapid or slow.®* The rate of spontaneous
nucleus formation is diminished by any process which promotes
hydrolysis of the chlorauric acid. Tt has been discovered also
that as little as 4 X 10—® milliequivalent per liter of potassium
ferrocyanide or ferricyanide greatly inhibits spontaneous forma-
tion of nuclei.**

The nucleus method was invented by Zsigmondy,* who
selected the phosphorus gold sol as source of nuclei on account of
the high degree of dispersion of this sol. The nucleus method
merely consists in the addition of some phosphorus gold hydrosol
to the dilute chlorauric acid solution before the addition of the
reducing agent, or the nucleus sol may be mixed with the reducing
agent. The amount of nucleus sol to be used is determined by
a series of trials in which from 0.1 to 3 cc. of nucleus sol are
added. Then that amount is selected which gives the degree of
dispersion desired; the more nuclei present, the higher is the
degree of dispersion.

The influence of nuclei can be strikingly demonstrated accord-
ing to Zsigmondy and Thiessen®® in the following manner in
which hydroxylamine is used as reducing agent. Three reagents
are prepared:
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Solution A: 12.5 cc. of a solution of chlorauric acid containing 3 g. Au
per liter are mixed with 400 cc. of purest water, 5 cc. of 0.18 N potassium
carbonate are added and the mixture is diluted to 500 cc.

‘Solution B: 0.27 g. of hydroxylamine hydrochloride is dissolved in 1 liter
of purest water.

Solution C: 120 cc. of phosphorus gold hydrosol are diluted to 200 ce.
with purest water yielding a solution containing 0.038 mg. of Au per cubic
centimeter.

A series of sols is then made according to the proportions
prescribed in Table 15 by mixing A and C in a large beaker
followed by dropwise addition of B while stirring. This is done
at room temperature and resistance glass is used.

TABLE 15.—INFLUENCE OF NUCLEI

Relation between size
Number of Amounts of reagents of particle in the
sol resulting sols and in
A B C the nucleus sol

1 87.5 87.5 25 2:1
2 98.4 98.4 3.12 4:1
3 99.8 99.8 0.39 8:1
4 100 100 0.049 16:1
5 100 100 0.006 32:1

Number 5 was a very turbid blue hydrosol. Number 4 was
turbid and reddish. The turbidity decreased and the red color
became more brilliant. Number 1 was a clear red sol. This
series was used by Professor Zsigmondy as a lecture demonstration.

The influence of nuclei upon the velocity of the reaction can
be conveniently studied by conductivity measurements in the
case of hydrogen peroxide gold sol formation due to the seeming
simplicity of the reaction

2HAuCl, + 3H;0;: = 2Au + 8HCI + 30,

where only the HAuCl, and the HCI conduct the electric current
appreciably and the latter more than the former. Experiments
carried out by Nordenson* are shown in Fig. 40. When no
nuclei were added, there was a sudden increase in conductivity
(A to B) when the peroxide was added and, at the same time, the
yellow color of the solution faded. Then there was a very slow
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rise in conduectivity (B to C) with no perceptible color change,
followed by the rapid rise (C to D) when the color of the liquid
suddenly became red. The course of the reaction BC' shows
how long it takes for the spontaneous formation of nuclei. When
nuclei were added at the beginning, upon the addition of the
peroxide the conductivity and the color intensity increased in
proportion to time (A to D'). The curve ABC"’D’" shows the
effect of adding some nuclei
when the reaction is in the
stage BC.

During the period AB,
Svedberg* states that about
one-third of the gold chloride
is reduced, producing an
enormously supersaturated
solution of metallic gold (107)

Time —>- which according to the law of

F1a. 40.—Influence of nuclei upon the mass action would stop the

formation of gold sols. reaction. Then along BC,

the primary particles of gold slowly aggregate to form particles

which, when finally large enough, serve as nuclei for molecular
gold resulting in the rise CD.
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Fi1g. 41.—Influence of nuclei upon the formation of gold sols. The right-hand
curve represents the course of the reduction in the absence of added nuclei.

On the other hand, Zsigmondy* thinks it more probable that
in the range AB principally di- or monovalent gold is formed,
with perhaps some metallic gold, thus rendering the assumption
of a supersaturation to the degree of 10,000,000 unnecessary.

In Fig. 41 is shown the influence of added gold nuclei upon
the rate of reduction of gold chloride by formaldehyde.® Again
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it is seen that an addition of nuclei greatly accelerates the process.
The nucleus sol was mixed with the formaldehyde and the tem-
perature was 70°., At boiling temperature the reaction is too
rapid for measurement. '

The use of gold nuclei is not restricted to the formation of gold
sols. They have been used in the formation of silver sols.5!
Likewise substances other than gold may serve as nuclei in gold
sol formation.52

Silver Hydrosols.—Silver hydrosols have been prepared by use
of a variety of reducing agents such as phosphine,® hydrogen,®*
formaldehyde,®® hydrazine, hydrogen peroxide,” acrolein,
phosphorus,®! ferrous citrate mixtures,® and hydroquinone.®
The influence of added nuclei has also been studied.5!

Kohlschiitter’s method® of reducing an aqueous suspension
of silver oxide with hydrogen is interesting because the nature
of the walls of the container is of such significance. Hydrosols
prepared in quartz or in ordinary soft-glass vessels are yellow to
brown to transmitted light and gray to black in reflected light,
while those made in Jena-glass vessels are red to brownish red
by transmitted light and grayish green by reflected light. In a
platinum dish coated with platinum black no hydrosol is formed
at all, the reduced silver depositing in crystals on the dish.

About 0.5 g. of freshly precipitated and thoroughly washed silver oxide is
suspended in a liter of distilled water in an inclined round flask. With the
mixture at 50 to 60° pure hydrogen is bubbled through for 8 to 10 hr. The
temperature above which stable sols are not obtained has been given as 70
and 80°.%2 At lower temperatures the rate of reaction diminishes rapidly.
The pH of the sols is about 8 depending on the concentration and tempera-
ture of reduction. In order to remove silver hydroxide from the solution,
it is put in a platinized platinum dish and pure hydrogen is bubbled through a
platinum nozzle, air being excluded. The silver oxide is reduced to silver
which settles out as glistening crystals.

Silver sols ranging in color from yellow—red—sviolet—blue—
green can be prepared by the use of hydrogen peroxide.*

Silver hydrosols which display a wide color change upon
addition of precipitating electrolyte; orange yellow—reddish
yellow—ruby red—greenish yellow—green—bluish green—blue
—bluish lavender—purple—purple gray—gray are formed by
reducing silver bromide or silver iodide with formaldehyde accord-
ing to the following recipe:%3 '
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Ten cubic centimeters of 0.1 M silver nitrate is diluted to 250 cc. and
250 cc. of 0.04 M potassium bromide (or iodide) are added slowly while
stirring vigorously. Then 10 cc. of 2 per cent formaldehyde solution is
added to the mixture, followed by rapid addition with vigorous stirring of
100 cc. of 0.03 M sodium hydroxide. Reduction takes place immediately
after the addition of the alkali, the sol changing from brownish ycllow by
reflected light to a straw yellow in about 1 hr. " It then has a clear reddish-
yellow color by transmitted light. Similar sols prepared by use of potassium
chloride are unstable.

Dilute solutions of silver salts or oxide are readily converted
to silver sols upon exposure to ultraviolet light and X-rays.
Svedberg?4 observed that a silver plate immersed in water or
alcohol produced a silver sol when the whole system was subjected
to ultraviolet light or X-rays. He also found that alcohol
which had been in contact with silver in the dark gave rise to
colloidal silver when illuminated with ultraviolet light. It has
been shown that the silver is first oxidized in contact with water
(or alcohol) and the dissolved silver compounds so produced are
reduced by the subsequent radiation.%

The examples of reduction methods given are those which have
been subjected to the most study. Other sols formed by the
types of reducing agents mentioned are metals of the platinum
group, selenium, and tellurium where hydrazine hydrate, hydra-
zine hydrochloride, phenylhydrazine hydrochloride, and hydrox-
ylamine hydrochloride have been found effective.®® Paal® and
coworkers have prepared many of these sols containing the
sodium salts of alkaline degradation products of albumin (*“lysal-
binic” and ‘“protalbinic” acids). Such protected sols of platinum
and palladium absorb large quantities of hydrogen, thereupon
serving as effective reducing agents useful in organic chemistry.
In many cases where such a colloid-hydrogen complex is desired,
it is merely necessary to add some platinum or palladium. salt
to the organic system to be reduced and then to pass hydrogen
through it.%

Purple of Cassius.—Metallic salts have been used to reduce
other metallic ions to the colloidal state, producing complicated
mixed dispersions. The oldest example is the purple of Cassius
discovered by Andreas Cassius in 1663. A recipe for its forma-
tion taken from Zsigmondy® is the following:
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Two hundred cubic centimeters of chlorauric acid solution (3 g. Au per
liter) and 250 cc. of stannous chloride solution (3 g. Sn per liter plus a slight
excess of hydrochloric acid) are brought together in 4 1. of water with violent
agitation. After three days the purple of Cassius will have settled out in the
form of a dark-purple powder, the supernatant liquid being colorless and
free from gold or tin. The precipitate is washed free from chloride by
decantation, followed by suction on a filter paper. When this precipitate
is suspended in water, it can be peptized to a sol by the addition of a little
ammonium hydroxide followed by boiling. While this sol has the color of
colloidal gold, its properties are predominantly those of colloidal stannie
acid.

An analogous silver precipitate was made by Frick,” in 1828,
and a method for preparing the sol has been devised by Voigt.”*
Platinum™ and palladium’ stannic oxide purple have also been
prepared.

Various metal salts have been converted to mixed sols by
reduction with titanium trichloride.”

Sulfur Hydrosols.—Aqueous dispersions of highly dispersed
sulfur received the attention of Stahl (1747), Scheele (1770),
Bergmann (1782), Fourcroy (1788), Berthollet (1798), Berzelius
(1808), and others who were interested in its formation and pres-
ence in natural waters. From the point of view of modern colloid
chemistry, the most important older contributions were made
by Déobereiner,” Wackenroder,”® Selmi and Sobrero,” and
Debus.™

Berthollet prepared sulfur hydrosols by the oxidation of hydro-
gen sulfide, sulfur dioxide being one of the oxidation agents which
he employed. Wackenroder studied extensively the formation
of sulfur sols by the interaction of hydrogen sulfide and sulfur
dioxide. Sulfur sols prepared in this manner are frequently
called “Wackenroder’s sulfur sol.”

The sol is readily prepared by passing hydrogen sulfide through
a cool solution of sulfurous acid. Odén™ has shown that the
highest degree of dispersion is obtained when hydrogen sulfide
is bubbled through as concentrated a solution of sulfurous acid
as possible, stopping when sulfur is seen to separate out. He
used a 1.8 N solution at 10°. For the highest yield of colloidal
sulfur he recommends a less concentrated solution of sulfurous
acid, about 1 N,
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The colloidal sulfur seems to arise from decomposition of inter-
mediate products resulting from a rather complicated reaction.
Wackenroder demonstrated the presence of pentathionic acid and,
since his time, sulfurie, hexathionic, tetrathionie, trithionie, and
thiosulfuric acids have been reported present. A high initial
concentration of sulfur dioxide favors the formation of penta-
and hexathionic acids.

The fungicidal action of sulfur itself has been shown to be
due to pentathionic acid, resulting from the action of water and
air upon sulfur.®

Engel®! showed that sulfur hydrosols can be prepared by
the addition of concentrated hydrochloric acid to a cold con-
centrated solution of sodium thiosulfate. Raffo®? used sulfuric
acid instead of hydrochloric and Odén’s very complete study of
this method and of the properties of the resulting sols account
for the custom of calling such sols ‘“Odén’s colloidal sulfur.”

From Odén’s study of the method one can give the following
recipe for the preparation.

Thirty cubic centimeters of a 3 M solution of sodium thiosulfate is added
dropwise to 10 cc. of 18 M sulfuric acid which is continuously stirred. The
dropping should be at the rate of 2 cc. of thiosulfate solution per minute.
The temperature of the reaction mixture should be originally at about 25°
and not allowed to exceed 50°. Slower addition of the thiosulfate gives a
lower yield of colloidal sulfur; and while a higher temperature produces a
greater proportion of highly dispersed sulfur, the reaction becomes rather
explosive. Temperatures lower than the range given produce a somewhat
lower yield and a lower ratio of amicroscopic to submicroscopic particles.
Odén recommends that small proportions be made at a time (never over
100 cc.) and that the reaction vessel be a centrifuge tube.

When the addition of the 30 cc. of thiosulfate solution has been com-
pleted, the mixture is immediately cooled and sufficient sodium chloride is
added to precipitate the sulfur. The mixture is centrifuged and the super-
natant liquid is removed. Then the residue is treated with water at about
80° which effects redispersion of part of the sulfur. This mixture is centri-
fuged to throw out the irreversibly coagulated sulfur and the supernatant
sulfur hydrosol is then removed by decantation.

Sols containing as high as 50 per cent sulfur have been made
by this process. The sol so obtained contains particles ranging
from amicroscopic to coarse dispersion size. Odén has shown
that it may be fractionated by means of sodium chloride precipi-
tation. A small amount of sodium chloride is added to the sol
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and after 15 min. standing it is centrifuged and the supernatant
liquid removed (4).
treatment with warm water producing a sol (4”’) containing large
The supernatant liquid (4) is then treated with a
little more sodium chloride, the coagulum (B’) centrifuged out

particles.

The coagulum (A’) is then redispersed by

TaABLE 16.—PROPERTIES OF SULFUR HYDROSOLS OF DIFFERENT PARTICLE

Size
Concentration of . . .
Number NaCl produci Macroscopic Ultramicroscopic
of fraction a . producing characteristics characteristics
this fraction

1 0.07 N Turbid even at 0.02 per cent| No amicroscopic light cone.
concentration. Particles| Large particles of about
settle out after a few days 210 my size

2 0.07 to 0.10 N | Milky in appearance up to| No amicroscopic light cone.
dilutions to 0.2 per cent.| Particles about 140 mg in
Upon dilution to 0.05 per| size
cent reddish brown color
and weakly translucent.
Only slight tendency to
settle out

3 0.10 t0 0.13 N | A 1 per cent solution is milky [ No amicroscopic light cone.
in appearance. When di-| Particles about 90 mg in
luted to 0.3 per cent is red- | size and in lively Brownian
dish yellow and turbid to| movement
transmitted light and tur-
bid to reflected light

4 0.13t00.16 N | A 1 per cent solution is| A 0.5 per cent sol shows a
slightly turbid, yellow in| brilliant cone of bluish tinge
color with trace of red.| which is visible even at a
Concentrated solutions are | concentration of 0.001.
opaque and white Particles almost at the

limit of ultramicroscope
visibility

5 0.16 t0 0.20 N | 1 per cent solution is yellow | 0.5 per cent sol shows pro-
and nearly clear in trans-| nounced amicroscopic light
mitted light while turbid to{ cone which disappears at a
reflected light. A 10 per| concentration of 0.008
cent solution is turbid with
a reddish color in trans-
mitted light

6 0.20 to 0.25 N | Concentrated solution some- | 1 per cent sol shows faint
what turbid, at 1 per cent{ amicroscopic light cone
concentration yellow and| which disappears at 0.02
clear in transmitted light | cc tration. No submi-
and faintly turbid in re-| crons
flected light

7 0.25 N- Concentrated solution (25| 1 per cent sol shows a faint

per cent S) bright yellow
and faintly turbid in trans-

amicroscopic light cone
which disappears at 0.05

mitted light; greenish to
reflected light

tration. No submi-
crons
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after 15 min., the supernatant liquid (B) removed, and the
coagulum (B’) redispersed in warm water producing a sol (B”)
which contains smaller particles than' A”’. Solution B is then
treated in the same manner, and so on, producing as many sols
of as uniform and different degrees of dispersion as one desires.
Table 16 gives a description of a typical series of fractions pre-
pared by Odén.

As the temperature is lowered, less sodium chloride is required
to precipitate the sulfur. Consequently, purification of sulfur is
effected by dispersing the salted out coagulum in as little warm
water as possible and then cooling the resulting dispersion to, say,
10°. A new coagulum forms which is centrifuged out and redis-
persed in warm water. Odén was able to prepare dispersiong
in this manner containing 50 per cent sulfur and about 5 per cent
sodium chloride. He remarks that further elimination of
electrolyte may be accomplished by electrodialysis.

The Odén type of sulfur hydrosol can be prepared by the
interaction of sulfur monochloride and water. A recipe has been
proposed® as follows:

Seventy cubic centimeters of water at 35° is added to 10 cc. of sulfur
monochloride and shaken. An exothermic reaction soon takes place
accompanied by evolution of sulfur dioxide. The system is cooled in an ice
bath in order to retard the reaction. After 5 to 10 min., when the evolution
of sulfur dioxide ceases, the mixture is treated with a saturated solution of
sodium chloride and centrifuged. The precipitated sulfur is peptized upon
addition of water after decantation of the supernatant liquid. The pre-
cipitation and repeptization may be continued until the desired degree of
purification is obtained.

The ease with which Odén’s sulfur sols may be prepared at
different dispersities makes them especially interesting for certain
types of colloid study. Wackenroder’s sulfur sols also have been
fractionated in the same manner.3

Todin.—Unstable blue hydrosols- of iodin arise through the
interaction of hydriodic and iodic acids.®® These quickly turn
gray and precipitate. Chandler and Miller®* have utilized the
reaction

in the presence of gum arabic to prepare a stable brick-red dis-
persion which might properly be called an emulsion inasmuch as
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the dispersed iodin particles appear to be globules of liquid coated
with films of the gum. A solution of sodium iodohypoiodite
is prepared by rapidly treating a 1 to 2 per cent solution of sodium
hydroxide with iodin until the straw-colored liquid, which forms
immediately, just begins to turn red and then decanting this
solution from the remaining iodin crystals. A solution containing
gum arabic is added followed by rapid acidification with hydro-
chloric acid at 0°.

If this dispersion is converted to a thick syrup by the addition
of dextrose or of gum arabic, it may be evaporated without
appreciable loss of iodin to a hard brittle mass. This mass
readily disperses in water, the dispersion medium consisting of a
saturated aqueous solution (0.034 per cent) of iodin. This
aqueous dispersion is said to be much less corrosive to animal
tissue than the U.S.P. tincture of iodin.8”

Double Decomposition.—By means of double decomposition
reactions a wide variety of sols have been obtained. These
are generally divided into ‘“oxide” sols, sulfide sols, and salt sols.

The best known oxide sols are those of iron, aluminum, chro-
mium, molybdenum, vanadium, silicon, and tin. They are
prepared by hydrolysis of the salts or by peptization of the
hydrous oxides with acids or bases or with salts which readily
hydrolyze. The hydrolysis method consists in the dropwise
addition of a solution of the salt to an excess of boiling water.
The peptization method may be carried out in one of two ways.
The hydrous oxide (preferably freshly precipitated) is treated
with a small amount of acid or base or of a solution of a salt
which is acidic or alkaline, the choice of acid or base depending
upon the chemical nature of the substance to be dispersed and the
kind of dispersion wanted. The other peptization method
consists in the dropwise addition of an acid or base as the case
may demand to a stirred solution of the salt of the element.
The oxide so precipitated is at first readily peptized by the
excess of salt present, the ease of peptization diminishing upon
increased additions of the acid or base. When the stage of
very slow peptization is reached, the additions are stopped and
the mixture is dialyzed.

Ferric Oxide Hydrosols.—Ferric oxide hydrosols were first
prepared by Péan de St. Gilles®* and by Thomas Graham.®
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The former hydrolyzed a ferric acetate solution by boiling and
the latter peptized hydrous ferric oxide by ferric chloride. Péan
de St. Gilles iron oxide sols are turbid and somewhat hydrophobic,
while Graham iron oxide sols are clear and intermediate in
properties.

A simple and quick method of preparing a dilute ferrie oxide
sol is to add a small quantity of ferric chloride to a large volume
of boiling water. The rate of formation of the colloid diminishes
as the temperature is lowered.**! At room temperature there
is a delay (increasingly large as the concentration of ferric chloride
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Fia. 42.—Hydrolysis of ferric chloride.

is increased) in the start of the hydrolysis®? and the rate of colloid
formation is increased by the addition of some colloidal ferric
Oxide-90.93

In Fig. 42 are shown the rates of colloidal iron oxide formation
at 20 and 37° as found by Heymann®'** for solutions containing
about 15 milliequivalents of ferric chloride per liter. The
autocatalytic nature of the process is seen very markedly in the
20° curve. Heymann showed that the colloid formation is
practically complete in 20 min. at 80°. At the concentration of
0.015 N ferric chloride and at 37° he found equilibrium to be
reached when 87 per cent of the total iron present was colloidal.
Twenty days were required. This equilibrium was also reached
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from the other direction when a sol prepared at 80° was aged at
37° for about one month, At 20°, only 64 per cent of the total
iron was colloidal in one year. Sols prepared at low temperatures
were found to be less highly dispersed than those formed at higher
temperatures.

Heymann showed also that, as the concentration of ferric
chloride is raised, the percentage of iron in the colloidal form
diminishes.** His results obtained at 37° are given in Table 17.

TABLE 17.—EqQuiLiBRIUM POINT IN COLLOIDAL IRON OXIDE FORMATION
BY HyproLysis oF FeCl; ar 37°

Concentrfltlon of Percentage of the
solution, total iron i A £ soluti
milliequivalents otal iron in ppearance of solution
. colloidal form
per liter
3.43 100 . Yellow-brown
6.89 96.5 Yellow-brown
15.32 . 87.5 Brown
24 .51 79.3 Red-brown to transmitted light.
Turbid brown to reflected light
50.10 60.5 Red-brown to transmitted light.
Turbid brown to reflected light

While the degree of hydrolysis at boiling temperature is greater
than at lower temperatures, it slowly reverses, as shown by
Krecke® and by Heymann, when the dispersion is cooled.

The formation of a ferric oxide sol free from chloride by
the hydrolysis of ferric chloride has been reported by Sorum.%

Four hundred cubic centimeters of a molar solution of ferric chloride was
allowed to fall at the rate of 2 drops per second, into 5 liters of vigorously
boiling distilled water contained in a 6-liter Pyrex flask. The mixture was
then dialyzed at 90 to 97° in 250 cc. capacity nitrocellulose bags against
distilled water flowing at the rate of about 3 liters per hour.

In from 7 to 12 days dialysis, ‘“deeply wine-colored” sols,
clear to transmitted light, and free from chloride were obtained.
The iron content varied from 2 to 3.6 g. per liter. The sols gave
a strong Tyndall cone. Continuous hot dialysis for as long as
five weeks did not induce coagulation.

Ayres and Sorum® have prepared similar ferric oxide sols by
hydrolysis of ferric chloride (0.0125 to 0.1 M) at temperatures
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higher than 100° (up to 145°) followed by dialysis at 90 to 97°
They reported that the particle size (52 to 76 my) is not a function
of the temperature of hydrolysis or of the concentration of the

ferric chloride. More or less ferric oxide sediment was present,
~ however, in the hydrolysis vessels.

Using the method originated by Grimaux,?”® Thiessen®® has
prepared a sol by the hydrolysis of ferric ethylate which is claimed
to be free from electrolytic impurities. The dispersions so formed
are very hydrophobic and, unlike the ferric oxide thus far dis-
" cussed in this chapter, have negatively charged micelles.

When ferric oxide sols of low concentration are desired, the
hydrolysis method is a convenient one. More concentrated
dispersions are prepared by the peptization method first used by
Ordway'® and Graham,!0!

Freshly precipitated hydrous ferric oxide is treated with an
aqueous solution of ferric chloride. Hydrochloric acid may be
used also, but obviously the amount must be considerably below
. chemical equivalence to the iron oxide. When the gel has been
peptized, the mixture is dialyzed. Clear reddish-brown sols
are obtained by this method.

A convenient method (likewise used by Graham) consists in
precipitating the ferric oxide in the presence of ferric chloride.
A recipe which the author uses is as follows:

Prepare an approximately 2 M solution of ferric chloride and approxi-
mately 3.7 M ammonium hydroxide solution. Then at the rate of about 2
drops per second allow the ammonium hydroxide solution to fall into 100 cc.
of the ferric chloride solution which is being stirred vigorously. The
precipitated hydrous oxide rapidly peptizes in the presence of the excess of
ferric chloride, the rate of peptization decreasing as more ammonia is added.
When about 100 ce. of the ammonium hydroxide is added, it is wise to stop
and subject the mixture immediately to dialysis against running cold water.
Failure to start dialysis immediately may produce & turbid dispersion due to
the presence of the crystalloidal electrolyte. After cold dialysis overnight,
the sol may be subjected to dialysis at about 80° if speed in purification is
desired.’? Hot dialysis must be preceded by cold dialysis, however,
since immediate application of hot dialysis produces a turbid dispersion.102

The end point in the dialysis depends upon the degree of
“purity” desired. There is no simple test. Some workers
dialyze to absence of ferric ion, some until the diffusate gives a
“faint” test for chloride, and others quantitatively measure
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the iron, chloride, and ammonium present, terminating when
NH,* is absent or at a desired ratio of iron to chlorin. Sols
made in this manner have never been prepared free from chloride;
the dispersed phase precipitates out before that stage of purity
is reached. Thomas and Frieden!®® found that the dialysis may
be carried out in large unglazed-porcelain jars. These are
convenient dialyzers because mechanical stirring of the contents
may be applied which is not so easily accomplished with nitro-
cellulose membranes.

An interesting iron oxide sol is prepared by the oxidation of
iron carbonyl, Fe(CO);, in aqueous solution by hydrogen per-
oxide. A clear red-brown sol is obtained, which flocculates upon
boiling owing to the expulsion of carbon dioxide.!%

With the exception of Thiessen’s ferric oxide dispersion
made by hydrolysis of ferric ethylate, all of the iron oxide sols
mentioned above contain positively charged micelles. Sols with
negatively charged micelles have been prepared by addition
of sodium hydroxide to ferric chloride solutions containing
glycerol, 1 sugars,’® and organic oxy acids.” Such sols are
doubtless much more complicated than the name ‘““negative iron
oxide” implies. Negative colloidal ferric oxide has also been
prepared by the hydrolysis of Prussian blue!® and by the addition
of dilute ferric chloride to dilute sodium hydroxide solution.!®
The dispersion prepared in the last-named manner is not stable,
precipitating out in'a day or so.

Chromic Oxide Hydrosols.—Graham!! prepared chromic oxide
hydrosol by peptization of ‘the hydrous oxide with chromic
chloride in the same manner as he made the ferric oxide sol.
The sol thus prepared is dark green in color. Neidle and Barab
found that in the hydrolysis of pure chromic chloride the particles
diffused through a parchment-paper membrane readily when
prepared and dialyzed at room temperature, yielding almost no
colloid; but that if commercial chromic chloride were similarly
treated at room temperature, a fair yield of colloid was obtained.
Hot hydrolysis and dialysis of pure chromic chloride likewise
gave a good yield of colloid. They prepared a chromie oxide sol
containing 59 per cent of the original chromium and a ratio of
equivalents Cr:Cl = 65 in the following manner. Forty-nine
cubic centimeters of normal ammonium hydroxide were added
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to 162 cc. of normal chromic chloride with vigorous shaking.
After standing 20 min., the precipitate entirely dissolved, when
the clear green solution was diluted to 400 cc. and dialyzed for
34 hr. against running distilled water at 80°.

The above-mentioned chromic oxide sols contain positively
charged micelles. A negative chromic oxide sol can be made
by the addition of alkali to a chromic chloride solution, just a
little in excess of the amount of alkali required to precipitate the
chromic oxide.

A positive chromie oxide sol claimed to be free from electrolyte
has been prepared by hydrolyzing chromic ethylate.'’® This
sol is quite hydrophobic.

Aluminum Ozxide Hydrosols.—Aluminum oxide sols were
prepared by Crum!!' who boiled aluminum acetate solution and
by Graham who peptized hydrous alumina with aluminim
‘chloride. Neidle and Barab found that aluminum oxide sols
showed a tendency to pass through parchment paper on dialysis.

A method for forming hydrous aluminum oxide sols free from
other metallic contaminants consists in the amalgamation of
pure aluminum with mercury, the amalgam then being subjected
to the action of water containing a trace of an acid such as
hydrochlorie,!!? hydrobromie, or hydriodic.!’* As the hydrous
alumina is formed, it is peptized by the acid present. The
alumina sols prepared in acidic solutions contain positively
charged micelles. Negatively charged colloidal alumina arises
when alumina gel is peptized by sodium hydroxide or by ammo-
nia.’* Such alumina sols are not $table, however.

Hydrous Silica Hydrosols—Hydrosols of hydrous silica, or
“silicic acid”” hydrosols, may be prepared by Graham’s method!!®
of mixing water glass and hydrochloric acid, by the hydrolysis
of the methyl ester of silicic acid,”® or by hydrolysis of silicon
tetrafluoride or tetrachloride.18:'Y It seems difficult to prepare
stable sols containing over 10 per cent SiO,.

The simplest method of preparing silica sols consists in mixing
hydrochloric acid and water glass, by stirring the acid into
the water-glass solution, or vice versa, using a water-glass solution
containing about 1 to 2 per cent SiO; and 2 N, or more, hydro-
chloric acid. Clear, stable sols result if there is an excess of acid
or of alkali. If subjected to dialysis immediately after the
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interaction of the acid and water glass, an appreciable amount
of silica passes through the membrane.!’® This tendency
diminishes if dialysis is delayed for a few days. The usual
directions are to dialyze to the absence of chloride in the diffusate,
which is indeed unsatisfactory. In this case as in most others,
there is no convenient and precise end point in dialysis other
than that afforded by a quantitative analysis of the dialysate.
Even when dialysis of these silica sols is carried to the absence
of a chloride test (with Ag*) in the dialysate, the latter still
contains chlorin.’® Sodium also is tenaciously held in the
micelle.

Illustration of some of the points just mentioned is given
by one of the experiments made by Brintzinger.!?* He mixed
water glass containing 11.68 per cent Na,O, 26.05 per cent SiO;
and 0.03 per cent Al;0; + Fe;0; with 2 N HCI at 18°. The
mixture contained 0.829 g. SiO., 0.2758 g. Na, and 0.4539 g. Cl
in 100 cc. 'The ratio of 8iO,;:Na:Cl was therefore 1000:870:930.
Part of this solution was subjected immediately to rapid dialysis
against parchment paper at 18°.  After 50 hr., 18 per cent of the
8i0, had diffused through the membrane. No more diffused
upon continued dialysis. After 70 hr. dialysis the test for chloride
in the dialysate was negative, although chlorin could be recovered
upon distillation after acidification with sulfuric acid. At the
end of 70 hr. rapid dialysis the composition was 0.680 g. Si0.,
0.0013 g. Na, and 0.02 mg. CI; or SiO::Na:Cl was 1,000:5:0.05.
Three days after the original mixture was made, the remaining
portion was submitted to rapid dialysis. Only 7 per cent of the
Si0, diffused through the membrane (after 50 hr. and no further
loss upon continued dialysis). At the end of 70 hr. dialysis
100 cc. of dialysate contained 0.7711 g. S8iO., 0.0016 g. Na,
and 0.04 mg. Cl; or SiO,:Na:Cl was 1,000:5.5:0.9.

Silica hydrosols prepared as above described have pH values
of 4.512! to 4.6.1%

If insufficient hydrochloric acid is mixed with water glass,
alkaline silica hydrosols result. Such sols are most sensitive to
electrolyte salting-out in the pH range of 9.5 to 11, beyond 11
becoming more stable and also showing the presence of increasing
amounts of fine particles which diffuse through dialyzing mem-
branes.!?? Alkaline silica hydrosols may be made by digesting
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hydrous silica gel with ammonium hydroxide.!?* They are
clear up to 0.4 per cent concentration of SiO; but become turbid
at 0.5 per cent and begin to flocculate at 0.75 per cent.

A method for preparing reproducible silica sols up to 10.8 per
cent SiO, is described by Grundmann.!?* These hydrosols are
clear, showing practically no Tyndall cone. The micelles are
always negatively charged unless an excess of hydrochloric acid
is added. The positive sol is unstable.

Stannic Oxide Hydrosols.—Stannic oxide hydrosols were pre-
pared by Graham. Hydrous stannic oxide may be peptized by
hydrochloric acid!?® or by alkalies,!? potassium hydroxide being
a better peptizing agent than sodium hydroxide.'” This is
probably due to the fact that sodium stannate is less soluble
than the potassium salt.

The commonly used methods for preparation of the hydrous
- stannic oxide are hydrolysis of tin tetrachloride in water and
dissolution of tin in nitric acid or in mixtures of nitric and hydro-
chloric acids. A tin tetrachloride solution may be made by the
action of concentrated hydrochloric acid with platinum-gauze
catalyzer on pure tin followed by oxidation with air. The
nitric acid method produces - or meta-stannic acid which is
not so readily peptized as the so-called a-stannic acid. The
greater the proportion of hydrochloric to nitric acids, the more
readily peptizable is the gel formed.'?® It is said that the greater
the proportion of nitric acid used, the greater is the ratio of the
- to the a-stannic acid formed. The proportion of 8- to a-stannic
acid also increases with the temperature used in the hydrolysis
of tin chloride and the temperature of the water used to wash the
resulting gel.

Sols with positively charged micelles atise when stannic acid
is peptized with hydrochloric acid. The peptization is carried
out in a few minutes by treatment of the gel with concentrated
hydrochloric acid at room temperature after which the solution
may be diluted with water. Dilute hydrochloric acid may be
used but the time of peptization is prolonged to many days.
In any case, when sols of reasonable stability are desired, the
hydrochlorie acid must be at least 0.4 N.128

Sols of a concentration of SnO; = 0.1 M and HCl = 0.8 M
have been described as turbid, the turbidity decreasing upon
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dilution with 0.8 °'M HCI to a SnO, concentration of 0.001 M
when the sol was clear with a bluish fluorescence.l® Sols made
by peptization of a-stannic acid have been described as yellowish
orange to transmitted light and faintly green to reflected light,
while the g-stannic acid ones were bluish white to reflected light,
and like the a-variety in transmitted light.12®

Hydrous stannic oxide has been peptized by tartaric acid.
A sol containing 7.35 g. per liter of SnO, and of the composition
243 moles SnO; to 1 mole tartaric acid has been described as
neutral, unaffected by boiling but irreversibly coagulated upon
freezing.1%

Sols prepared by peptization of stannic acid by potassium,
sodium, or ammonium hydroxide possess negatively charged

micelles. Zsigmondy!*! describes a series prepared by peptiza-
tion with potassium hydroxide. His results are summarized in
Table 18. In the ultramicroscope sol 1 showed a brilliant
TasLe 18.—8taNNic Acip Sors Peprizep BY PorassiuMm Hyproxipe
Ultrafiltrate*
Num- Moles Sn0O, . .. | Appearance*| Reaction | through nitro-
to 1 mole | Peptization .1
ber to eye to* litmus cellulose
K0 -
contained
1 200 5 hr. heat- | Very opales- | Slightly Water
ing cent acid
2 100 1 hr. heat- | Less opales- | Slightly Water
ing cent acid
3 50 Readily in| Less opales-| Alkaline Contaminated
cold cent water
4 25 Readily in| Less opales-| Alkaline Appreciable
cold cent ‘ amounts of
tin and alkali
5 10 Readily in| Clear Alkaline All the tin and
cold alkali passed
6 2 Readily in | Clear Alkaline
cold through

* Diluted to 0.5 per cent SnO: content.

Tyndall cone, which disappeared upon dilution. The brilliance
of the Tyndall effect diminished as the ratio SnO.: K;O decreased
and sol 6 was in fact optically void.
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The gelatinous mass on the ultrafilter membrane obtained
from sols 1 and 2 redispersed in water but did not do so if dried
first.

The order of viscosity was 1 >2>3 >4>5>6. The
surface tension of all was the same as that of water. One can
safely say that 5 and 6 were not colloidal.

A method involving the use of a centrifuge has been proposed
for the preparation of oxide sols.’3 Solutions of ferric chloride
and of aluminum chloride were precipitated by ammonium
hydroxide and washed repeatedly by decantation, followed by
centrifuging in a Sharples centrifuge. The deposited solid was
removed, redispersed in water, and reprecipitated in the centri-
fuge. The deposit was then rubbed up with water until it
dispersed colloidally. Silica sols were prepared in the same
way after precipitation of silica from water glass by means - of
hydrochloric acid. The resulting sols are claimed to be nearly
free from chloride.

Sulfide Hydrosols.—Hydrosols of the insoluble metallic sulfides
may be prepared generally by one of the following methods.

1. A solution of the metallic salt is added to H.S water, or vice versa, with
or without concomitant bubbling of hydrogen sulfide.

2. A solution or suspension of the metallic oxide has hydrogen sulfide
bubbled through it.

3. A suspension of freshly precipitated and thoroughly washed metallic
sulfide has hydrogen sulfide bubbled through it.

4. By hydrolysis of a suitable complex salt certain sulfide sols arise.

In 1834, Berzelius remarked about the yellow solution arising
upon treatment of arsenious acid solution with hydrogen sulfide
and concluded that it was a suspension of transparent particles
of arsenious sulfide.

Schulze!3® prepared arsenious sulfide hydrosol by passing
hydrogen sulfide through a solution containing 10 g. per liter of
arsenious oxide. He also made antimony sulfide sol in the same
manner, using a solution of potassium antimonyl tartrate not
stronger than 5 g. per liter.'®* In the first instance no coagulating
salt is present and in the second the tartrate is without much
influence on the stability of the resulting sol. Tartrate ion is
not a powerful coagulant for sulfide sols. The method of passing
hydrogen sulfide through solutions of metallic salts will produce
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stable sols only in the absence of electrolytes which would
precipitate the dispersed phase. Lottermoser,!3s in recognition
of this fact, showed that treatment of mercuric cyanide and of
copper glycine solutions with hydrogen sulfide produced stable
sols owing to the low degree of ionization of these salts and to the
inertness of the products of the reaction.

In some cases, where the metallic sulfide precipitates during
the passage of hydrogen sulfide through the salt solution, the
sol may be formed by washing the precipitate with H,S water.
Copper sulfide!*s1%7 and mercuric sulfide!®® sols readily form in
this manner as soon as the greater proportion of the active elec-
trolyte is washed away. Zinc sulfide is very prone to act in this
way. This is well known in analytical technique where zinc
sulfide is always washed with H,S water containing ammonium
chloride to prevent its tendency to run through the filter.

The formation of sulfide sols by the action of hydrogen sulfide
upon suspensions of freshly precipitated and washed metallic
oxides and sulfides has been reported for a wide variety of
metals.!3%1% The physical state of the oxide seems to be
significant at times. For example, Linder and Picton!* found
that zinc sulfide sols would not form unless the hydrous zinc
oxide was in a gelatinous and translucent form. This was
accomplished by surrounding the containing vessels with ice.
If the sulfides are dried at 100°, they are unlikely to peptize upon
subsequent treatment with hydrogen sulfide.

The method of preparing a sulfide hydrosol by hydrolysis of
a complex salt has been reported for one case by Hahn.!%
Sodium, potassium, and lithium stibiothiosulfates at 0.001 M
concentration are dialyzed, whereupon antimony sulfide sol is
formed (and coagulates if the dialysis is prolonged). The
reaction is supposed to be the following:

2Naasb(8203)3 = szss + 3N32804 + 3802 + S

The corresponding arsenic complex salts did not give rise to sols.4

A simple recipe for the preparation of arsenious sulfide sol is to pass
hydrogen sulfide to saturation through a saturated solution of arsenious
acid. A bright-yellow sol is thus formed. The excess hydrogen sulfide may
be removed by boiling or by a stream of hydrogen. The temperature of
the reaction mixture is of very little importance, but the size of the particles
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in the resulting sol increases with increased concentration of the arsenious
acid and decreases with increased speed of hydrogen sulfide addition.4!

Concentrated arsenious sulfide hydrosols may be prepared by
alternate dissolutions of arsenious oxide and gassings with
hydrogen sulfide followed by evaporation under reduced pressure.
Sols as concentrated as 200 g. As,S; per liter and extremely
viscous pastes of 300 g. per liter have been prepared in this
fashion. 42

A recipe for the preparation of a hydrosol of high degree of
dispersion is the following:!4?

Forty to one hundred cubic centimeters of a cold saturated solution of
arsenious oxide are diluted to 200 cc. and treated with a solution consisting
of 1 cc. saturated H,S water diluted with 100 cc. water. A very faint yellow
color develops. Then it is diluted to 1 liter with a hydrogen sulfide solution
ten times as concentrated as the former one, following which hydrogen
_ sulfide gas is passed through the solution to saturation. The excess hydro-
gen sulfide is blown out by means of hydrogen gas. The resulting sol shows
a very faint Tyndall cone with no submicroscopic particles. This method is
similar to the Zsigmondy nuclear method for the preparation of gold sols.

A recipe for antimony sulfide sol formation is to pass hydrogen
sulfide through an aqueous solution of 5 g. potassium antimonyl
tartrate (tartar emetic) per liter followed by dialysis. A deep
orange-red sol is thus formed.

To prepare copper sulfide hydrosol:

Dissolve 5 to 10 g. of cupric sulfate in a liter of water and precipitate the
hydroxide, carbonate, or sulfide. Wash the precipitate by decantation until
a sulfate test is very faint. Then suspend the precipitate in about 1 liter
of water and pass in hydrogen sulfide until the precipitate peptizes. If the
peptization is slow, it is well to let the closed system stand quietly overnight
and repeat the gassing with hydrogen sulfide the next day. The excess
hydrogen sulfide may be removed by dialysis or by a current of hydrogen,
less stable sols thus resulting.

Cupric sulfide sols containing about 5 g. CuS per liter are very
stable but dispersions four times as concentrated precipitate
within a few hours.!4* These sols are black in color.

Mercuric sulfide sol may be prepared easily in the following
manner :148

One gram of mercuric chloride is dissolved in 50 cc. water slightly acidu-

lated with hydrochloric acid. The sulfide is precipitated by means of
hydrogen sulfide, filtered, and washed to absence of test for chloride ion.
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Then it is suspended in 250 cc. of water and hydrogen sulfide passed through
until the precipitate is peptized.

This should oceur in 1 to 2 hr., producing a black and opaque
sol. When dilute, the sol is brown to transmitted light with a
greenish cast in reflected light. It has been stated that sols
containing 10 g. per liter of HgS can easily be prepared.!4¢ The
excess hydrogen sulfide may be removed by hydrogen gas with
attendant decrease in stability.

An interesting behavior of the sulfides of cadmium, zine,
mercury, and lead reported by Young and Goddard'® is that,
when these sols are repeatedly dialyzed to precipitation and
repeptized by hydrogen sulfide, the flocculation becomes increas-
ingly difficult upon dialysis and the repeptization by hydrogen
sulfide becomes more rapid as the process is repeated.

Other Colloidal Salts.—Without doubt, it would be possible
to prepare a wide variety of hydrosols of water-insoluble salts.
With the exception of the sulfides, silver halides, Prussian blue,
and copper ferrocyanide one finds very little discussion of colloidal
salts in the literature.

Silver halide hydrosols and especially silver iodide with the
colloidal micelle as anion or as cation have been investigated
by Lottermoser,’¥ who showed that such hydrosols may be
readily prepared by mixing a solution of a potassium halide with
one of silver nitrate provided the concentrations are less than
0.1 N. When the halide is in excess, the silver halide micelle
is negatively charged. Excess of silver ion produces a positive
micelle. The negative sols are more stable than the positive,
the latter flocculating immediately if dialysis is attempted.
Silver iodide sol with excess Cl— ion may be prepared at 0.125 N
concentration, while silver iodide sols with excess Ag* ion may
not be made more concentrated than 0.05 N. Freshly pre-
cipitated silver iodide is peptizable by potassium iodide but not
by silver nitrate. Less excess of iodide is required to stabilize
silver iodide particles than in the case of excess silver ion. The
latest description of the preparation of a silver halide sol given by
Lottermoser -(in 1925) is the following one.

Twenty cubic centimeters of a 0.1 N potassium iodide solution is diluted

to 500 ce. and is vigorously agitated while 0.1 N silver nitrate solution is
added dropwise (to make the negative sol, and vice versa to make the positive
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sol). As the first few drops of silver nitrate are added, a yellow-green solu-
tion arises and upon further addition of silver nitrate becomes increasingly
opalescent. When near the equivalence point it suddenly becomes turbid,
whereupon one more drop of silver nitrate brings about precipitation.

If the reverse process is carried out, <.e., if the potassium iodide
is dropped into the silver nitrate, the appearance is in general
the same except that the turbidity increases faster. When
silver nitrate is titrated into potassium iodide, complete pre-
cipitation of silver iodide occurs at exact equivalence but when
potassium iodide is titrated into silver nitrate, complete floccula-
tion occurs when the ratio KI:AgNO; = about 0.996:1. The
silver halide sols are not very stable.

Prussian blue hydrosols may be prepared by addition of 0.1 N
potassium ferrocyanide solution to 1 ce. of 0.1 N ferric chloride
solution in 199 ce. of water.#® The color and degree of dispersion
~ of the sol are affected by the ratio of ferrocyanide to iron as shown
in Table 19. In the ultramicroscope the Tyndall cone intensity

TaBLE 19.—INFLUENCE OF FERROCYANIDE: IRON RATIO

o%ﬁ?&%ﬁ?ﬁﬁ& Color of sol Color of ultrafiltrate
1 Blue Colorless
2 Blue Green
10 Brighter blue Blue (with greenish tinge)
20 Blue-green Blue-green
30 Light green Light green

of the sols decreased from 1 to 30. Addition of an excessive
amount of potassium ferrocyanide always produced a blue
precipitate.

The sols so prepared are very stable and possess negatively
charged micelles. In presence of a slight excess of ferric chloride
the micelles are positively charged but such sols are not very
stable. They spontaneously flocculate. Upon shaking, an
almost clear blue liquid is obtained which starts to settle out when
quiet.

Prussian blue precipitate peptizes in solutions of alkali oxalates,
forming green solutions.!® Rochelle salt also peptizes Prussian
blue to a green solution which is said to be ferric tartrate and



PREPARATION OF COLLOIDAL SOLUTIONS 135

alkali ferrocyanide.!® Prussian blue can be reprecipitated from
the latter solution by the addition of hydrochloric or acetic acid.

Cupric ferrocyanide hydrosol, containing negatively charged
micelles, is prepared by mixing dilute solutions of cupric chloride
and potassium ferrocyanide, the latter being in excess. This
hydrosol is deseribed by Duclaux.5!

Simple Precipitation..—When a solution of substance A4 in
liquid B is poured into liquid C, a sol generally arises if A is
insoluble in C and provided liquids B and C are miscible. For
example, sulfur dissolves in hydrazine hydrate forming a deep-red,
stable solution. When this solution is poured into water, a clear
bright-yellow dispersion is obtained.'®2 If insufficient hydrazine
is present, the clear dispersion changes in a few minutes to an
opaque dispersion. Added ammonia or hydrazine hydrate
prevents this. The dispersion must be protected against the
carbon dioxide of the air.

Colloidal selenium can be prepared by means of hydrazine
also.1%3

If an alcoholic solution of sulfur prepared by the action of
hot alecohol upon sulfur is poured into water a white suspensoid
sol of sulfur is obtained. This is called “von Veimarn’s sulfur
sol.”

Alcoholic solutions of gum resins, such as shellac, rosin, and
mastic, form suspensoid sols when poured into water.
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CHAPTER VII

THE NATURE OF MICELLES

After Thomas Graham had peptized hydrous ferric oxide
by ferric chloride, he attempted to remove the chloride impurity
by dialysis only to find that the dispersed phase precipitated
before all of the chloride had been removed. This led him to
believe that a hydrosol of pure hydrous ferric oxide could not be
prepared. Graham’s experience has been repeatedly confirmed
by many investigators who have worked with sols of the hydro-
phobic and intermediate classes. One investigator, however,
claims to have prepared sols of pure hydrous ferric oxide.!

Linder and Picton (1892) showed that hydrosols of the insoluble
sulfides could be had only in the presence of some hydrogen
sulfide. Jordis and Kanter (1903) noted that some added acid or
alkali was essential to the formation of a sol of hydrous silica.
Duclaux (1907) demonstrated that a slight excess of potassium
ferrocyanide was required in the formation of copper ferrocyanide
hydrosol. In the same year, Svedberg? found that he could
obtain more stable platinum sols by arcing platinum electrodes
in ether containing impurities than in pure ether. Then, in
1915, Beans and Eastlack demonstrated the necessity for presence
of traces of certain kinds of electrolyte for the preparation of
gold hydrosols by the Bredig-arc method.

Thus it has been shown that colloidal dispersions of insoluble
substances require the presence of some other substance, usually
a particular ion, and in this way the ““ complex theory of colloids”
developed. The presence of electrolytes is not essential to the
stability of hydrophilic dispersions, however. A wide variety of
the latter can be dialyzed free from all electrolyte without
precipitation taking place and certain pure solids which give
rise to hydrophilic dispersions will disperse in pure water without
the assistance of added electrolyte.

141
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Obviously, when we use the terms ‘colloidal ferric oxide,”
“antimony sulfide,” ‘‘ copper ferrocyanide,’”’ etc., we are naming
only a part which is the more inert chemically. Duclaux (1907)
called the extra potassium ferrocyanide in the copper ferrocyanide
sols the “active part.” Malfitano® designated ferric oxide sols
prepared by ferric chloride peptization the chloroferric colloids
and the ferrichydroxychloride colloids.

At the present time, the writers who use names such as pro-
posed by Malfitano are in the minority. The majority name
the insoluble part, such as ferric oride sol, and then refer to
ferric chloride, hydrochloric acid, etc., as the peptizing agent
because hydrous ferric oxide gel peptizes under treatment with
these electrolytes to form a sol. Then since these micelles are
positively charged, ferric or hydrogen ions are called the stabidiz-
ing or peptizing ions.

While it is now generally recognized that insoluble substances
cannot exist in a form of reasonably lasting dispersion without
the presence of certain crystalloidal ions, the nature of the par-
ticles and of the stabilizing forces is under debate. There are
two distinct schools: the one maintaining that a hydrosol of, for
instance, ferric oxide consists of ferric oxide particles with
adsorbed H+ or Fettt ions on their surfaces, while the other
school prefers to look upon such hydrosol particles as more
complicated chemical agglomerates. The prime reason for
assuming that the above-named cations are adsorbed on the
particle surface is that the micelle migrates to the negative pole
in an electrical field.

If water of hydration is ignored, a simple picture of such a
colloidal particle is

zFe;0;.Ht Cl- or 2zFe,0;Fettt 3Cl-

and ferric oxide is said to adsorb preferentially Ht ion or Fet++
ion. By virtue of the fact that the colloidal particles are all
charged alike, the stability of the dispersion is said to reside
in the electrical repulsive forces which are in opposition to the
‘gravitational force of attraction and the surface forces of
agglomeration.

Based on the X-ray revelations of the nature of erystal struc-
ture by the Braggs, Langmuir, apart from any thought of
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colloidally dispersed particles, showed why the surface of a
crystal has attractive forces for certain ions. Since, he pointed
out, the body of a crystal consists of its component atoms
spaced in an orderly arrangement about each other and held to
each other by secondary-valence attractive forces, the surface
of the crystal must contain atoms part of whose secondary

--B‘r-_-A‘g-—-Blr-—- —Blr—A|g—Blr——A’g N(-)3
A |
—Ag — Br — Ag— ~—Ag — Br —— Ag —
. I
—Br — Ag — Br— —Br — Ag — Br —
| I
—Ag — Br — Ag— ~— Ag— Br — Ag—
| | 1 | | 1
(a) (b)
| |
— Br — Ag —/ Br—
]
—Ag — Br — Ag—
I
—Br — Ag — Br —
I N
_.?g_al,-_Alg—-ar Na
()

Fia. 43.—Surface of a silver bromide particle.

valences is unsatisfied. Thus he described the surface of a
crystal as a sort of checkerboard of inactive and active areas,
the latter by virtue of their secondary valences having the
property to attract and to hold suitable substances.

An application of Langmuir’s idea to silver halide sols is given
in Fig. 43. Figure 43a shows the nature of a part of the surface
of a particle of silver bromide. Such a particle was shown by
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Lottermoser to be unstable, whereas when he mixed together
solutions of silver nitrate and sodium bromide in proportions
which were not equivalent he obtained stable dispersions.
Figure 43b indicates the nature of the sol particle when silver
nitrate was in excess, and Fig. 43¢ for excess of sodium bromide.
The excess silver ion is shown in Fig. 43b as satisfying one of the
secondary valences of one of the bromin atoms of the particle
surface, thus conferring upon the particle a positive charge.
Similarly, in Fig. 43¢ the particle becomes negatively charged.
As a result of the double-decomposition reaction, Na+ and NQs~
are present in abundance in all three cases but, however, in view
of the nature of the dispersions mentioned above, these ions
evidently are not significant.

The picture just described affords an understanding of posi-
tively and negatively charged silver halide sol particles. While
such a simple picture may be adequate for these particles and for
some other hydrophobic colloids, there is evidence which shows
certain kinds of dispersed particles to be more complex in nature.

Oxide Hydrosols.—In keeping with the ideas of Duclaux,
Malfitano, and Dumanski® concerning the nature of iron oxide
hydrosols, Zsigmondy® postulated that the peptization of stannic
oxide gel by potassium hydroxide produces particles which
(water of hydration ignored) could be represented qualitatively as

zSn0,.8n0;~ 2K+

thus describing the colloidal particle as an aggregate of stannie
oxide with adsorbed stannate ions, the charge of the latter being
balanced by potassium ions.*

As a result of conductivity studies, Varga’ concluded that
the negatively charged ionic micelle of such stannic oxide sols
is more complicated, some of the potassium being bound in it.
Wintgen® confirmed this conclusion by electrical transport as
well as by conductivity measurements and gave the qualitative
formulation of the dispersed phase as

SnOz.KQO.HzO SD.O;H_ K+

He showed later that part of the chlorin in a sol of ferric oxide
peptized by ferric chloride migrated with the iron oxide to the

* Such balancing crystalloidal ions are now called “contra-ions.”
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cathode? and likewise in the case of a chromic oxide sol.®® In
his investigation of the iron oxide sols he made calomel-electrode
potential measurements which showed that only a fraction of the
total chlorin present was in the form of free chloride ion.

Thomas and Frieden!! noted that ferric oxide sols in which
the particles contained an appreciable amount of chlorin had a
conductivity lower than that of distilled water used for dialysis.
The fact that most of the chlorin in an iron oxide sol could be
in an un-ionized form was indicated qualitatively in 19022 by
Hantzch and Desch, who, upon dialyzing a ferric oxide sol until
its composition upon analysis showed a Fe:Cl equivalent ratio of
19, found that no precipitate was obtained upon addition of
silver nitrate.

Linder and Picton!? obtained results which agreed with those
of Hantzch and Desch and concluded that the sol particle
‘““substance present here is a hydroxychloride and not a hydrate
associated with ferric chloride or free hydrochloric acid.”
Neidle!* claimed the sol to consist of a series of oxychlorides.

In view of the evidence, the qualitative formulation of the
dispersed phase in such iron oxide hydrosols (ignoring water) is

n+
Fe, O, Cl | nCl-.

Apparently a better name for such a sol would be ferricoxychloride
hydrosol. An objection to such a name would be that it connotes
a definite chemical compound. No such connotation is intended
by the writer; the dispersed phase undoubtedly consists of an
agglomerate of various chemical compounds.

Recently the author and his students!®!®!7 have attempted
to elaborate the micellar constitution of such hydrosols, particu-
larly aluminum ““oxide” and chromic “oxide’’ sols,!® basing their
argument upon the Werner theory of complex salts and extensions
of this theory to basic salts.

The hydrolysis of chromium or aluminum* salts according to

* The citation of aluminum as a complex former surprises some chemists
who may not realize that coordinative compounds of this element have
been described.®
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Pfeiffer® is, in contradistinction to Arrhenius’s theory of hydroly-
sis, as follows:

HgO\ /OH, e H20\ /OH 7
HQO—MG—OI‘Iz = |:H207MB<OH2:| + H+ (l)
Hzo OHz Hzo 0H2
The extent of this dissociation depends on the nature of the
anion?' which is associated with it, besides concentration, tem-
~perature,?? and basicity of the solution. Of all these factors,
basicity of the solution has the greatest influence on the degree
of dissociation because the combination of the base with the
hydrogen ion removes one of the products and thus promotes

further hydrolysis. Upon addition of sufficient base the dissocia-
tion goes so far as to produce a negative ion such as ’

H.0 OH7~

N,/

HzO—Me<OH @
HO OH

but before this stage of dissociation is reached, polymerization
reactions take place.

In 1902, Pfeiffer?? suggested the possibility of one coordinative
bond of each of two metal atoms being shared by one hydroxyl
(or rather hydroro) group. To such compounds Werner? gave
the name ol compounds and described the preparation of octam-’
minodioldicobalti sulfate from hydroxoaquotetramminocobalti
sulfate. Then Pfeiffer,?® observing that the red colored diethyl-
enediaminehydroxoaquochromi salts were converted to crystal-
line blue-violet salts with the loss of 1 molecule of water per atom
of chromium upon heating to 100 to 120°, proposed the formation
of the diol compound as the most satisfactory explanation,
according to the scheme*

en OH H;0 en en %\ en
x| o’ o e Yo Vo xeremo @
w’ omuo” e o’ 07 Nen
2 molecules of the red salt 1 molecule of tII-lIe blue-violet diol compound

* en = ethylenediamine; X = a monovalent anion.
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and he pointed out, “dass dieser Vorgang manche analogie mit
der Polymerisation organischer Verbindungen, z.B. der der
Aldehyde zeigt, ist ohne weiteres ersichtlich.” Since the flesh-
colored diethylenediaminehydroxoaquo salts did not undergo this
change upon heating, he ascribed to them the trans configuration,

Cr X2 4)
H.0 en

and to the red salts, the cis structure.

At this time Bjerrum? found polymerization of basic chromic
salts to occur upon heating their aqueous solutions. Bjerrum
called these ‘‘latent basic” compounds. A few years prior to
Bjerrum’s publication, Richards and Bonnet® also reported the
formation of high molecular-weight particles in basic chromic
sulfate solutions.

Returning now to a simple basic chromic ion, the schematic
representation of the polymerization would be

H;0 OH ~++ g 4+
N,/ VRN
2 Hgo—/Cr——OHz = (H20)4Cr\ Cr(H:0), +2H,0 (5)
H,0 OH, No
pentaaquohydroxochromi octaaquodioldichromi ion

on

The olation pictured above is favored by elevation in tempera-
ture and increase in concentration. It reverses very slowly upon
cooling or upon dilution and also, inasmuch as ol compounds
react less rapidly than hydroxo compounds upon addition of
hydrogen ion, the name latent basic applied by Bjerrum is under-
standable. From what has been said, it is likewise evident that
olation, by virtue of removal of one of the products, favors the
course of reaction (1) to the right.

The addition of an alkali to a solution of an aluminum or
chromic salt, which results in the formation of more hydroxo
groups in the complex around the metallic atom, greatly accel-
erates the process of olation. The change in hydrogen ion
concentration accompanying this process becomes noticeable
even in a short time during titration. Moreover, as the acidity



148 COLLOID CHEMISTRY

of the solution is neutralized, especially if the temperature of the
solution is raised, not only is the rate of formation of ol com-
pounds increased but also the reaction will involve more nuclei
to form polynuclear compounds. That is, dissociation of aquo
groups to hydroxo groups in the diol compound [Eq. (5)] renders
possible further olation to tetraol compounds, and so on.

Stiasny,? in 1926, revived interest in the process of olation
and, in 1927, suggested the possibility of the existence, among
other complexes, of dodecaoldodecaaquohexachromi chloride
(molecular weight = 732) in Bjerrum’s ‘“latent basic” chromic
chloride solution. Stiasny, owing to his interest in the basic
chromium solutions used in chrome leather tanning, has made
extensive and illuminating studies of the nature of basic chromic
solutions. Finding that solutions of ol compounds of chromium
become very acid and produce rather refractory chromic com-
plexes upon heating, he proposed the following mechanism as an
explanation:

H
o

++++ ++
(HzO).Cr/ \Cr(H,O). = (H;O).Cr/ \Cr(HgO)4 + 2H+ (6)
N/ \O/

[8)
H
(diol compound) (dioxo compound)

the hydrogen ions coming from the conversion of the ol bridges to
ozygen bridges, producing ozo compounds. This process is called
ozxolation and for convenience a possible intermediate product
containing one —O— and one —OH— bridge has been omitted
from Eq. (6). Oxo compounds are very resistant to the action of
hydrogen ion. Thus once the reaction to the right in Eq. (6)
has been effected, its reversal is exceedingly slow.

Olation and oxolation, therefore, explain why freshly precipi-
tated aluminum or chromium hydroxide which is readily soluble
in dilute acid becomes more resistant on heating and standing.

On complete oxolation of a polyolated structure such as
hydrous alumina, the very inert substance, Al:Os, is formed.
When the structure of the oxide is represented by a spacial
picture with each aluminum atom united with its neighboring
aluminum atoms through two adjacent oxygen bridges which
are arranged around it at the corners of an octahedron, there
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will be four aluminum atoms surrounding each oxygen atom.
This picture of the structure of aluminum oxide agrees with that
which has been revealed by X-ray studies on corundum erystals.?

Olation of hydroxo groups provides a theoretical mechanism
for the gradual increase in size of hydrous oxide aggregates in
solution. An olated nucleus containing six aluminum atoms is
shown in Fig. 44. Upon hydrolysis of any of the water molecules
shown in this hypothetical complex, it is seen how olation with
other similar nuclei may result through the hydroxo groups thus
formed, producing larger complexes. Also it is seen how, by
dissociation of an aquo group, a hydrogen ion moves from the

++ 4+

F;z-o\ /Ho\ H2°/OH\ HO[* **
Hp0-ALL AL /Al /Hzo

\\ \ ,’ ~"HO
\ oM HZO
OH HO V

N / HO~_ Hy0 \ "QH 6Cl
"\ .~ % /OH \\\\~\\ /I

H,0_ _-Al< Al — H,0
A]. \ Al e / \’Z

H o I HO
L™ 0 M0

F16. 44.—Dodecaoldodecaaquohexaalumini hexachloride.

“internal sphere” to the ‘‘outer solution,” thus leaving the
nucleus with a hydroxo group and with one less positive charge.
If, then, six aquo groups in the sort of nucleus shown in Fig. 44
were to dissociate, the charge would be reduced to zero. Such
dissociation, accompanied by oxolation, would take place upon
heating or upon addition of alkali to the solution, or both. When
the charge of such nuclei is reduced, so is the stability in solution.
It is well-known that addition of alkali or prolonged boiling
causes precipitation of the dispersed phase of ‘“hydroxide” sols.

The dissociation of a hexaaquo aluminum or chromic ion in
water, resulting in the formation of hydroxo groups bound to the
nucleus, may also be regarded as a migration or penetration of
hydroxyl ions into the internal sphere. Although the hydroxyl
ion concentration in pure water is exceedingly small, yet owing to
its high penetrating power, a hydroxyl ion makes its way into the
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internal sphere and replaces a water molecule. As the concen-
tration of hydroxyl ion in the solution increases, more of it will
penetrate into the internal sphere and become bound in the
nucleus. However, other anions as well as hydroxyl ion arc able
to penetrate into the complex to greater or less degree, depending
upon the nature and concentration of the anion added to the
solution. For example, Feigl and Kraus® found that a solution
of basic aluminum acetate is rendered alkaline when potassium
oxalate is added to it. They accounted for this by the reaction

Al(OH)(CoH10,); + 3K,C,04 — K3[Al(C:04)s] + 2KC:H;30. +

KOH (7)

8

2D
7
] i 1D
= / L3 5
° 1
4

0 01 02 03 _ 04 05
Final Salt Concentration in Equivalents

Fia. 45.—Effect of potassium chloride upon the pH values of aluminumoxyiodide
sols.

and utilized it for the analysis of solutions of basic aluminum
salts. In passing now from such a simple erystalloid solution to
a gel, it may be pointed out that, when freshly precipitated
alumina hydrate is treated with a neutral salt such as potassium
sulfate, citrate, or phosphate, the solution becomes alkaline to
phenolphthalein.3! Since, then, a crystalloid basic aluminum
salt and hydrous alumina gel become alkaline upon treatment
with certain neutral salts, it would seem logical to assume that
dispersions intermediate between the basic crystalloid salts and
the gel would act in the same manner. This has actually been
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found to be the case for aluminum oxysalt hydrosols!®1" and
also for chromic oxysalt hydrosols.!8

In Fig. 45% is shown the effect of added potassium chloride
upon four aluminum oxyiodide sols. It is seen that all became
less acid, two of them actually becoming alkaline in reaction.
While the salt is shown to exert the same general effect upon all
four sols, it is obvious that the sols react to different degrees,
showing that even a more comprehensive name, such as “alumi-
num oxyiodide” sol, does not in any way refer to one simple
system.

The sols used in Fig. 45 were made by the action of a dilute
solution of hydriodic acid upon aluminum amalgam.’ The

details of the preparation and the composition are given in
Table 20.

TABLE 20.—PREPARATION AND COMPOSITION OF THE SoLs DESCRIBED IN
Figs. 45 Anp 51

Sol
1 1D 2 2D 3
Amount of 0.5 N HI added, b
[ 20 | ...... 100 | ...... 50
Total volume, liters....... N [ SR 3
Temperature of reaction...| Room | ...... Boiling | ...... Boiling
Time of reaction.......... 2days | ...... 8hr. | ...... 8 hr.
Dialysis................. None Soll | ...... Sol 2 |14 days
dialyzed dialyzed
for for
10 days 4 days
Aluminum content, m.e.*
perliter............... 23.0 8.77 | 425.6 [386.9 [143.4
Iodide content........... 2.961 | 0.363 | 11.25| 4.511 1.291
Ratio AL:I.............. 7.8 24 38 86 111
Viscosity, time of outflow
in seconds (H,O = 82.0).| 82.4 82.6 92.3 [109.4 95.6
pHvalue................ 4.17 5.35 4.88 | 4.94 5.63

* m.e. = milliequivalents.

Sol 2, which was prepared by the action of a boiling solution
of dilute hydriodic acid upon aluminum amalgam instead of at
room temperature, liberated more hydroxyl ion as a result of the
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addition of sodium chloride than sol 1 did. It is also to be noticed
that sol 2 was much more concentrated than sol 1. When these
sols were dialyzed, however, their reactivity increased as shown
for the curves 1D and 2D.

In Fig. 46 are shown the effects of the addition of potassium
chloride to two aluminum oxychloride sols.!'®* These sols were
prepared by peptization of freshly precipitated hydrous aluminum

7.00
X SJ/A
v
600 —~=
H
F 500 — So/ D.
" ! Alct
[
il
400
% 10 20 30 40 50

cc.of NKCl Added

Fi1a. 46.—Increased effect is noted with increasing basicity of the aluminum
complex.

oxide with hydrochloric acid under approximately the same
temperature conditions. The composition of these sols is given
in Table 21.

TABLE 21.—COMPOSITION OF ALUMINUM OXYCHLORIDE SOLS SHOWN IN

Fia. 46
Total Al, | Total Cl,
m.e. per | m.e. per | Al/Cl pH
liter liter
A 44 1.2 37 4.75
Do 62 13.4 4.6 4.39
AlCh. .o 62 62 1 4.36

Thus Fig. 46 shows that the sol A, containing 37 equivalents
of Al to each equivalent of Cl, suffered a greater increase in pH
than sol D which contained 4.6 equivalents of Al to Cl. It is
noted also that the aluminum chloride solution underwent a
slight increase in pH as a result of the added salt.



THE NATURE OF MICELLES 153

Salts affect the pH values of an ‘“aluminum oxide’ sol to
different degrees depending upon the nature of the anion as shown
in Fig. 47, where the -oxyiodide sol 2D was used. In Fig. 48,

10
Oxalate 1
9
il
/ , Sulfate
8 Py e il
.~.Chloride
7 =
PH - Acetate B D,

. trate
6 / b 3
|74

4

0 04 02 03 04 05
Final Salt Concentration in Equivalents

F1a. 47.—Influence of nature of anion of added neutral salt upon pH values of
aluminumoxyiodide sol, 2D.

the pH changes produced by the addition of neutral salts to a
chromic oxychloride sol are plotted.

TABLE 22.—DEscrIPTION OF CHROMICOXYCHLORIDE HYDROSOLS*

Sol number 8 12 13
Normality CrClused...................... 1.0 0.5 0.5
Dialysis hours.............................| 120 120 192
Cr,m.e.perliter......,................... 156.0 | 144.9 75.88
Cl, m.e. per liter.. el 17,93 15.74 5.14
Ratio Cr:Cl.. 8.7 9.2 14.8
pH at end of dlalyms (25) 3.88 3.76 4.30

* Discussed on pages 154, 157 and 160.

It may be well to refer to crystalloidal chromic salt solutions
in this connection. First, it is known that oxalate, acetate,
tartrate, and sulfate ions readily react with chromic chloride,
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displacing coordinatively bound aquo groups or chlorido groups
and, if at a sufficient concentration, actually convert the chro-
mium cation to an anion resulting in the formation of chromi-
ates.32 Nitrate and chloride are much less powerful in this
respect and do not produce chlorido or nitrato chromiates
although the triaquotrichlorido chromium has been recognized.
Second, it has been shown that low concentrations of sodium
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F1a. 48.—Influence of nature of anion of added neutral salt upon pH values of
chromicoxychloride sol, 12.
chloride decrease the hydrogen ion activity of chromic chloride
solutions®® and it is known that sodium sulfate is more potent
in this respect.?? Although it has been denied?* that hydroxo
groups can be replaced by neutral salt anions from erystalloid
and semicolloid complex ions, the curves in Figs. 47 and 48 give
strong indication that either hydroxo or ol (or both) groups have
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been replaced from the chromic micelles by the added neutral
salt anions. The steep rise in the polyvalent anion curves
(Fig. 48) just under 0.01 N concentration of added salt would
indicate that at concentrations below about 0.05 N, in this
case, the aquo and chlorido groups were being replaced to a much
greater extent than the hydroxo groups were. This is reasonable
in view of the fact that hydroxo groups are known to be about
the most strongly coordinatively bound groups in low molecular-
weight chromium complexes.3?3

Thus far, the discussion has involved “oxide” hydrosols con-
taining the contra-ions chloride and iodide. The question arises

7
,; lodide _J,
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Fic. 49.—Effect of potassium sulfate upon pH values of aluminumoxyiodide,

bromide, chloride, and acetate sols.
whether the nature of the contra-ion has any influence upon the
properties of the hydrosols. In order to answer this question,
four different aluminum oxysalt hydrosols: -oxyiodide, -oxy-
bromide, -oxychloride, and -oxyacetate were prepared in as iden-
tical a manner as possible.’® Then the effect of added potassium
chloride and of potassium sulfate upon the pH values of these
sols was measured. Figure 49 shows the results obtained for
potassium sulfate (potassium chloride gave the same order of
curves but, of course, at lower pH values). They are all differ-
ent! The order of reactivity, -oxyiodide sol > -oxybromide >
-oxychloride > -oxyacetate is the reverse of the effect obtained
when the corresponding potassium salts are added to an alumi-
num oxychloride sol. This is to be expected. If acetate is more
potent than iodide in entering the internal sphere of an aluminum
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oxychloride sol and displacing therefrom hydroxo groups, then
an aluminum oxyacetate sol should be less affected in this respect
than an aluminum oxyiodide sol by the addition of a neutral
salt.

‘When aluminum or chromic oxysalt hydrosols are heated, they
become more acid. This may be explained on the basis of two
mechanisms. First olation increases, thus removing a reaction
product which would favor hydrolysis of aquo groups. Also ol

" compounds would oxolate, thus contributing further to the
hydrogen ion activity of the solution. Since ol groups are less

o |
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F1a. 50.—Effect of potassium salts upon pH values of aluminumoxyiodide sol, 1.

3

reactive toward neutral salts than hydroxo groups, and oxo
groups are inert, it would be expected that heat-treated sols
would be less reactive toward neutral salts. The result of an
experiment in which an aluminum oxyiodide sol was heated at
90° for 10 days, cooled at room temperature, and then treated
with neutral salts is plotted in Fig. 50.1% It is seen that the sol
became more acid as a result of the heating and that the added
neutral salts had very little effect upon the pH of the heat-treated
sol. It is also evident that here we have two aluminum oxyiodide
sols of identical total aluminum and total iodide content but
possessing different properties! Chromic oxychloride sols act
similarly.®

While the heat treatment would produce oxolation of ol groups,
it is to be remembered that olation of hydroxo groups would also
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occur, thus giving an additional reason for the greater inertness
of the heated sol toward neutral salts.

When heat-treated sols are allowed to stand at room tempera-
ture, the reaction reverses slowly. For example, aluminum
oxyiodide sol 1, with a pH value of 4.20, was at pH = 3.15
immediately following the above-mentioned heating. In 20
days at room temperature the pH rose to 3.31. The unheated
sol became more acid on standing at room temperature. In
90 days its pH was 3.87. Chromic oxychloride sol 8 (pH 3.88)
was at pH = 2.71 immediately after the same heat treatment
and in 28 days at room temperature its pH rose to 2.83, while
in the same time the unheated sol showed a pH value of 3.73.
Thus one may have two sols containing identical amounts of
aluminum (or chromium) and of iodide (or chloride) which are
different in properties owing to different degrees of olation and
oxolation.

The extent to which an anion becomes coordinatively bound
in the positively charged micelle would likewise be expected to
influence the properties of such hydrosols.

The internal sphere binding of anionic radicals in crystalloid
compounds is well-known, particularly in the case of chromium
compounds which have been studied extensively. For example,
the following solutions of chlorides of chromium are recognized:

H.0 H,O7+*
[HZO Cr H.0 3Cl-
H.0 2

Hexaaquochromichloride. Violet-colored solution. All chloride precipitable by silver
nitrate in the cold.

H.0 Cl q*+
[HzO Cr H,O| 2CI-
H.O0 H.0

Pentaaquomonochloridochromichloride. Briﬁht-green solution. Two-thirds of the
chloride precipitable by silver nitrate in the cold.

H,0 Ct 7+
[H,O Cr Cl Cl-
H.0

H.0

Tetmm‘uodichloridochromichloride. Dark-green solution. One-third of the chloride
precipitable by silver nitrate in the cold.

When any of these salts is dissolved in water, an equilibrium
is finally established where certain amounts of all three cations
are present. In cold dilute solutions, the hexaaquo ion pre-
dominates, while increase in concentration and temperature
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produces more of the pentaaquomonochlorido and tetraaquo-
dichlorido ions. These facts were demonstrated by Bjerrum.

The formation of the green salts is also favored by the addition
of chloride ion to solutions of the violet salt. This is readily
shown by a simple experiment. Prepare two identical solutions
of the violet chromic chloride. To one add some sodium chloride.
Warm both solutions and cool them. The one containing sodium
chloride will be green, while the other will be violet.

It is seen that in the coordinative binding of an anionic radical
at the expense of a neutral group (H,O in these cases), the
positive charge of the complex cation is reduced.

Sulfate, having a greater tendency than chloride to be coordi-
natively bound, gives rise to some interesting compounds. For
instance, there is the compound Cr:(S0,)s.6H,O which in coid
aqueous solution does not react with barium chloride and is not
a conductor of electricity. The following formula is ascribed
to it

(H:0)57°
CéSO.
\SO
4
CI%S(L
(H;0),
Hexaaquotrisulfatodichromium

Since, then, anionic radicals are known to exist in a coordi-
natively bound state in crystalloidal salts, it seems reasonable to
assume that they may also so exist in colloidal micelles. Thus
one has an explanation for the migration of chlorin to the cathode
in certain chromium and iron oxychloride hydrosols and the fail-
ure for the detection of the chlorin by the silver nitrate test.

Evidence for the binding of anionic radicals in a cationic micelle
has been offered by conductivity titrations of aluminum oxyiodide
and of chromic oxychloride hydrosols, the results of two experi-
ments being plotted in Figs. 51 and 52. One hundred cubic
centimeters of hydrosol was titrated in a conductivity cell with the
silver salts noted on the curves. The dotted vertical line in the
figures locates the total available halide content of the sols.
It is noted that the steepness of the slopes in Fig. 51 is in the
order tartrate > sulfate > acetate > nitrate, while the mobili-
ties of the ions involved in the experiment are sulfate > iodide >
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nitrate > acetate > tartrate. Obviously, the drop in con-
ductivity cannot be ascribed alone to the replacement of iodide
ions by the added anion. Despite the fact that sulfate ion has a
higher mobility than iodide, before the equivalent point was
reached the conductivity of the sol was very markedly diminished
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Fi1a. 51.—Conductance titrations of aluminumoxyiodide sol, 3.

by the silver sulfate. Therefore, it must be admitted that the
fast-moving sulfate ions were removed from the solution. This
removal is also true for the tartrate ions and to some extent for
the acetate ions. The tendency for acetate ions to become
coordinatively bound in the aluminum micelle is less than that
for sulfate and tartrate. and nitrate has oracticallv no such
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tendency. Since in this experiment the concentrations of added
anions (with the exception of the highest concentration of silver
tartrate) were too low to effect displacement of hydroxo groups,
they could displace only aquo and possibly iodo groups. The
replacement of aquo by anionic groups would lower the charge
on the ionic micelle and thus further contribute to a drop in
conductivity. The upward slope of the nitrate curve in Fig. 52
is evidence for the failure of nitrate to become attached to the
chromium atoms. Whether the differences in the slopes of the
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F1a. 52.—Conductance titrations of chromicoxychloride sol, 13.
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nitrate curves in Figs. 51 and 52 may be cited as differences
between aluminum oxy- and chromium oxysalt hydrosols is, of
course, questionable.

The fact that silver nitrate precipitated all of the halide in
the hydrosols does not preclude the possibility of the existence of
some of the halide as coordinatively bound in' the original sols.
As soon as the halide ions in the solution were removed by pre-
cipitation as silver halide, then iodo or chlorido groups would
migrate out from the micelle to restore the equilibrium, and so
on, until all had been removed by the silver present.

"When the various factors involved in the nature of a given
metal oxysalt hydrosol are reviewed, the futility of attempting to
define a sol by a few ultimate analytical values is obvious. It is
likewise apparent that there are innumerable hydrosols of the
“oxide” of a given element.
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The writer has confined his discussion to erystauoidal chromium
salts, aluminum oxy-, and chromic oxysalt hydrosols in order
to base the argument upon systems which have been studied
experimentally.

It is not at all illogical to assume that ferrlc oxysalt sols are
analogous to those discussed and, inasmuch as potassium has
been shown to be bound in the stannic ‘‘oxide’”” micelle® and
chlorin in the “silica’” micelle,**" then these also may be simi-
larly complex. The well-known fact that vanadium, tungsten,
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OH HO OH HO OH HO

\//HO\\//HO\\/ HO\/

H,0 H,0
HOI \OH/ \OH/ \OH/ \OH

F1a. 53.—A two-dimensional picture for Al,0;.4H:0.

OH
H,0

and molybdenum form many complex salts would lead one to
suppose that their oxide hydrosols are likewise subject to a
similar point of view. There is a great opportunity for research
in this particular field of colloid chemistry.

Hydrous oxide hydrosols may be formed by the peptization
of the hydrous oxide as well as by hydrolysis of the crystalloidal
salts. In fact they are generally prepared by the acid peptiza-~
tion of the hydrous oxide. The mechanism may be conceived
as follows, taking alumina as typical:

An oxide of aluminum having the definite composition of
Al;0;.4H;0% has been identified. The simplest two-dimensional
structure of this compound* would be as depicted in Fig. 53.%°
When acid is added, two possible reactions are expected to take
place with a complex of this nature. Hydrogen ions will react
with the hydroxo groups (shown at the four corners in the figure),
forming aquo groups and conferring one positive charge for each
hydroxo group thus converted. Deolation may also take place

* This picture is purely hypothetical and is given to simplify the discus-
sion. Pieces of hydrous alumina undoubtedly contain many more atoms
per particle.
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to some extent. A certain number of anions may also enter the
complex, displacing an equivalent number of aquo groups or
hydroxo groups or both. As deolation takes place, ol groups
become free hydroxo groups and these in turn are converted to
aquo groups. Finally aluminum ionic micelles are formed in
the solution when the ratio of charge to mass becomes sufficiently
great and, naturally, provided the number of equivalents of
acid is much less than the number of equivalents of aluminum
present. If the solution is warmed during the action of the acid
upon the gel, the peptization is facilitated owing to the greater
activity of the acid upon the ol linkages. However, if the
hydrous oxide has been aged or heated, then the action of the
acid upon the gel will be very feeble on account of the olation
of the original hydroxo groups and particularly oxolation of the
ol groups.

It is well-known that boiling a suspension of hydrous alumina
increases its resistance to the action of acids. When oxolation
and dehydration are complete, resulting in the formation of

0
AI£O>A1
\O/
which is effected by ignition of hydrous alumina at high
temperature, it is impossible to attack it even by strong acid
solutions.

Mention has been made of the possibility of anions entering
the complex and displacing aquo groups therefrom. The nature
of these anions thus coordinatively bound greatly influences the
stability of the ol linkage. Stiasny*!' states that the order of
resistance of ol compounds of chromium to the action of acids is
oxalic < formic < sulfuric < hydrochloric < nitric. This is the
reverse order for the tenacity of coordinate binding of the anions
of these acids to the central atom. Stiasny accounts for this in
the following manner, considering the ol compound:

X H X+
/ .
o’ Cr 2C1-
\\ /

0
(Hzo')a H (HQO)I
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where X is a monovalent anionic radical. If the chromium has
only slight affinity for X, then it possesses considerable reserve
valence energy for the other groups; while if X is a radical for
which chromium has high affinity, there is only a weak reserve -
of valence energy for the remaining coordinated groups and, as a
consequence, the ol linkage is feeble and easily split.

For the production of a sol in the peptization of a hydrous
oxide, one of the best acids to use would be nitric because nitrate
ions have but slight tendency to be coordinatively bound and
consequently to disrupt ol linkages. An acid such as oxalic
would not form a sol owing to the tendency of oxalate ion to
disrupt ol linkages and to be bound to the central atom. For
each equivalent of hydrogen ion of such an acid reacting with
the hydroxo groups, an equivalent of oxalate ion would be coordi-
natively bound. If the ratio of acid to alumina is low, the acid
would be removed from the solution without any dispersing effect
upon the alumina and one would say that it was adsorbed by the
alumina. A colloidal dispersion of alumina could not arise owing
to the disruption of the ol linkages but a crystalloid solution
would arise when the ratio of acid to alumina is increased.

The relative peptizing action of several acids upon hydrous
alumina has recently been determined™ under the conditions of
agitation of hydrous alumina with aqueous solutions of the acids
in the ratio of 30 equivalents of hydrous alumina to 1 of acid.
The peptizing order was found to be trichloracetic > dichlor-
acetic > nitric > hydrochloric > monochloracetic > formiec >
acetic > oxalic > tartaric > sulfuric. With but two exceptions,
this order is the reverse of the tendency of the anions to be coor-
dinatively bound as revealed by the effect of their neutral salts
in replacing OH groups from the micelles of an aluminum
oxysalt hydrosol. Thus in forming aluminum oxysalt, ete.,
hydrosols, the conditions must be such as to favor a high degree
of olation.

Negatively charged aluminum and chromic oxide micelles
exist as well as the positively charged ones which have just been
so extensively discussed. Our treatment of the negative micelles
must be brief because very little is known about them. In view
of the reaction AI(OH); + NaOH — NaAlO. + 2H.0, the
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writer prefers the following simple (and without doubt too simple)

formulation:
.’l:Alea.AlO 2 Nat

in which jonization of the sodium aluminate provides the nega-
tive charge on the ionic micelle. Some people prefer the scheme

17A1203.0H— Nat

on the idea that oxide sol particles are positive or negative
depending upon adsorption of H* or OH-, respectively. The
amphoteric oxides in general may exist in colloidal solution as
positively or negatively charged micelles. Even so weakly
amphoteric a substance as iron oxide may be obtained in the
state of a negatively charged ionic micelle but in this state the
dispersion is of only momentary stability unless other substances
such as sugar or gelatin are present. When such substances are
added, however, the sol is no longer entitled to the name of
““iron oxide.”

Hydrosols of the Noble Metals.—Considerable information
is now available concerning the nature of platinum hydrosol
particles. Beans and Eastlack?? demonstrated that during the
preparation of platinum hydrosols by the Bredig-arc method the
conductivity increased, owing to oxidation of the platinum.
The stability of the sol was attributed by them to the ions thus
formed. The conclusion that platinum oxidizes in the arc is
consonant with earlier evidence that finely divided platinum
is relatively easily oxidized.*®* The knowledge of the composi-
tion of platinum hydrosol particles has been greatly extended
by Pennycuick.*

Using the Bredig-arc method, this investigator has shown that,
on dispersing from 100 to 150 mg. of platinum per liter of water,
the specific conductivity attains the magnitude of 6 to 8 reciprocal
megohms which increases to 30 or more if the sol is boiled.
The sol is acid in reaction (pH = 4.6) and becomes more so
upon boiling. By means of conductivity titrations and freezing
experiments, Pennycuick showed that the acid is a fairly strong
one and identified it as hexahydroxy platinic acid, H,Pt(OH)s,
or one of its dehydration products. His experiments showed that
platinum oxides are also present in the micelle. He attributes
the clinging of these compounds to the platinum surface to the
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residual valency forces of the surface of the platinum very much
as shown in Fig. 43 for the silver halide particles. His sug-
gestion for a simple formulation of the platinum colloidal elec-
trolyte is

[zPt.yPt0.. Pt(OH)e~ 2H*

Although the HyPt(OH), in the foregoing formula is represented
as completely ionized, the hydrogen ions form an ionic atmos-
phere around each particle, and only a fraction can be regarded as
actually free.

Pennycuick’s formulation for electrically arced platinum
hydrosols is generally accepted. There is no such unanimity of
opinion concerning electrically synthesized gold hydrosols,
however. There are two schools of thought here, one favoring
a Werner complex structure and the other denying the existence
of gold other than as metal.

Pauli*® believes that auraates or auriates form during the
arcing process and become attached to the gold surface. He
confirmed the findings of Beans and Eastlack*? concerning the
necessity for the presence of certain ions in the solution during
the arcing and that certain other ions (those which do not form
complex auro or auri ions) do not aid in the electrical synthesis
of gold hydrosols. He has shown that the red sols made by
arcing in the presence of hydrochloric acid and of potassium
hydroxide are chemically different. The former are stable when
boiled and are unaffected by passage of carbon dioxide through
them. The latter turn blue and precipitate either when boiled
or when treated with carbon dioxide. He believes that gold is
oxidized to AuCl when arced in the presence of hydrochloric
acid, resulting in the formation of the chlorido compound HAuCl,.
He has found that, if gold is arced to the exhaustion of the hydro-
chloric acid in the solution, the sol becomes violet in color. It
turns red and becomes stable upon subsequent addition of
hydrochloric acid. He believes that a hydroxo compound, such
as KAu(OH),, arises upon arcing gold in the presence of traces
of potassium hydroxide. The hydroxo gold hydrosol can be
converted to a chlorido sol upon addition of the proper amount
of hydrochloric acid, the resulting sol being stable to carbon
dioxide and to boiling. Nitric acid does not do this and it is
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significant that crystalloid nitrato auraates or auriates have not
been prepared.

It is known that the crystalloid electrolyte is removed from
the gold particles upon freezing.#® Pauli* has obtained a chemi-
cal test for gold compounds in the solution and at first thought

-that the tetrachloridoauriate ion (AuCls)~ was attached to the
gold particles in the sol. However, analysis of the solution
obtained after freezing these sols showed HCl and (AuCls)~ to
be present in the ratio of 2 moles of the former to 1 mole of the
latter. This led to the conclusion that the ion actually attached
to the particle was the dichloridoauraate. Now the following
reaction is known:®

3(AuCl)~ — 2Au + (AuCly)- + 2CI- @)

and consequently Pauli believes that the sol arced in a solution of
hydrochloric acid is a complex (water ignored) such as

zAu.(AuCly)—- H*

the tetrachloridoauriate arising in the solution after destruction
of the sol by freezing as shown in Eq. (8).

The reader who may doubt the possibility of making the exact
quantitative analyses required for these conclusions will be
interested to know that Pauli and his colleagues found it possible
only through the process which they term electrodecantation,*
enabling them to concentrate the sols to the extent of 6 g. gold
per liter.

Pauli’s theory of gold hydrosol constitution is opposed by
Beans*? and his coworkers,® Zsigmondy,* and Thiessen.”*® The
last-named investigator has been unable to detect gold com-
pounds in red hydrosols, although he has obtained positive tests
in violet or blue under-reduced sols prepared by the phosphorus,
formaldehyde, and hydrazine reduction methods. He agrees
with Steubing®! that blue or violet sols contain aurous oxide.
According to the views of Beans, Zsigmondy, and Thiessen red-
gold hydrosol particles formed, for example, by arcing in the
presence of hydrogen or potassium chloride would be something
like zAu.ClI=K* or zAu.CI-H*. In fact Thiessen® ascribes the

* See p. 72.
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negative charge of the gold micelles to the sorption of hydroxyl
ions from water.

Inasmuch as Pauli showed the dissimilarity upon boiling and
to the action of carbon dioxide of red gold sols arced in hydro-
chloric acid and in potassium hydroxide solutions, it is inad-
visable to attempt to put all red-gold hydrosols in one category,
regardless of the method of preparation, i.e., reduction methods
using diverse reducing agents. As Weiser®® points out, the gold
particles in the Zsigmondy formaldehyde hydrosol may be coated
with polymerization products arising from formaldehyde.

Bredig-arc silver hydrosols, prepared in the presence of the
chlorides of ammonium and of potassium and in the presence of
the corresponding hydroxides, resemble the chlorido and hydroxo
Bredig gold sols.’* Pauli therefore believes that the silver ion
attached to the metal is a negative Werner complex.

Sulfide Hydrosols.—The sulfide hydrosols have been accepted
since 1892% to consist of aggregates of insoluble sulfide with
sorbed hydrogen sulfide, the particles consisting of xAs;S;.SHo,
zHgS.SH,, etec., the ionization of the H,S producing a negative
charge on the ionic micelle. A more descriptive name for these
would be the ‘“hydrosulfide’” hydrosols. By treatment of a
solution of arsenious acid with hydrogen sulfide in the dark an
orange-red dispersion of arsenious hydrosulfide has been obtained
which upon exposure to air and light becomes lemon yellow in
color.® The reddish sol is claimed to consist of rAs,S,.SH,
particles (realgar) which under the influence of oxygen and light
are transformed to As,S; particles (orpiment). It has also been
suggested® that arsenious sulfide hydrosol is

[ZAsts.yA52S4H2.A82S4H]— H+

Sulfur Hydrosols.—The Odén type of sulfur hydrosol would
be expected to contain polythionates. Freundlich® stated that
this hydrosol consists of sulfur aggregates attached to penta-
thionic acid, in the ratio of 0.7 to 1 millimole of pentathionic
acid per gram of sulfur.

Bassett and Durant® are of the opinion that the polythionate
is principally hexathionate. Since the polythionates higher
than tetrathionate tend to dissociate rapidly unless something
is present to prevent it, the sulfur so disengaged would be
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expected to separate in mass. But these investigators find that
polythionate bound to sulfur is stabilized. They believe that
the polythionate molecules coalesce when the concentration is
high owing to mutual attraction of the sulfur atoms in the mole-
cules of the polythionic acids and to the tendency for crystalline
sulfur to be formed. Thus micelles are formed with an inner
nucleus of partly crystalline sulfur atoms, irregularly arranged.
The polythionate ions are attached to the edges and corners of
these irregular aggregates. As polymerization occurs, poly-
thionate is dislodged mainly as pentathionate if the aqueous
medium is sufficiently acid—otherwise as tetrathionate.

As the ions break away in the course of the kinetic equilibrium
between the ‘““free” and ““bound” polythionate, a few atoms of
sulfur are removed each time. This helps to efface the irrégu-
larities of the sulfur surface until finally a sulfur particle with
completely crystalline structure is obtained, with consequent
separation of the particle in the solid state as crystalline sulfur
which can be seen under the microscope, as octahedra.

Thus the Odén type of sol may be represented by

[8.8;0H]- Ht or [x8.860¢H]- H+

Miscellaneous Hydrosols.—Since copper ferrocyanide hydrosol
requires an excess of ferrocyanide ion for stability, a plausible
formulation for this sol would be

[tCuFe(CN)g.Fe(CN)gJ=™ 4K+

Hydrosols of rosin and other gum resins such as shellac and
mastic contain negatively charged ionic micelles and are acidic
in nature. In fact, rosin consists principally of abietic acid.
Schematically the particles are RCOO~H+ where R represents
the water-insoluble organic part, which in the case of abietic
acid would be the nonpolar parts of its structure.

Similarly a dispersion of oil droplets in water stabilized by a
soap like sodium stearate may be represented by

(CHj;)[CH,)y6 |COO—Nat+

the box representing an oil droplet with the hydrocarbon chain of
the sodium stearate dissolved in the oil and the polar —COQNa
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group dissolved in the water. This concept will be developed
fully in Chaps. X and XVI. :

In soap solutions the ionic micelle is, according to McBain,*
(NaP),.(P)»r.(H;0)m where P represents the palmitate, or any
other higher fatty acid radical, and » is small compared to z.
Soaps will be discussed further in Chap. XIV.

The Electric Charge of Micelles.—In all the colloidal solutions
described in this chapter we see dispersions of massive aggregates
ionically charged either positively or negatively, the charge
of the colloidal particle or ionic micelle being balanced by crystal-
loid contra-ions.

Prior to the birth of the theory of ionization it was known
that particles suspended in water migrated in an electrical field
and it was held that the particles were electrostatically charged
by friction with the water in analogy to the rubbing of an ebonite
rod with a piece of silk. As has been pointed out by Smoluchow-
ski®! and by Porter and Hedges,®? this idea is no longer tenable.

The colloidal or suspension particle is now pictured as a charged
particle surrounded by an ionic atmosphere of balancing contra-
ions and, as has been mentioned at the outset of this chapter, it
is generally taken that the mutual repulsive forces of the like-
charged particles are responsible for the stability, for if the charge
is suppressed or removed the particles coalesce and settle out.
This is a logical theory but is not complete or all-inclusive.

This point of view cannot be accepted as a complete explana-
tion for the stability of all colloidal dispersions because colloidal
solutions exist where the dispersed phase does not migrate in an
electrical field, e.g., proteins at the isoelectric point,* g-amylose
of starch,t and metallic soaps in benzene.®® In these cases, the
stabilizing factors are thought to exist in the polar groups on the
particle surface which dip into the dispersion medium. The con-
cept of having a part of a molecule dissolved in a liquid is not
novel. Water-insoluble crystalloid compounds such as the
higher fatty acids which spread over a water surface are so
considered.t Polar groups of such substances are said to dissolve

* See Chap. XII.
t See Chap. XIII.
t This is discussed in Chap. X.
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in the water leaving the nonpolar hydrocarbon chains sticking
out.

Another fact which demonstrates the insufficiency of a simple
electric charge picture of colloid stability is the mutual pre-
cipitation of certain like-charged micelles,* e.g., mixtures of
sulfur polythionate hydrosols and hydrosulfide hydrosols. For
a proper understanding of a sol it is essential to know the chemical
composition of the micelle and particularly the identity of the
ions responsible for the charge.

Wilson’s Hypothesis.—An interesting theory for colloid
stability based on the Donnan equilibrium has been proposed by
Wilson.% As presented here, Wilson’s theory is taken from his

-
- K* ~~

% .g_"\

book where' he uses a gold sol of the assumed composition
2Au.CIK as his working model.

In Fig. 54 let A and B represent two gold particles stabilized
by potassium chloride. In combining with the gold, the chloride
ions have imparted their negative charges to the particles.
But the potassium ions are still left in solution, although their
field of motion is restricted to the thin film of solution wetting
the particles because they must continue to balance the negative
charges on the particles. The volume of the film of aqueous
solution enveloping a particle will be measured by the surface
area of the particle and the average distance that the potassium
ions are able to travel from the surface.

Let us now consider the case where a small amount of potas-
sium chloride is present in the sol. The enveloping film will
contain potassium ions balancing the charges on the particles
as well as ionized potassium chloride. The surrounding solution
will have potassium and chloride ions only in equal numbers.
In the surrounding solution let

* See Chan. XVII.
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z = [K*] = [CI]

in the enveloping film let
y = [Cl7]

and

z = [K*] balanced by charges on the particles
whence

y + 2 represents the total concentration of potassium ion.
As was shown in the discussion of Donnan’s theory, the product
[K+].[C]~] must have the same value both in the enveloping
film and in the surrounding solution at equilibrium. Hence

z? = y(y + 2)

The surface layer of solution will have a greater concentration
of ions than the surrounding solution by the amount 2y + z — 2z.
This unequal distribution of ions will give rise to a difference
of potential between the enveloping film and the surrounding
solution whose measure is

E:E_Tlog£=R__Tl 2z

o

FRYy~™TF R Vit 2
But now, if we increase x without limit while 2z remains constant,
E must decrease, approaching zero as a limit, since

limit RT 2
= E==%log— =0
x © 7 s \/41:2

It is thus evident that the difference of potential between the
enveloping film and the surrounding solution will be a maximum
when there is no free potassium chloride present and will decrease,
approaching zero, as the concentration of potassium chloride is
increased without limit.

The particles shown in Fig. 54 are prevented from coalescing
because there is a sufficiently high potential difference of the
same sign between the surrounding solution and each enveloping
film. The force of repulsion is determined by this potential
difference rather than by the absolute electrical charge on the
particles because the surface film completely envelops the parti-
cles and endows them with its own properties.

When sufficient potassium chloride has been added to lower
the potential difference to a point where it is no longer able to
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overcome the attractive forces between the particles and the
surface tension of the enveloping film, the particles move toward
each other and the enveloping films of two or more particles blend
into one, as shown in Fig. 55. It is at this point that the actual
charges themselves come into play and probably determine the
nature of the precipitate.

Oakley®® has extended this idea of colloid stability to include a
consideration of the ionization of surface-bound weak acids and
bases.

K* K*
cr c
K* K*

Presence of ‘“Protective Colloids.”—Any of the dispersions
discussed in this and the preceding chapter may have their
stability enhanced by the addition of suitable hydrophilic colloids.
Likewise suspensions of carbon, silica, etc., may be stabilized.
Intermediate colloids have protective power but to a much lower
degree. It is known that the stabilizing action is due to the
attachment of the stabilizing or protective colloid to the particles,
and thus there arises a hydrophilic dispersion where cach particle
has an insoluble nucleus. While it may be very stable, it cannot
perforce be so stable as the hydrophile itself, owing to the extra
load of matter which is being held in suspension. The hydrophile
constitutes a ‘“‘solution link”’ between the insoluble particles and
the dispersion medium.

When a small amount of a protein solution is added to a
suspension of nitrocellulose particles, the latter then act like the
protein itself.®® When a suitable solution of gelatin is added
to a gold hydrosol, no change in appearance of the sol to the
eye is observed, yet the sol is no longer hydrophobic; it is hydro-
philic. Similarly iron oxychloride sol changes the nature of a
platinum sol. Such complicated dispersions are frequently
named for convenience after the nature of the less stable sol or
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suspension, whereas as a matter of fact the particles consist of the
hydrophilic particles with inert cores of the named component.
More will be said about ‘“protective action” in Chap. XVII.

Shape of Colloidal Particles.—In Chap. III it was remarked
that colloidal particles may be rods or disks. It is logical to
assume, unless evidence to the contrary is available, that colloidal
particles are spherical, or nearly so, inasmuch as a sphere is the
shape which exposes the least surface for a given volume, thus per-
mitting the surface energy of the system to approach a low level.

That certain colloids become double refracting in a magnetic
field has been known since the observation of Majorana® upon an
aged ferricoxysalt hydrosol. As a result of studies by several
investigators® it is now belicved that this optical anisotropy is
due to the presence of elongated particles. The double refraction
is shown also when such sols are subjected to the action of an
electric current or are forced through a tube or are stirred. Itis
manifest to the naked eye by streaks when a suspension of freshly
reduced mercurous chloride or a very old vanadium pentoxide
8ol is stirred. The effect may be lacking in freshly prepared sols
(sols which are inclined to show it) but develops upon aging or
heating. Flowing double refraction was shown by Zocher to
be exhibited by vanadium pentoxide sols, tungstic acid sols,
soap solutions, clay suspensions, and aqueous dispersions of
benzopurpurin, benzobrown, primulin, sodium alizarin sulfonate,
alizarin, p-azoxyphenetol, p-azoxyanisol, anthracene, and aniline
blue. Rod-shaped particles orient themselves with their long
axes in the direction of the lines of force in a flowing field and
disks place themselves with their axis of symmetry perpendicular
to these lines.

Aniline blue sols, formed by pouring an alcoholic solution into
water, show upon flowing a strong negative double refraction in
red, negative pleochroism in orange to green, and positive double
refraction in blue. Through this behavior arise anomalous inter-
ference colors. The optical anisotropy manifested in a magnetic
field has the opposite sign; 7.e., the particles are orientated per-
pendicular to the lines of force, whereas they were oriented paral-
lel to them in a flowing field.

Bergholm and Bjoérnstahl®® found even gold and silver sols to
be doubly refracting in an alternating-current field.
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Thus it is seen that dispersed particles exist in a variety of
shapes. They may also exist as distinct massive particles, called
primary particles and as clusters of primary particles called second-
ary particles as illustrated in Figs. 56 and 57.

Zsigmondy® offers experimental evidence for distinction
between primary and secondary particles in gold hydrosols on
the basis of macroscopic and ultramicroscopic color effects. A
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F1g. 56.—Primary F1g. 57.—Secondary particles.

particles.

red-gold hydrosol when subjected to coagulative influences under-
goes a change in color through violet to blue, a diminution in
number of particles thereby resulting. In the ultramicroscope
the primary particles of the red sol appear green and upon
uniting to form secondary particles appear brown and more
brilliant. Since red hydrosols and ruby glass contain a wide
range of sizes of particles which appear green in the ultramicro-
scope, the conclusion is reached that two types of particles are
involved in which they differ by the density of the distribution
of the gold, the red sol particles being massive gold while the
partly coagulated gold particles consist of clusters of particles.
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CHAPTER VIII

PRECIPITATION BY ELECTROLYTES—
HYDROPHOBIC AND INTERMEDIATE DISPERSIONS

When electrolytes are added to colloidal solutions, the stability
of the latter is generally decreased, resulting in precipitation
provided sufficient electrolyte is added. Occasionally the stabil-
ity is increased and in certain instances the colloidal dispersion
may be converted to a crystalloidal dispersion. No general rule
can be given because these effects depend upon the chemical
nature of the colloidal dispersion and of the added electrolyte.

In 1851, Scheerer! reported that turbid aqueous dispersions
could be clarified by the addition of salts. Faraday,? in 1856,
noted that his gold dispersions were coagulated by traces of
salts.

The Valence Rule.—The first important general contribution
to the knowledge of the precipitation of colloids was made by
Schulze,® in 1882. Experimenting upon arsenious sulfide hydro-
sol, he found that the precipitating effectiveness of salts increased
markedly with the valence of the cations. He noted that triva-
lent cation and divalent cation salts were respectively 1,650 and
30 times as potent precipitants as monovalent cation salts. In
other words, only 1{g50 the concentration of a trivalent cation
salt, and 14 the concentration of a divalent cation salt were
required to produce the same precipitation effect upon his arseni-
ous sulfide hydrosol as unit concentration of a monovalent cation
salt. As a result of this first orderly investigation, one frequently
hears of the Schulze valence rule in colloid chemistry expressed in
terms of the numbers just given. The valence rule was an
important discovery but the actual quantitative designations are
only of historical interest since they are the result of a particular
technique applied to a particular hydrosol. ’

A more exact study by Hardy* confirmed Schulze’s experiments
and extended the valence rule so that it might be stated generally

178



PRECIPITATION BY ELECTROLYTES 179

to the effect that the significant ion in the precipitation of colloids
is the ion of charge opposite in sign to the charge of the colloidal
ionic micelle and that the precipitating power increases markedly
with increase in valence of the significant ions.

Linder and Picton® found that the precipitating powers of the
cations upon their arsenious sulfide hydrosol were

P+:P+:P++ = 1:35:1,023.

These numbers, it is seen, agree qualitatively with those given by
Schulze. As one studies the literature, many cases are found
supporting qualitatively the valence rule; but just to convince the
reader of the validity of the criticism of the quantitative values,
the author will cite two more cases. Young and Neal® found in
the precipitation of copper sulfide hydrosol the values 1:39:875
for KCl:CaCl,: AlCl;, while for complex cobalt cation salts
acting upon arsenious sulfide hydrosol Matsuno’ reported
P+:P* pP3t+ . P4t Ps+ = 1:16:80:284:1280.

Whetham,® in 1899, attempted to apply the theory of probabili-
ties of contact of charges to the precipitation and stated the
ratio of the precipitating powers of the ions, P': P": P""" to be
z:x2:2% This rule happened to hold fairly well for the two sets
of data available at the time but subsequent accumulation of
data has discredited it. There is no quantitative agreement
between the various precipitating values of electrolytes published
since they are subject to so many variations in conditions of
operation, such as the mode of adding the electrolyte, the method
of treatment after the addition, 7.e., whether quiet or agitated,
the temperature of the hydrosol, the concentration of the dis-
persed phase, the ‘‘ purity”’ of the sol, and the time of observation.

Various methods have been devised for the comparison of the
precipitation effects of electrolytes upon hydrosols. No matter
which method is used, the results are relative only.

A simple method based upon that used by Freundlich® is as
follows: To a series of carefully cleaned test tubes containing 5 ce.
portions of the hydrosol are added 5 cec. portions of different
concentrations of the electrolytes. The electrolyte solution is
poured quickly into the hydrosol, the mixture quickly poured
back into the empty test tube, and then back into the first test
tube in order to effect as complete and rapid mixing as possible.
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The tubes may then be allowed to stand for 2 hr. or centrifuged
for 2 min.; then they are examined for evidence of precipitation.
The mean of the concentrations at which precipitation is just
complete, as shown by a clear supernatant solution, and the next
lowest concentration (where precipitation is not complete) is
taken as the precipitation concentration. This concentration is
called the liminal value. Naturally all must be done under the
same conditions.

Some experimental results are given in Tables 23 to 28, inclu-
sive. The letter v is commonly used to signify the liminal
concentration of the mixture in millimoles per liter of the ion of
charge opposite to that of the colloidal micelle. The larger this
number is, the lower is the precipitating power of the electrolyte.

TABLE 23.—PRECIPITATION OF AN ARsENIOUS SuLFIDE HypROSOL®

Electrolyte % Electrolyte %

K citrate................[>240 MgCle........vvnn oot .| 0.717
K acetate................| 110 MgSO4iivvvnnnnnnnn.. 0.810
LiCl. ...........coovt. 58.4 |CaCle..................| 0.649
NaCl...........oovate. 51.0 [SrCly..................| 0.635
KNO;s.....ooeevieeeen e 50.0 |BaCly....o.ovvivvnnnn. 0.691
KCl.................... 49.5 |Ba(NOs)a.......c..... 0.687
KaSO4/2..civee it 65.6 [[ZnCl,..................| 0.685
NHGCL................. 42.3 [ UO:(NOs)2..vovvn.....| 0.642
HCL.................... 30.8 |AICIs........covvvnnn.. 0.093
Ho804/2....co vt 30.1 | AI(NOg)s...............| 0.095

062(304)3/2 ............ 0092

TABLE 24.—PRECIPITATION OF A MERCURIC SuLFIDE HYDROBOL!?

Electrolyte £Y Electrolyte v
NaCl 13 SrCle. .. ..o.ooo.....] 0.88
KCl............c.... 10 BaBra..........o..L L 0.68
NH,Cl 10 UOy(NOs)2.. oo vven.....| 0.79
HS04/2..ccvvvi ... 7.8 CuSO4.vvvvvvnnnnnn.n. 0.047
NaOH. ................. 29 HeClaoovvvvveeennn s 0.11
AgNOs.....oovvvvenvnnnn 0.44 [Pb(NOs)2...cvvvvnnn... 0.050
Hg:i804/2. . cevvevvnnnnn.. 0.081 | Al;(SO4)s/2.............| 0.044
TINOs ..o v vvvvennnen. 0.14 [YCly.................. 0.073
TI(S0)/2..c0vvvnvnn... 0.15 [Ce(NOs)s..ouovevennnn. 0.056
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TABLE 25.—PRECIPITATION OF A PLATINUM HYDROBOL?

Electrolyte v

NaOH...........coiiiiii i e.. .. 130

NaCl. ..o i i, 2.5

AENOs. . oo . 0.22

BaClo. ... e 0.058

UVO2(NOs)g. .o e eeeeieeeeeeeeaeaenen... 0.065

Pb(NOg)z.. .o oo i i 00010

Al (S04)s/2. .. .o e 0,013

TaBLE 26.—PrecrpiTATION OF A GoLDp (CO REDUCTION) HYDROSOL!!

Electrolyte ¥ Electrolyte L%
LiCl...............oo.i.. 30 MgCla........oev.....| 0.15
NaCl.................... 25 BaClao.oooooooovvv....] 0,13
KCl..................... 18 AlCl;...................| 0.0022
CsCl.........c.ovvinn .. 13 CeCly........oovvevn....| 0.0022
HCl..................... 11 ThCls...................| 0.0014

TABLE 27.—PRECIPITATION OF A FERRIC OXYCHLORIDE HYDROSOL®

Electrolyte ¥ Electrolyte v
KCl................. 9.03 |Ba(OH):/2.......... 0.42
KNOs.....oovvvvennn 11.9 KeSO4. ..ol 0.204
NaCl................ 9.25 [TLSO4............. 0.219
BaCly/2.............. 9.64 | MgSO4.............. 0.217
KBr................. 12.5 KgCr207 ............. 0.194
KI................... 16.2 H,S0, .| About 0.5
HCl.................| >400

Inspection of these tables reveals the fact that, while, in
general, the precipitating powers of the electrolytes vary as the
valence of the ion of charge opposite to that of the colloid, there
are, however, variations in precipitation among ions of the same
valence, and, indeed, certain exceptions are noted where an ion

shows less precipitating effect than one of lower valence.

ently, there are exceptions to the valence rule.
Order of Alkali and Alkaline-earth Salts.—Arranging the
alkali chlorides in Tables 23 and 28 we have the series

K+ > Nat+ > Lit

Appar-
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TABLE 28.—PRECIPITATION OF AN ODEN SULFUR HyDROSOL!?

Electrolyte % Electrolyte v
HCl.....................| 6000 |Mg(NOs)z............... 8.0
LiClL..................... 913 [ Ca(NOs)e...ovvvvrvnnn... 4.0
NaCl.................... 183 | Sr(NOs)2.... o ovvenn .. 2.5
KOl..................... 21 Ba(NOa)2 2.2
RbCl.................... 16 [ MgSO4.oovvnovovvnn... 9.3
CsCl..................... 9 CaCla.oevon it 4.1
NHCL.................. 435 [BaCla................... 2.1
NHNO;. ................ 506 [(ZnSO4. .................| 75.6
(NH)2804/2...ccc ool 600 | CA(NOs)s. .. ............| 49.3
NaNOa 163 Ni(NOa)z ................ 44.6
NazSO4/2 ................. 176 UOz(NOa)z.. e e e 13.7
KNOs....oovv v 22 {Mn(NOs)s.........c..... 9.6
KoSOs/2.0evvevvo . 25 |CuSO4.. ..o v, 9.8

AlCl;.. ................. 4.4

and
Cst > Rbt > K+ > Nat > Lit+

Using a different method of measuring precipitation powers of
electrolytes upon an arsenious sulfide hydrosol, Bach!? found the
order Cst > Rb* > K+ > Nat > Lit. The same has been
found for gold hydrosol.!* This order—or parts of it—appears
in data for the precipitation of diverse negative ionic micelles.
That it is not universally so is indicated by experiments upon
a negative micellar ‘“stannic oxide” hydrosol where cesium,
rubidium, potassium, sodium, and lithium salts showed prac-
tically the same precipitating power.!®* Hence we may say that,
for alkali salts with a common ion, the precipitation potency
toward negative ionic micelles may be in the order of their
atomic weights.

Upon examination of Table 28 the order for the alkaline-earth
nitrates is Bat++ > Srt++ > Catt > Mgt

Order of Halide Ions.—The precipitation order of the halides
upon positive ionic micelles in Table 27 is seen to be

Cl- > Br- > I-.
'This order has been confirmed by Bach.** Other orders reported!®
are
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Cl- > NO;~ > Br > I~ and
CNS- > Cl= > Br- > NO;= > ClO;— > I-.

These series, either in the order as given or in the reversed
order, have been observed in many physical and physicochemical
phenomena. "

Fluoride ion is about as powerful as sulfate ion. Fluorides
polymerize in aqueous solution, 152!

Ions Which Form Insoluble Compounds.—In Table 24
silver, mercurous, and thallous salts are seen to be more powerful
precipitants of mercury sulfide sol than barium or strontium
salts. This constitutes a striking exception to the valence rule.
When one considers the chemical nature of the sol, however, the
reason for the potency of these salts is clear. The cations of
these salts form insoluble sulfides and consequently their pre-
cipitation effectiveness would be expected to be large toward a
sol which is zHgS.SH,, or toward any other sol of the HsS type.
In the same table cupric, mercuric, and lead salts are seen to be
more potent than the barium, strontium, and uranyl salts and,
in fact, they are of the same order of potency as the aluminum,
yttrium, and ceric salts.

In Table 25 silver and lead salts are seen to be exceptionally
potent. Since Pennycuick has shown platinum hydrosols to
consist of complexes of platinum and platinic acids, this behavior
indicates that silver and lead platinates are insoluble in water.
In Table 27 barium hydroxide is shown to be a much more effec-
tive precipitant of the ferric oxychloride hydrosol than barium
chloride. Here again the reason is clear; this sol consisting of
micelles in hydrolytic equilibrium with hydrochloric acid would
naturally be converted to a more basic and less stable dispersion
upon the addition of hydroxyl ion.

Reasons for differences between certain salts in Table 28 are
not so easily found, owing to the complicated nature of Odén
sulfur sols. They contain sulfuric and polythionic acids. The
order Batt > Srtt > Catt > Mgt might be ascribed to the
order of the insolubility of their sulfates. The high precipitating
power of the alkaline earths in general might be due to the fact
that alkaline-earth polythionates are unstable.’® Polythionates
are known to be quite stable in acid solution while neutral solu-
tions of the polythionates are not so stable and alkaline solutions
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decompose readily. Consequently, acid-reacting salt solutions
should not be so powerful precipitants as neutral-salt solu-
tions owing to the stabilizing action of H* ion upon polythionates.
It is evident then that salts containing ions which react with
the constituents of the hydrosol in a manner which results in
the formation of insoluble compounds or in the decomposition
of essential stabilizing parts of the micelle are exceptions to the
valence rule and are more potent precipitants of the dispersed
phase than other ions of the same valence which do not possess
these characteristics. Once one knows the chemical nature
of the hydrosol, such potent ions can readily be indicated.
TaBLE 29.—PrEcipiTATION OF HYDROSOLS BY ORGANIC SALTS

Electrolyte v Electrolyte v
Arsenious sulfide sol:? Mercuric sulfide sol:1®
NaCl............co.... .|51.0 NaCl.......coovvvvnnnn 13
Guanidine nitrate......... 16.4 Guanidine nitrate....... 16
Strychnine nitrate........| 8.0 Morphine chloride....... 0.14
Aniline chloride.......... 2.52 Strychnine nitrate....... 0.012
Toluidine sulfate......... 1.17 New fuchsin............ 0.019
Morphine chloride........| 0.425 Crystal violet........... 0.018
Crystal violet............ 0.165 Brilliant green.......... 0.011
New fuchsin............. 0.114 Auramine.............. 0.026
Formol gold sol:? Methylene blue......... 0.017
NaCl................... 23 Ferric oxychloride sol:?
StCla. oo 0.47 NaCl.................. 300
Al (8O4)s 0.025 | Sodium formate......... 56
P Sodium acetate......... 30
p-chloraniline chloride.....| 6.4 Sodium benzoate........| 32
Guanidine nitrate......... 1.7 Sodium salicylate........ 20
Morphine chloride. ....... 1.1 NasSOu o vinanannnns 0.8
Aniline chloride.......... 0.74 | Ferric oxychloride sol:2!
Strychnine nitrate........ 0.49 NaCl.....oovvevennnn. 230
New fuchsin............. 0.0004] Sodium acetate......... 34
Ammonium benzene sul-
fonate............... 44
Sodium benzoate........ 8.5
Sodium maleinate.......| 0.37
Sodium fumarate........ 0.24
N&zSO4 ................ 0.21
Sodium-o-phthalate. . .... 0.25
Sodium-m~phthalate. . ... 0.15
Sodium trimesate........ 0.08
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Freundlich?® has claimed that precipitation potency of ions
is a function of their degrees of sorption by the micelles. In.
the instances of insoluble-compound formation just discussed,
the sorption is readily explained upon a clearer chemical
basis. Weiser,? who has experimentally investigated this prob-
lem, agrees with Freundlich.

Organic Ions.—Salts containing organic ions of sign of charge
opposite to that of the micelle are very potent precipitants.
Experimental data are given in Table 29.

A study of the precipitating power of the sodium salts of 36
organic acids upon. a ferric oxide hydrosol?? has produced inter-
esting information. The precipitating power increases as CHjs
groups are substituted for H atoms. It increases markedly
as phenyl groups are substituted for H atoms. Iodo compounds
are more potent than brom, and brom compounds are more
potent than chlor compounds. A comparison of the o-, m-, and
p-toluates, oxybenzoates, nitrobenzoates, and aminobenzoates
showed no consistent order other than the meta compound being
between the ortho and para ecompounds in precipitation power.

Hydrogen and Hydroxyl Ions.—Hydrogen and hydroxyl ions
are exceptional in their action upon micelles of opposite charge.
Acids in general are much more potent precipitants of arsenious
sulfide sol than other inorganic electrolytes with monovalent
cations. There are certain exceptions, however, citric acid not
acting as a coagulant toward this sol. Acids are potent pre-
cipitants of the hydrosulfide type of hydrosols, gold and platinum
sols while, on the other hand, H+ is but a weak precipitant of
Qdén sulfur sol. In the latter case reference has already been
made to the fact that polythionic acids are more stable in acid
solution. The hydrosulfide type of hydrosols are semsitive
toward added H* ion probably because such addition drives
back the hydrolysis of the metallic sulfide and represses the
ionization of the hydrogen sulfide. The latter suggestion may
apply also to the platinic acids of platinum sol.

In the precipitation of a gum mastic hydrosol by hydrochloric,
acetic, sulfuric, oxalic, and phosphoric acids, the acids have been
shown to be equally effective, all precipitating the gum at pH
2.5.2 One might expect this since the dispersed phase owes its
stability to —COOH groups, but an instance has been pointed out
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where the anion of the acid is significant.?* In this instance,
hydrochloric, acetic, sulfuric, and nitric acids produced precipita-
tion of a gum mastic hydrosol at pH 2.9, but a pH value of 1 was
required for its precipitation by sulfosalicylic acid.

The precipitation effect of acids upon certain clay dispersions
also appears to be principally a pH effect.?> The same has been
shown for a Prussian blue hydrosol, with the exception of oxalic
acid.?*® It required an abnormally high concentration of oxalic
acid and an abnormally low pH value as compared with hydro-
chlorie, sulfuric, acetic, and citric acids. The peculiar effect
of oxalate upon Prussian blue hydrosol has been mentioned in
Chap. VI. Hydrochloric, hydrobromie, nitric, and sulfuric
acids precipitated arsenious sulfide hydrosol at the same pH;
oxalic and trichloracetic acids required a lower pH#; while acetic
acid did not coagulate at all. Pennycuick,? experimenting upon
a platinum hydrosol, found the pH range of precipitation of
hydrochlorie, sulfuric, nitrie, benzoic, tartaric, salicylic, succinie,
and citric acids to be 3.69 to 3.44. He attributed the precipitat-
ing action to the repression of the ionization of the micellar
platinic acids.

Hydroxyl ion is more potent as a precipitant of the positively
charged ionic micelles in ferricoxy, chromicoxy, aluminumoxy,
ete., type of hydrosols. The reason for this has been mentioned
previously.

Ions of Same Sign of Charge as That of Micelle.—In this
discussion only the ions of charge opposite to that of the colloidal
micelles have been considered. But the ions of like charge also
play a role.

The precipitating power of salts diminishes with increase in
valence of the ions of the same sign of charge as that of the
ionic micelle. In Table 28 it is seen that Na,SO, is weaker
than NaCl, K180, is weaker than KCI or KNO;, and MgSO, is
weaker than Mg(NOj)s. The effect of valence is far from being
so marked in the “like sign of charge’ as in the ‘““opposite sign of
charge’’ case, but it is evident, however.

When the members of a family of anions such as the halides
are compared, conflicting results are found:

I > Cl > Br (arsenious sulfide sol)3
Br > 1 > Cl (negative ‘“ferric oxide” sol)®
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Cl > Br > 1 (selenium sol)3°

Cl = Br > 1 (tellurium sol)3®
Cl=1 (sulfur sol)3!

Cl > Br =1 (gold sol)32

Cl = Br =1 (arsenious sulfide sol)?
Cl > Br (gold sol)14

Mukherjee? states that simple inorganic anions show no
differences in precipitating effect upon arsenious sulfide. He
found that anion effects became noticeable only with organic
and complex inorganic anions. Salts of such ions had lower
precipitating powers. This effect is seen in Table 23 where
potassium acetate and citrate have much higher liminal values
than the other salts. This may be due in part to their tendency
to hydrolyze and thus be more alkaline than the other salts.
Alkaline reagents are poor precipitants of the sulfide sols as
shown by NaOH in Table 24. Hydroxyl ion acts the same upon
platinum sol (Table 25), while hydrogen ion is a poor precipitant
for ferricoxychloride and similar sols (Table 27). The low
precipitating effect of hydroxyl ion upon the sulfide sols is ascribed
to its promoting hydrolysis of the sulfide.3® When added to
platinum sol it produces an increased ionization of the micellar
platinic acids.34

The low precipitating power of monobasic inorganic acids
upon ferricoxychloride sols is readily understood because such
acids are peptizers of ferric hydroxide. When the pH of ferric-
oxychloride sol is decreased by addition of acid, increasing
amounts of a neutral salt are required to precipitate it.38 The
same is true for chromicoxychloride sol.3¢

Since H+ and OH~ are so significant, as precipitants or stab-
ilizers of sols depending upon the chemical nature of the latter,
it is evident that pH must be controlled when a comparison of
ion effects upon sols is under investigation.

The precipitation order of a family of cations upon ferric-
oxychloride sol has been shown to be!® Li+ > Nat+ > K+ > NH,*+.
Quantitatively, while the effect of lithium chloride was about
20 per cent greater than that of sodium chloride, the latter was
only 4 per cent more effective than potassium chloride. One
might be inclined to generalize and state that the precipitating
order of the alkali salts upon a positive ionic micelle is just the
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reverse of the order for a negative ionic micelle. Such a generali-
zation is dangerous, however, if the following more extensive
order found by Jableczynski® is correct: Cst > Rb* > Lit >
Nat+ > K+ > NH,*. He recalls that cesium and rubidium
chlorides readily form complex salts with ferric chloride®” and
suggests this fact as a reason for this peculiar order of the alkali
salts. For the alkaline-earth salts he found the order Mg+t >
Bat+ > Ca*t+ > Srt+. Taylor! reports the order Li+ > Nat+ >
Mg*+ > K+ > Rbt > NH* > Catt for a ferricoxychloride
sol.

The order has been found to be Li+ > Nat > NH,+ > K+ and
Mgt+ > Catt > Srt+ > Batt for thorium oxide sols.®®

Mixtures of Electrolytes.—There is a confused literature
upon the precipitation of sols by mixtures of electrolytes,11:33.36.40
Much is said about the ‘antagonistic action’ of electrolyte
pairs. For example, one finds that a mixture of sodium and
hydrogen chlorides exerts a greater precipitating effect upon
arsenious sulfide sol than is expected from the value obtained
with each alone. This is not surprising if one will admit that
added hydrochloric acid represses the hydrolysis of arsenious
sulfide and the ionization of hydrogen sulfide, thus rendering the
sol less stable.?3 Furthermore, conversion of amicroscopic to
submicroscopic particles has been observed as a result of the
addition of small amounts of hydrochloric acid to an arsenious
sulfide sol.*® Likewise a mixture of sodium hydroxide and
chloride is less potent on arsenious sulfide sol than would be
expected because alkalinity favors hydrolysis of arsenious sulfide
and thus converts the micelles into particles containing more
sulfide ions.?®* When small quantities of potassium ferrocyanide
are added to copper ferrocyanide sol, larger amounts of potassium
chloride and of barium chloride are required to precipitate it than
in the absence of the added ferrocyanide.® This is due to the
fact that ferrocyanide is the stabilizing ion in this sol.

Influence of Concentration of Dispersed Phase.—In 1919,
it was shown that an arsenious sulfide sol upon dilution required
more monovalent cation salt, less trivalent cation salt, and about
the same amount of divalent cation salt for precipitation.4!:42
In the cases of copper sulfide and mercuric sulfide sols*? and of
ferricoxychloride sol,! decreasing amounts of even monovalent
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ion electrolytes gave precipitation of increasingly diluted sols.
Burton and Bishop*® confirmed the first-mentioned behavior for
arsenious sulfide, gum mastic, and copper hydroxide sols. For
example, their liminal values for a gum mastic hydrosol were
KCl, 205; CaCl,, 11.5; Al;(SOy4);s, 0.061 millimoles, while after
dilution of 1 volume of the sol with 19 volumes of water the values
were KCl, 632; CaCl,, 14.4; Aly(SO.)s 0.009. In the first
instance, P':P":P'’ = 1:17.4:3,333 and in the second, =
1:44:52,000, thus again showing the valence rule to be merely
of qualitative significance. This effect of dilution is generally
called the ‘‘Burton-Bishop rule’” in the American literature on
colloid chemistry.

Weiser and Nicholas** confirmed the Burton-Bishop rule for
arsenious sulfide sol but found that chromic oxide, ferric oxide,
and Prussian blue hydrosols required less of all electrolytes for
precipitation after dilution. They pointed out that the manner
in which the precipitation value of an electrolyte varies with the
concentration of the colloid is determined to a large extent by
the relative sorptive property of the ion of opposite charge
(precipitating ion) and of the ion of like charge (stabilizing
ion). If the adsorption of the stabilizing ion of an electrolyte
is negligible and the adsorption of the precipitating ion is very
large, the liminal value varies almost directly with the concentra-
tion of the colloid. If the adsorption of the stabilizing ion is
appreciable, the liminal value is increased upon dilution.

The behavior toward electrolytes upon dilution obviously
depends upon the nature of the colloid also. An arsenious sulfide
hydrosol may become more stable upon dilution owing to hydroly-
sis*® and increase in degree of dispersion.* This would be mani-
fested upon treatment with a salt such as potassium chloride
while not upon treatment with powerful precipitants such as
copper, lead, and aluminum salts.

Ferric oxychloride sols as already mentioned show normal
effects upon dilution. It has been shown, however, that Sorum’s
chloride-free ferric oxide sol follows the Burton-Bishop rule
upon dilution; but when ferric chloride is added to it in small
quantities, it assumes the normal property.# This has been
shown to be the case for thorium oxide sols, also.%
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The Irregular Series.—When two extremes of electrolyte
concentration produce precipitation and intermediate concen-
trations do not, the effect is called the srregular series in precipita-
tion. This effect is encountered generally with salts containing
polyvalent or heavy metal cations in the precipitation of negative
micelles. Tables 30 and 31 summarize two typical irregular-
series experiments.

TasrLe 30.—Brepic PraTinNuM HyprosonL PRECIPITATED BY FERRIC

CHLORIDE$?
Millimolar Concentration
of FeCl; Effect
0.021 t0 0.056. .......... No precipitate. Particles migrated to anode
0.083 to 0.222. .......... Complete precipitation
0.333t06.67............ No precipitate. Particles migrated to cathode
16.3t0 667.............. Complete precipitation

TaBLE 31.—MERcURIC SULFIDE HYDROSOL'®
Millimolar Concentration

of AgNO; Effect
0.23t00.26. .................... No precipitation
0.27t00.64..................... Complete precipitation
0.89t014.9..................... No precipitation
17.8............................. Partial precipitation
22.3t044.6...................... Complete precipitation

The generally accepted explanation for the irregular series
has been that of mutual colloid reaction; i.e., in the first precipita-
tion zone the flocculation is caused by the positively charged
colloidal oxide arising from hydrolysis of the salt, and the zone
of no precipitation following is a result of the fact that there is
sufficient colloidal oxide not only to neutralize the charge of the
negative colloid but to carry it as part of the positive complex,
i.e., to protect it. When oppositely charged colloids are mixed
together, there is no precipitation if there is a large excess of one
of them. The second and final zone of precipitation is simple
salting-out.

This theory is questioned by Kruyt and van der Spek*! because
they obtained the following irregular series in the precipitation
of a ferric oxychloride hydrosol with sodium hydroxide (Table
32).

It is evident that the colloidal oxide peptization theory
for the mid-zone cannot be applied to this case. The experi-
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TaBLE 32.—FERRICc OXIDE HYDROSOL TREATED wWiTH NaOQH*!
Millimolar Concen-

tration of NaOH Effect after 3 Hr. Standing
1.27to 1.4........ Incompletely precipitated
1.55to 2.8........ Completely precipitated (immediate)
3.1............... Almost completely precipitated
3.99.............. Turbid
5.59 to 8.36....... Scarcely any precipitate
13.9............... Turbid
20.9 to 27.9. .. ..... Incompletely precipitated
30.3 to 32.4. ....... Completely precipitated

menters ascribe the ‘““tolerance” region to peptization of the
particles by hydroxyl ion due to its great ‘‘electrocapillary”
activity and, since the charge of the particles is reversed thereby,
then the final precipitation zone is due to sodium ion. They
obtained a similar series when they used disodium phosphate
as coagulant, owing to the hydroxyl ion arising from the hydroly-
sis of the salt.*®

Kruyt and van Arkel-Adriani® offer evidence in the reaction
between gold hydrosol and thorium nitrate to show that both
‘theories may obtain depending upon the conditions of the experi-
ment. They prepared a gold sol by reduction of chloraurie
acid with hydrogen peroxide and exactly neutralized it with
alkali. This was termed ‘‘neutral” sol. To another portion,

TaBLE 33.—NEUTRAL GoLD SoL AND THORIUM NITRATE
Concentration of Th(NO3)s,

Millimoles per Liter Condition after 5§ Min.
Upto0.00084............................... Red
0.00086 t0 0.00088.......................... Red-blue
0.00090t00.0028........................... Blue
0.003...........c.ciciiiiiiiiiiai e e ... Violet-blue
0.004to15.0............................... Red
15.5.. .0 i i e e e ... Violet-red
17t019............ ...t eieiii i e o .. Violet
20t026............0iuiiieiiienaneane. ... Blue

TABLE 34.—ALKALINE GoLD SoL AND THORIUM NITRATE
Concentration of Th(NOs),,

Millimoles per Liter . Condition after 5 Min.
0.0006t00.02............................... Red
0.03t00.05................................. Red flocks
0.10t02.5....................ceviveeee.. Red

2 0 AP Violet-red

L5 T 1 U P Blue
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a slight excess of alkali was added—*“alkaline” sol. The
behavior of both sols when treated with thorium nitrate is shown
in Tables 33 and 34.

It is evident that in the alkaline sol the flocculating agent in
the first zone is colloidal thoria formed by the alkaline reaction,
especially since the red flocks are formed instead of a blue color.
This flocculation is analogous to the formation of purple of
Cassius. They prepared thoria hydrosol and upon mixing it
with the alkaline gold sol obtained the following results:

Concentration of ThO.,

Millimoles per Liter Condition after § Min.
0.002t00.10.......0iviiiinniininninnnennnns Red sol
0.25t00.50.......................c..c...... Red flocks
0.60t07.0...................cieevnenn. ... Redsol

Accordingly they admit that in the case of the alkaline gold
sol the mid-zone is due to peptization of the gold particles by
the colloidal thoria but state that such is not true with the
neutral sol. In the latter instance, it is contended that the
tolerance zone is a result of the very high electrocapillary activity
of the polyvalent cation which reverses the sign of the charge
of the colloidal particles just as such an ion reverses the sign of
the charge of glass capillaries against water.

The possibility of reversing the sign of charge of colloidal
gold is disputed. Gold sols prepared by the Bredig-arc method
are always negative, regardless of whether gold wires are sparked
in solutions containing sodium hydroxide, sodium chloride, or
hydrochloric acid, and the addition of acid to a gold sol always
results in precipitation of the gold. It never reverses the
charge.®® Burton claims to have reversed the charge of gold
sols by the addition of an aluminum salt and Kruyt and van
Arkel-Adriani obtained a tolerance zone when precipitating gold
sols with an aluminum salt, but in the opinion of the author it
was not a simple reversal of sign of charge but a peptization
of gold particles by the colloidal hydrous oxide resulting from
hydrolysis of the aluminum salt. In the exceedingly low con-
centrations of the salt used, such hydrolysis surely does take
place without the aid of hydroxyl ions in excess of those already
present in pure water and therefore this view appears reasonable.
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Like Powis, Kruyt and van Arkel-Adriani were unable to
reverse the sign of charge of arsenious sulfide hydrosol no matter
how they manipulated, nor could they get an irregular series
with vanadium pentoxide hydrosol. This lends support to
the view favoring the mutual colloid effect for polyvalent-cation
salts; for if the tolerance zone were due to selective sorption of
a polyvalent ion, it should be general.

Herstad® like Morawitz52 found that colloidal gold made by
the formol method is very sensitive to mercuric chloride but that,
when a little hydrochloric acid is added, the gold is no longer
precipitated by mercuric chloride. Hydrogen ion activity meas-
urements showed that the sol was sensitive to the action of the
mercuric chloride when it was slightly alkaline. The unneu-
tralized gold sol precipitated at 0.03 to 0.10 millimole per liter of
mercuric chloride, beyond which concentration there was a zone
of no precipitation. A second precipitation zone could not
be obtained possibly due to the limited solubility of mercuric
chloride. Herstad explains the precipitation in the first instance
as due to the formation of mercuric oxide by the alkali, the
mercuric oxide in turn being reduced by the formaldehyde to
mercurous oxide, which is sufficiently ionized to produce sufficient
mercurous ions to coagulate the gold. The zone of no precipita-
tion is due to the formation of sufficient mercuric oxide sol to
peptize the gold. When hydrochloric acid is added, these
substances cannot be formed and hence there is no precipitation.

An irregular series has been observed in the reaction between
typhoid bacilli and immune serum.53

Ionic Interchange in Precipitation.—Linder and Picton,’
1895, were the first to give a chemical explanation of the precipita-
tion of sols by electrolytes and to show that the coagulum
carried down that ion of the added electrolyte which was of
opposite sign of charge to that carried by the micelle. The
view that colloid coagulation was in this sense very similar to
the precipitation of ordinary insoluble salts was strongly supported
by Duclaux.®

In 1901, Whitney and Ober®® found that an arsenious sulfide
sol becomes acid when precipitated by a neutral salt and that
equivalent amounts of cations of different salts are fixed in the
resulting gel. They added a constant volume of salt solution to
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100 ce. of sol which contained 10 g. arsenious sulfide per liter.
The precipitate was filtered and washed until no test for chloride
was obtained in the washings. By analysis of the filtrate, the
amount of metallic ion held by the gel was calculated. In this
manner 7.6 mg. of barium and practically chemical equivalent
amounts of calcium, strontium, and potassium were found to
be fixed by the gel obtained from 100 cc. of the sol. The amounts
of hydrochloric acid produced were chemically equivalent also,
leading Whitney and Ober to the conclusion that the colloid
caused hydrolysis of the salt and carried the base down in the gel.
This explanation was disputed by Duclaux® who found that,
after coagulation of an arsenious sulfide hydrosol by barium
chloride, the supernatant solution contained arsenious acid,
despite the fact that the original sol contained an excess of
hydrogen sulfide. He suggested that the sorbed barium replaced
‘g monovalent arsenious radical such as (AsO) preexisting in the
sulfide.” In concluding his paper he remarked as follows:

It is certainly very convenient to consider only the valence or the
electric charge of ions and to neglect their chemical affinities; unfortu-
nately the theories thus arrived at and which are so widespread are
contradicted by the simplest experiments.

The problem has been studied by Rabinowitsch® using con-
ductometric measurements. These measurements confirmed the
previously reported facts of acidification of the solution and
sorption of cation which Rabinowitsch attributes to the following
reaction (e.g., when using barium chloride):

nASQSs.SHz + BaClz = nA8283.SB& + 2HCI

He proved quantitatively for Pb*+ and Ag+ and qualitatively for
Cu++ and Hg*+ that these cations also replace the arsenic from
the arsenious sulfide, e.g.,

ASzSa + 3Pb(N03)2 + 3H20 = 3PbS + ASan + 6HN03

0Odén'? found 1.9 gram equivalents of sodium, potassium,
rubidium, and cesium sorbed in 1,000 g. of precipitated sulfur
from sulfur hydrosol when precipitated by the corresponding
chlorides. Bassett and Durant® demonstrated that the cations
carried down in the gel from a sulfur sol were chemically equiva-
lent to the polythionate of the sol. They believe that the



PRECIPITATION BY ELECTROLYTES 195

sulfur gel in all cases is just an insoluble salt complex, the pre-
cipitation of the sulfur being an exact chemical process:

Weiser® does not believe that sorption of ions by the coagulum
is always equivalent; his experiments upon aluminum and
chromic oxide hydrosols gave the sorption order: ferrocyanide >
ferricyanide > oxalate > sulfate > chromate > dithionate >
dichromate.

By means of the calomel electrode, Rabinowitsch® showed that
chloride is removed from an internally bound state to the free
ionic condition when a ferricoxychloride sol is titrated with
sulfate, chromate, phosphate, oxalate, hydroxide, and nitrate.
This has been confirmed by Weiser.®® The conversion of inter-
nally bound hydroxo groups in aluminumoxy salt hydrosols to
free hydroxyl ions by neutral salt anions has been discussed in
Chap. VII.

Polyvalent precipitating ions are held very tenaciously in the
gel. It has been found®? that a copper oxide hydrosol precipi-
tated by a chloride formed a gel which could be redispersed by
repeated washings which removed the sorbed chloride. If
precipitated by a sulfate, however, washing would not redisperse
the gel until an excess of sodium chloride had been added. The
latter displaced the sulfate and then subsequent washing with
water resulted in repeptization. Similarly a silica gel formed by
the precipitation of silica hydrosol by means of aluminum
chloride has been reported®® to hold the aluminum so tenaciously
that water would not wash it out. If washed with a potassium
chloride solution, however, potassium would be sorbed and some
of the aluminum washed out.

The Influence of Surface Tension.—It is generally agreed that
the addition of crystalloid surface-tension-lowering substances
such as alcohols, urethanes, phenol, camphor, and thymol to
arsenious sulfide, gold, silver, copper ferrocyanide, chromicoxy,
and ferricoxy salt hydrosols renders these sols more sensitive
toward monovalent ions.®* The reports of their effects upon the
precipitating powers of higher valence ions are conflicting.
Weiser®® ascribes the sensitizing action of these substances to
their sorption by the colloidal particles which tends to lower the
concentration of electrolyte essential for precipitation, the
amount of the lowering being greatest for electrolytes with
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weakly sorbed precipitating ions that precipitate only in rela-
latively high concentration.

The precipitating effects of a series of organic ions which
diversely affect the surface tension of water have been found to
bear no relationship to the surface tension when tried upon ferric
oxide, zirconium oxide, cerium oxide, gold, arsenious sulfide,
Victoria blue, and Congo red hydrosols,® although in the pre-
cipitation of mastic hydrosols the precipitating powers paralleled
the lowering of the surface tension.

More recently, however, Freundlich®” has produced the infor-
mation in Table 35.

TABLE 35.—PRECIPITATION OF AN ARSENIOUS SULFIDE HYDROSOL

Electrolyte Liminal Electrolyte Liminal
value value

NHCL..................| 51 NHCL..................] 51
CH;NH,Cl...............| 30 (C:H;))NH,Cl............| 17.5
(CH,).NH,Cl.............| 14.5 (C.H;)NH.ClL........... 5.3
(CH,;);NHCl..............| 6.9 (C.H;)sNHCI............ 1.5
(CHy)NCIL...............| 4.8 (C:Hs)uNCl.............. 0.85
NHCL..................| B1
(CsH:)NH,CL.............| 9.8
(CsH7) NH.ClL........ .. ... 2.3
(CsH;)sNHCIL.............| 0.34
(CsH;)(NCL...............| 0.155

The alkyl amine salts increasingly lower the surface tension
of water and the {-potential* of the particles with increasing
numbers of alkyl groups.

Using a ferric oxide sol (made by action of hydrogen peroxide
upon iron carbonyl) the order was p-ethylbenzene sodium sul-
fonate > p-toluene sodium sulfonate > benzene sodium sulfonate
for precipitating power, lowering of the surface tension and for
decreasing the {-potential.” In both series, it will be observed
that the electrolytes are in the order of molecular weight.

Kinetics of Precipitation.—A theory for the coagulation of
colloidal dispersions was developed by von Smoluchowski® in
1917, in which he considered the probability of collision and

*See Chap. IX for definition of {-potential.
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adhesion of particles resulting in the formation of aggregates
large enough to settle out rapidly. The probability of collision
is a function of the Brownian movement and of the distance
between the particles. The probability of adhesion is a result
of the mutual attractive forces of one particle for another and the
diminution of surface energy resulting upon union, which is
greater when the repulsive forces of the electric double layer
have been diminished by the addition of electrolyte.

In considering the case of rapid coagulation, i.e., where the
sol particles have been robbed of all stabilizing factors, each
collision will result in adhesion. Smoluchowski assumes that
around each particle there is a sphere of attraction of radius
R’ so that the center of any particle entering this sphere is
firmly bound and R’ must be at least twice the radius of the
particle. The probability of a particle getting within the
sphere of attraction of another particle (assumed to be motion-
less) is

P = 4rDR'y,
‘where D is the velocity constant of the Brownian motion,
RT 1
D=5 6w

The ““coagulation time”” (7”), in which, on an average, the moving
particle sticks to the motionless one, is

_ 1
- 41I‘RIDV0

where », is the number of particles originally present in the
unit of volume. But now it must be taken into consideration
that the selected particle is not at rest but is also subjected to
the Brownian motion. This is done by doubling D. The
decrease of the number of the simple primary particles is given by

TI

-1
B

Vo Vo

= 7 =

V1

But here only the uniting of simple particles into doublets has
been considered, whereas, in reality, the formation of multiple
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particles must be taken into account. The double and treble
particles already formed act in their turn as nuclei of coagulation,
unfortunately in such a manner as cannot be exactly calculated,

Fia. 58.

the form of the multiple particles being in all probability not
spherical. The total decrease of the primary particles is

1 1
8rDR’' v, dt

il 4 Uhani < Banil < T €

By integration, the total number of particles, 7.e., the sum of
all singles, doublets, triplets, ete., is

Yo

2v=h+n+l/3+"‘ =1—+—ﬁt

Vo
y =

1+ 5

or
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From this equation it is seen why 7" is called the ‘““coagulation
time” for, when ¢ = 7", the number of particles is just halved.
T’ is then a good characteristic for the rate of coagulation.

In Fig. 58 are plotted the ratios Zv/vo, v1/v0, va/vo, vs/v, and
vs/vo as a function of ¢/T”. Originally there are present only
single particles and consequently Zv and », start at the same
point. As the coagulation proceeds, =» and »; diminish. Con-
comitantly the doublets increase to a maximum and, while
decreasing, the triplets increase to a maximum and then decrease,
and so on, until all of the particles have coagulated and settled
out.

Smoluchowski’s equation for rapid coagulation was first
verified by Zsigmondy® for gold sols and subsequently by
others,®77. Kruyt and van Arkel having made a total count
of 200,000 particles in their experimental work!

For the case of slow coagulation, i.e., coagulation produced
by the addition of a small amount of electrolyte which Smolu-
chowski theorized would result in only partial annihilation of the
. repulsing, electric double layers, he proposed a modified formula.
This has been shown not to hold.”t A suggested reason is that
the electric charge is not uniformly distributed on the particle
surface. Consequently when two particles touch each other
at the uncharged spots, they adhere and can thus form clusters
like a bunch of grapes.

Heat of Coagulation.—The literature concerning the heat
exchanges in the precipitation of colloids by electrolytes is rather
meager. Berthelot” concluded from his measurements that the
heat evolved in the coagulation of ferric oxyacetate hydrosol by
potassium sulfate was very slight. Linder and Picton’™ noted
no heat evolved in the coagulation of arsenious sulfide hydrosol,
but their measurements were crude. Graham noted a tempera-
ture rise in the coagulation of silicic acid hydrosol by electrolytes
and so did Wiedemann and Liideking.” Doerinckle’ noted a
positive heat change in the coagulation of silicie acid, ferric oxide,
and silver hydrosols and showed that the amount of heat evolved
was a function of the concentration and kind of coagulating
electrolyte. While he noted that after dialysis the sols evolved
less heat upon electrolyte coagulation, he did not seem to attach
much significance to this important fact.
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Kruyt and van der Spek” measured the heat interchanges upon
the coagulation of arsenious sulfide and ferric oxychloride hydro-
sols. After correcting for the heats of dilution they found a
positive heat evolution upon the precipitation of ferric oxychloride
but none in the case of arsenious sulfide and concluded that the
evolution of heat upon coagulation is a property peculiar to the
highly hydrated dispersions like silicic acid and ferric oxide.
They also noted an expansion of the solution upon addition of
sodium chloride and of ammonium nitrate in the precipitation of
ferric oxychloride but none in the reaction with arsenious sulfide
sol.

Browne and Mathews”™ performed a careful investigation
upon the heat of precipitation of ferric oxide hydrosol and
criticized Kruyt and van der Spek’s belief that it was due to a
dehydration. They studied ferric oxychloride sols of varying
“purity,” .e., of varying ferric chloride content, and attempted to
correct for the heats of dilution and of hydrolysis of the ferric
chloride present. They found that, if the heat of dilution per
gram equivalent of chlorin in the sol is plotted against the
chlorin content, the curve is of the same nature as that for the
heat of dilution of ferrie chloride solutions of varying concentra-
tions. The heats of coagulation of sols of varying purity with
sodium oxalate, sulfate, chloride, potassium ferricyanide, sodium
hydroxide, and sulfuric acid were all positive and decreased as
the purity of the sol increased to a purity ratio Fe/Cl = 14,
beyond which erther there was no heat evolved or it was negative.
The amount of heat liberated varied with the kind of electrolyte.
They conclude that the heat effects observed on coagulating ferric
oxide sols with electrolytes are to be attributed to the action
of the electrolytes in the coagulants upon the peptizing electro-
lytes, particularly ferric chloride, present in the sol. They
also found that the change in dispersity of the ferric oxide on
coagulation does not involve a heat change greater than 1 to 2
cal. per gram equivalent of ferric oxide, the limit of accuracy
of their method. With Odén sulfur sol, a similar effect was
found.”

In this chapter, the precipitation of hydrophilic dispersions
and the Hofmeister series has not been mentioned. This subject
will be discussed in a subsequent chapter.
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CHAPTER IX
ELECTROKINETICS

Whenever two phases come into contact, there generally
arises a stratification of balanced electrical charges between
the two. If electrodes are placed at the ends of the tube shown
in Fig. 59a and an electric field is impressed, the water moves

—— -~ Glass wall
f =% 5_—;‘?_—%_— L‘E_—i :3'_:;'_—‘!: ==+
Glass wall..*

()~ Water in a Glass Tube

(b)- A Solid Particle Suspended in Water
Fia. 59.

and, conversely, if the water is forced through the tube, a differ-
ence in potential is set up. Likewise, the particle shown in
Fig. 59b moves in an electric field and, conversely, a potential
difference results if the particle is moved through the water.
Thus there are four phenomena involving the electrical forces
set up by the relative motion of solids and liquids, or, of such
relative motions set up by applied e.m.f.
204
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These phenomena are correlated as follows:!

Motion Caused by Applied E.M.F. E.M.F. Set Up by Impressed Motion
1. Liquid moves along stationary 1. Liquid is forced through station-
walls of tubes. Electroosmosis ary tubes. Stream or flow
potentials
2. Solid particles move through 2. Solid particles are dropped
stationary liquids. Electrophore- through liquids. Dorn effect?

818

The classical observation was made by Reuss, in 1808. Insert-
ing electrodes in water contained in two tubes which were inserted
upright in a mass of moist clay, he noticed that, when the electri-
cal potential was applied, the water rose in one tube and fell
in the other while fine particles of clay detached themselves and
migrated in the opposite direction, rendering turbid the contents
of the tube wherein the water level fell. In 1816, Porret showed
that water could be “entrained by the electric current’’ across
layers of sand and across animal membranes. Analogous
observations were made later.by Becquerel, Armstrong, and
Daniel. :

Methods of Measurement of Electrophoresis.—Three general
methods are available for measuring the velocity of micelles in
an electric field. These are the moving boundary, the Hittorf
transference, and the observation of the motion of a single
particle under the microscope.

Moving Boundary.—The measurement of the mobility of a
colloidal particle by observation of the velocity of a moving
boundary in an electric field was first done in a rudimentary
form by Picton and Linder? (1892). This was six years after
Lodge* measured the velocity of hydrogen ion by means of the
moving-boundary technique. After making a series of qualita-
tive measurements upon a variety of colloidal solutions, Picton
and Linder described ‘‘a remarkable property which consists
in the repulsion of the substance as a whole from one pole to
another when one immerses the electrodes connected with a
galvanic battery.” These experiments combined with their
other observations led them to ‘“consider that we have made
out good prima facie case for the belief that there is a continuous
series of grades of solution passing without break from suspension
to crystallisable solution.” In a later paper® they stated, ‘It
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will be at once apparent that we have here a remarkable mimicry
of ionic dissociation.” In 1904, Whitney and Blake® found that
the rate of migration of the micelles in gold, platinum, and
Prussian blue hydrosols approximated that of inorganic crystal-
loid ions.

Hardy” should be credited with the
first quantitative electrophoretic meas-
urements. He used a U-tube practi-
cally identical with that shown in Fig. 60.
This is the tube used by Nernst® to
measure ionic mobilities. Hardy dipped
- the electrodes into an overlying aqucous
=1 /KNO;  solution of the same conductivity as that
1 of the hydrosol. He showed that the
overlying liquid must not react with
the sol and that merely having an
equally conducting overlying liquid did
not necessarily make the measurement
correct.

The Nernst-Hardy tube is commonly
referred to as the “Burton tube,” owing
to the more widely known experiments
performed by Burton? upon a number of
inorganic hydrosols and suspensions.
As used by Burton, its limbs are 12 em.
long and 1.5 cm. in diameter. In the

Fia. 60.—Tube used by bend is sealed a small-bore delivery
Nernst for measurement of tube provided with a stopcock and
ionic mobilitics. funnel. With the cock closed, the
funnel tube is filled with colloidal solution. A solution of potas-
sium chloride having the same conductivity as that of the
hydrosol is put in the U-tube to a height of a few centimeters.
After the apparatus has been submerged in a thermostat for a
while, the cock is opened allowing the colloidal solution to rise
in the limbs. Platinum electrodes are inserted, dipping in the
supernatant solution, and are connected to a source of constant
voltage. Under the action of the current, the boundary between
the hydrosol and the overlying liquid falls in one limb and rises
in the other. From these displacements in a given time the

[HJIHAIEH!
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velocity of the motion of the boundary is calculated. In order
to evaluate the mobility of the colloidal particles, the potential
gradient must be known. Burton obtained this value by dividing
the voltage drop across the electrodes by the effective length of
the U-tube. It is required, however, for this to be valid, that
the field be uniform throughout the system, 7.e., that the conduc-
tivity of the medium remain the same throughout the determi-
nation. The velocity of migration divided by the potential
gradient gives the mobility.

Burton noted that the downward displacement was always
greater than the upward motion. He referred to this as the
“settling of the colloid” and aseribed it to the action of gravity,™
which is open to question.

The results obtained by means of this method have varied so
widely!! that most workers have found it necessary to alter the
apparatus and particularly the nature of the overlying solution.
Different values for the mobility are obtained according to the
nature of the overlying liquid.!!

In order to avoid the complications arising from electrolysis
products, nonpolarizable electrodes have been used. Electrodes
have also been inserted in U-shaped side tubes.!? Subsidiary
electrodes have also been fitted in the main vessel near the
boundaries in order to measure and to control the potential drop
at the boundary.!?

In those cases where the colloidal solution is not colored,
the motion of the boundary may be followed by use of a Tyndall
beam.!* Since protein solutions fluoresce in ultraviolet light,
this may be employed!® or the absorption of ultraviolet light by
the dispersed protein may be photographed.!®

Different types of overlying or indicating liquids have been
used by various workers. Mukherjee!!'V gives reasons for use in
some cases of a suitably chosen solution of the same conductivity
as that of the hydrosol. Pennycuick!® uses the solution obtained
by freezing platinum sols in the study of the mobility of platinum
micelles. Some workers use an ultrafiltrate as indicating solu-
tion. At the present time it is recognized that the constituents of
the overlying liquid should not react with the micelles or change
their environment, while permitting the calculation of the poten-
tial gradient at the boundary.
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The intermicellar liquid meets the first requirement and, if
its conductivity is the same as that of the sol, the potential
gradient problem is eliminated. Within the precision of the
ultimate measurements this condition has been fulfilled by certain
so0ls.”® In the case of proteins it may be realized by using a
buffer of sufficient concentration for the foregoing to hold.

The case where the conductivity of the ultrafiltrate differs
from that of the original sol has been treated by Kruyt and van
der Willigen.!? They assumed that a boundary finally located
above its initial position moves in a medium of conductivity
equal to that of the supernatant liquid (.e., ultrafiltrate), whereas
the movement of the micelles below the initial position takes
place in a medium of conductivity equal to that of the original
sol. This assumption has been shown by Henry and Brittain!?
not to be strictly valid. However, the mobility values obtained
by the latter authors for a silver hydrosol, using the method of
Kruyt (in both procedure and calculation of results), can be
related to the true mobility, obtained by the transference method,
by the theoretical treatment given by Henry and Brittain.
This treatment is based on the Kohlrausch-Weber theory of
moving boundaries.?®

Hacker® shows how one can arrive at the concentration of
the indicating solution having ions in common with that of the
sol. His treatment is based also on the Kohlrausch-Weber
theory.

Henry and Brittain!® suggest the following simple calculation
of the mobility when the change in concentration of the moving
sol column is not considered important, the ultrafiltrate being
used as the indicating or overlying liquid.

v="=%
1
where U = mobility of the colloidal micelle.
v = velocity of the advancing sol column.

k = conductivity of the sol measured during its motion by
means of suitably placed side tube electrodes.*

1 = current density.

* See description of such a cell by Mukherjee.?
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Some simple and perhaps obvious rules about the method of
moving boundaries are the following:

1. The mobility of the particle must be independent of the nature of the
indicating solution. Thus if one uses a potassium chloride solution as an
overlying liquid in the case of an oxide hydrosol, chemical changes will
invalidate the results. The ultrafiltrate will affect the sol least, if at all.

2. The mobility of the micelle should be independent of the field. This
is in fact true for all electrophoretic
measurements.

The reader seeking a review of the
theory and mechanism of moving
boundaries is referred to the com-
prehensive and authoritative article
by MacInnes and Longsworth.2!

Transference—The transference
method is identical with the Hittorf
method of determining ionic trans-
ference numbers. This method was
first applied to colloidal solutions by
Duclaux?? in 1909 and the method
has since been used by several
investigators!®19.23:24  with various Fie. 61.—A transference
modifications of apparatus. One apparatus.
of these, the apparatus used by Paine,?* may be considered.
As shown in Fig. 61 it consists of two flasks connected by means
of an inverted U-tube. The electrodes are strips of platinum
foil wrapped tightly around the outside of the leg of each tube.
Platinum wires welded to these strips are passed along the outside
of each tube, being fastened at the top. The hydrosol is
placed in each of the two flasks and drawn up into the U-tube.
A potential difference to produce a current of a few tenths of a
milliampere is applied to the electrodes. The current is per-
mitted to flow until a desired amount of the dispersed phase
has migrated from one flask to the other; then the stopcock
is opened allowing the liquid to flow back into the flasks. The
contents of the flasks are analyzed for the mass of the migrating
constituent which is assumed to be entirely a part of the micelle.
Since the mass of the dispersed phase present in an electrode
chamber before the application of the current is known, the mass
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which has migrated from one vessel to the other is readily
calculated.
The mobility of the colloidal micelle is given by the equation

m
Tt 1

where U = mobility (velocity in centimeters per second under a
potential gradient of 1 volt per centimeter).
I = current in ainperes.
t = time in seconds.

U=

M = mass of dispersed phase per cubic centimeter of the
original hydrosol.
m = mass of dispersed phase transported from one com-

partment to the other.
k = specific conductivity of the original hydrosol.

A derivation of this equation is as follows. Consider the
area (A) of the cross section of that part of the U-tube where the
sol remains unaltered during the electrolysis. If the colloidal
particle moves at the velocity », under a potential gradient of
X volts per centimeter, and M is the mass of the particles per
cubic centimeter, the amount passing through the cross section A
in 1 sec. will be vAM. In ¢ sec.,

m = AvMt 2

The current I flowing across A will be

I
I—xXAorA—a 3)
Replacing 4 in Eq. (2) one has
IvM!
m=—< 4)
Since, by definition v = U when X = 1 volt per centimeter,
mkl
U=w11 (5)

If it is assumed that the potential gradient is uniform throughout
the entire length of the U-tube, it can be said that

g=E ®)
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where E = the potential drop across the electrodes.
p = the “cell constant” of the apparatus.
This cell constant is determined in the same manner as in the
case of a conductivity cell. Thus, substituting for x/I in Eq. (1),

= mp
U= im @
the form which Paine used for calculating the mobility of the
particles in “copper oxide” hydrosols. The conductivities of
these sols were so low that the assumptions may have held. The
assumptions were shown not to hold for sols of higher con-
ductivity, viz., certain silver hydrosols. Henry and Brittain!®
found in the latter case that the resistance of the system dropped
during the course of the experiment owing to the accumulation
of products of electrolysis, which did not, however, reach the
topmost portion of the U-tube. Some typical results obtained
by the invegtigators just mentioned are to be found in Table 36.

TaBLE 36.—MoBIiLITIES OF COLLOIDAL PARTICLES

Mobility, em. per sec. per

Conductivity, volt per em. X 10°
mhos X 108
By Eq. (1) | By Eq. (7)
2.03 ceen 39.56
““Copper oxide” hydrosol—. 2.12 e 39.0
2.11 c 39.0
16.9 36.3 36.5
“Silver” hydrosol—. ....... }gg ggg gig
16.6 37.3 36.7

The mobilities given in the table are of the same order of
magnitude as those of simple ions. For comparative purposes
one might cite the following mobilities ()X105) determined by
Kohlrausch many years ago (at 18°):

L 31
Lt e 36
At 57
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The transference method is more time consuming than the
moving-boundary technique and its use is restricted to dis-
persions where the element analyzed for, in order to measure the
transference, is present in the micellar form only. For example,
if one were measuring the mobility of an aluminumoxychloride
micelle, aluminum ion must not be present, inasmuch as the
transference of the micelle would be measured by determination
of aluminum. The precision of the transference method is set
by analytical considerations. An advantage of the method is
that the uncertainty concerning the potential gradient, the chief
source of error in the moving-boundary method, is absent.

If the theoretical treatment of the various methods of measur-
ing mobility is sound, then the mobility should be independent
of the method. In the case of crystalloids, data obtained by
means of the improved moving-boundary technique of MacInnes
and coworkers differed so widely from the results of earlier investi-
gators who used the Hittorf method that the latter pethod was
questioned. The refinements in the Hittorf technique produced
by MaclInnes and Dole,?® however, result in complete agreement
between the two methods when applied to a crystalloid. Agree-
ment between these two methods when applied to colloids has
recently been established.

Hacker,* employing an apparatus which measured the mobility
by transport and by motion of the boundary, obtained concordant
results in a formol gold hydrosol. Henry and Brittain,!® study-
ing a Kohlschiitter type of silver hydrosol, applied the trans-
ference and moving-boundary techniques separately ‘‘ to the same
sol as nearly as possible at the same time” and obtained the
results set down in Table 37 upon four hydrosols.

TaABLE 37.—MoBILITY OF SILVER MICELLES
Mobility in centimeters per second X 10°

By Transference By Moving Boundary
37.7 38.5
36.8 38.3
34.7 34.7
37.22
%33 8 36.6

The Microscope-cell Method.—This method consists in the
observation of the motion of an individual particle in an electric
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field using a microscope or an ultramicroscope. It is not appli-
cable either to amicroscopic particles or to concentrated dis-
persions. In order to minimize the error introduced by the
Brownian movement, the mean of many observations is taken.

The observed velocities of the particles vary according to
their distance from the cell walls owing to the electroosmotic
flow of the dispersion medium along the cell walls (in the opposite
direction). Quincke,? who is credited with being the first to,use
this method, called attention to the fact that lycopodium particles
suspended in water in proximity to the cell walls moved in the
opposite direction to their motion in the center of the liquid.

In a study of the electrophoresis of oil globules in water, Ellis®
developed a method for the true mobility of the dispersed parti-
cles. He assumed that for a flat closed cell the observed
velocity (vo) at a particular level (z.e., the velocity of the particle
with respect to a given fixed point on the cell wall) is equal to
the algebraic sum of the true velocity of the particle (ve), ‘..,
with respect to the suspending liquid, and of the velocity of the
liquid (v;). Thus for a particular level

v = v, + v
or
Ve = 0o — W1 (8)

Integrating over the entire depth (z) of liquid in the cell

j;zvtda: = j:vodx - j:wdx 9)

but j;zv; = 0 for the closed cell and j;zvldx = v, since v, is con-
stant and is a function of the potential gradient only. Thus

b = % J;  vodz (10)

Equation (10) then simply expresses the true velocity of the
particle as the mean velocity in the cell. By plotting the
observed values of vy as a function of the depth of the cell, a
curve as shown in Fig. 62 results, from which the value of v; is
found. The area under the curve divided by z is v..
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Smoluchowski® by deriving the formula for the velocity of
the liquid medium in the electrophoretic cell (as a function of the
distance from the cell walls) enables one to calculate the true
electrophoretic velocity merely by observing the velocity of the
particle at two different levels. His equation for the electro-
osmotic velocity is

80
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F1a. 62.—Effect of depth upon speed of migration.

w=v1-6(3~ )] an
o D D

where v} = the velocity of the liquid at the wall of the cell.
! = the depth at which the liquid travels at the velocity
U1,
D = the total depth of the cell.
Thus by observing the velocity of a particle at the levels (I/D)
14 and 14 one obtains by simple algebra two equations [Eqgs. (8)
and (11)] where the two unknowns are now ¢} and .. Thus

Ve = 0.750% + 0.251)}4 (120)

where v, and vy, are the observed electrophoretic velocities at
the levels 14 and 14, respectively. From Eq. (11) it follows

that v; = 0 when I/D = 14 + 1/4/12. Thus, approximately,
v = vy = vy (12b)
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These measurements are valid only where the flat cell is very thin
with respect to its width, 7.e., where the depth is so small com-
pared with its width that flow may be treated as taking place
between infinite parallel planes.
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F1a. 63.—Abramson’s micro cell. (a) is scheme of apparatus in longitudinal
section. A is the agar plug and B is the outlet sealed off at C. The cell itself
is fused to the electrode arm at D. (b) is a schematic view from above. ABCD
and EFGQ are solid-glass supporting rods. Part of the bar BC (stippled) is curved
to render possible the dark-field illumination from the side. Shaded F of the
rear supporting rod is a break in EFQ which is sealed with cement. By cementing
glass plates above and below at the sides H and I of the cell itself, surfaces are
obtained for both manual and mechanical manipulation.

Both treatments just discussed have been confirmed?:3 for
flat cells in which the depth is small in comparison with the width.
For deep cells, the Smoluchowski formula does not apply.®!
While Ellis’s method would apply to these cells, the large number
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of observations required at the various levels to establish the
curve would render it so laborious as to be practically inappli-
cable. Sumner and Henry?®!' have derived formulas for electro-
osmotic flow in strictly rectangular cells of any ratio of depth to
width.

While a variety of cells for the microscope electrophoresis
method have been devised, it will suffice here to describe one used
by Abramson,?? whose experimental results have an important
bearing upon the theory of electrokinetics. Abramson’s cell,
shown in Fig. 63% is 3.5 cm. long, 0.99 cm. wide, and has a mean
depth of 0.081 cm. Reversible electrodes (Cu in saturated
CuSOy solution) are inserted in electrode vessels which are fused
to the cell. The agar-agar plugs prevent streaming of liquid
from the electrode system into the system being measured.

Abramson calculated the actual velocity of migration of the
particle from the observed velocity by means of Ellis’s and
Smoluchowski’s methods and then calculated the mobility,
determining the potential gradient as follows:

IR

X=7

(13)
where X = potential gradient.

I = current flowing through the apparatus.

R = specific resistance of the colloidal solution.

A = cross section of the electrophoresis cell.

Figure 64 shows the results obtained by Abramson for the
mobility of serum albumin particles* using this technique com-
pared with the values found by Tiselius? by means of the moving-
boundary method applied to solutions of this protein. The
results are seen to be identical. Freundlich and Abramson?* like-
wise produced results for egg albumin which were identical with
those of Svedberg and Tiselius.?® At the time of writing these
remarks, there is only one other case in the literature bearing
on this problem. Kruyt*® by means of the moving-boundary
technique obtained mobilities for gold and selenium particles
which were about one-half those found by his use of a van der
Grinten® microscope cell. This led Kruyt to the belief that the
two methods yielded divergent results. In this respect he was

* Quartz particles coated with serum albumin were used.
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misled owing to an erroneous calculation applied to the van der
Grinten cell.?® By eliminating this mistake, which under-
estimated the actual mobility by roughly one-half, the above-
mentioned apparent divergence can be reconciled.

Thus on the basis of these three instances it may be said that,
when properly carried out, the “micro” and moving-boundary
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F1c. 64.—The open circles are the values of electric mobility of dissolved serum
albumin. The other points are the mobilities of microscopically visible quartz
particles covered with an adsorbed film of the same protein. The line is the
titration curve of a sample of serum albumin.

techniques give identical values for the mobilities of colloidal
particles.

Electrophoresis—Qualitative.—Obviously, the electrophoresis
cells alrcady discussed are serviceable for the qualitative purpose
of determining the sign of the charge of micelles. Usually a
different type of U-tube known as a ‘“Coehn” or ‘Michaelis
tube” is employed. It is merely a U-tube with a stopcock in
each limb just above the bend. The drawing in Fig. 65 illus-
trates such a tube with electrodes and leveling device used in the
determination of the change in the direction of migration of the
enzyme malt amylase with change in pH.*® Since the method
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employed in this particular instance is applicable to all amphoteric
colloids, the details of the measurement are given in full.

The connecting flasks (D) served as a leveling device. Theelectrodes were
placed in cells (C and A) which dipped into the connecting flasks and
which have stopcocks in the connecting tubes or salt bridges. These
stopcocks (4 and 5) were greased in such a way that the current would still
be carried by a film of the liquid when they were closed. Diffusion of the
solutions surrounding the electrodes into the rest of the apparatus was thus

Perspective X
view of D \ )

F16. 65.— An apparatus for the determination of the sign of the charge of micelles.

decreased and further guarded against by the presence of the connecting
flasks (D), which acted as traps as well as leveling devices. Changes in the
level of the liquid in the U-tube, which may be caused by the evolution of
gases at the electrodes and which, even when slight, give rise to noticeable
errors, were also thus minimized.

Buffer solutions of the desired hydrogen ion concentrations were prepared
by mixing molar monosodium phosphate with 0.5 M disodium phosphate
according to electrometric titrations. The enzyme preparation was dis-
solved in a small portion of buffer solution containing 2 per cent of pure
sucrose to increase its density. The bend (X) and stopcocks (1 and 2)
of the U-tube were filled with this weighted solution, the stopcocks (1 and 2)
were then closed with the careful exclusion of all bubbles, and the arms
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(Y and Z) thoroughly washed. The U-tube was then securely fastened in
an ice bath, the arms (Y and Z) of the tube were filled with buffer solution
containing no sucrose, the connecting flasks and leveling bridge (B) inserted,
and the whole was filled with the same buffer solution, care being taken to
exclude all bubbles and to adjust the level of the solution in the connecting
flasks. The electrode vessels (C and A) with their salt bridges were also
filled with the same buffer solution and inserted in the connecting flasks (D).
Solid copper sulfate and an electrode made by enclosing a copper wire in
glass were placed in the electrode vessel (C) on the cathode side, and solid
monosodium phosphate and a platinum electrode in the electrode vessel (4)
on the anode side. In adjusting the level of the whole apparatus, care was
taken always to have the solution pass from the connecting flasks into the
electrode vessels rather than in the opposite direction, in order to avoid
contamination of the solutions with the electrode reagents. A 220-volt
direct current was then turned on while the stopcocks of the calomel-cell
salt bridges and of the leveling bridge were open and those of the U-tube
closed. The stopcocks 4 and 5 were then closed in such a manner as to have
the current conducted by a film of the buffer solution around them. The
stopcock (3) of the leveling bridge was next closed as tightly as possible and
those in the U-tube (1 and 2) were opened simultaneously, thus allowing
the current to pass through the whole system. An ammeter was inserted
to give indications of the amount of current obtained during the setting
- up of the apparatus and during the experimental period. Experience showed
that 24 to 36 hr. was a satisfactory length of time for the electrophoresis.
At the expiration of this time stopcocks 1 and 2 were simultancously closed,
the current discontinued, and the solutions in the arms (Y and Z) and in
the bend (X) were tested for enzymic activity. Since inconsistencies due
to changes in level and to the tipping of the apparatus were eliminated, and
since the enzyme was originally confined to the bend of the U-tube and the
possibility of its diffusion into the arms of the U-tube is equal on both sides,
any differences in enzymic activity found in the solutions in the arms of the
U-tube can properly be attributed to a migration of the active material
caused by the electric current, provided these solutions are tested for amylo-
lytic power under strictly comparable conditions.

It was found that the enzyme migrated into the cathode arm
when the solution was more acid than pH = 4.3, and to the anode
when more alkaline than pH = 4.5. Hence this enzyme had an
isoelectric point between these pH values in the particular envi-
ronment described.

If the colloid is not amphoteric, one omits the buffer solutions
and puts a very dilute solution of potassium chloride in the
arms Y and Z. If the colloid is colored, the direction of migra-
tion is perceptible to the eye but when it is not colored a suitable
analytical test must be applied to the contents of ¥ and Z after
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a suitable time of application of the current, provided the Tyn-
dall-beam or ultraviolet-light methods are not convenient or
applicable.

A method known as capillary analysis is an alluring substitute
for the troublesome electrophoresis just described owing to its
simplicity. A strip of filter paper is dipped into the colloidal
solution and the rise of the micelles noted. Negatively charged
micelles are reputed to rise by capillarity in the paper, while
positively charged micelles are stated not to do so. This has
been shown to be erroneous.®? A dilute hydrosol ascends the
strip of paper, while a concentrated one does not, regardless of
the sign of the charge of the micelle. Despite the fact that this
attractive technique has long been known to be worthless, it is
still recommended*! by some writers.

Sign of the Charge of Some Micelles.—Dispersions containing
positively charged micelles are the hydrous ‘“oxides” such as
ferric oxysalt, aluminum oxysalt, chromium and thorium, silver
halides in presence of a slight excess of silver ion, colloidal basic
dyes such as Victoria blue, and proteins on the acid side of their
isoelectric points. Dispersions in which the colloidal particles
bear a negative charge are hydrous oxides such as of silicon, tin,
and vanadium, dispersions of noble metals such as gold, platinum,
and palladium, silver halides in the presence of a slight excess of
halide ion, sulfides, hydrosols of sulfur, selenium, alkali soaps,
caramel, gum arabic, shellac, rosin, mastic, colloidal acid dyes
such as Congo red, and proteins on the alkaline side of their
isoelectric points. _

The reasons for most of the foregoing charges have been dis-
cussed in Chap. VII. Basic and acid dyes have positive and
negative micelles, respectively, because the complex organic
radicals are, respectively, the cations and anions.

Thornton4? showed that watery suspensions of vegetable micro-
organisms such as diatoms and algae migrate to the cathode,
while animal microorganisms migrate to the anode. This is
probably due to the fact that the vegetable microorganisms inves-
tigated by Thornton were living in a medium which was on the
acid side of the isoelectric point of the protoplasm of the organ-
ism, while the animal microorganisms existed in solutions on the
alkaline side of the isoelectric point of their protoplasm.
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A rather prevalent illusion concerning the sign of charge is
that, when a liquid is in contact with some other nonmiscible
phase, the substance with the higher dielectric constant is
positive against the substance of lower dielectric constant. This
is known as ““Coehn’s rule.”’4? 'While there are experimental data
in confirmation of this rule, there are likewise contrary data.
Pure benzene or pure carbon tetrachloride in contact with various
diaphragms fails either to electroosmose upon application of an
e.m.f. or to develop a stream potential upon application of pres-
sure. Consequently it is apparent that dielectric constants of the
phases in contact have nothing to do with the sign of the charge.

Measurement of Electroosmosis.—Following the first quantita-
tive measurements made by Wiedemann** and by Quincke,?
nothing of note seems to have been done upon electroosmosis
until 1904. In that year, Perrin*® devised a method of measuring
this phenomenon through diaphragms consisting of plugs filled
with small particles instead of the traditional porous-clay dia-
phragms. Thus the study of electroosmosis through a variety
of materials was made possible. Perrin found that the direction
of flow of the water was markedly influenced by acids and bases
(0.002 to 0.02N) in the case of diaphragms of alumina, car-
borundum, sulfur, graphite, naphthalene, and gelatin, but not
with diaphragms of cotton, glass, and iodoform. In the former
cases the water flowed to the anode in acid solutions, to the
cathode in alkaline solutions and not at all at a certain inter-
mediate pH value, depending upon the chemical nature of the
diaphragm. Perrin concluded that the electrical potential of
a surface in aqueous solution is made more positive, or less nega-
tive, by the addition of an acid and more negative, or less positive,
by the addition of a base.

Experimenting with salts, he found that one-one salts did
not affect electroosmosis to any appreciable extent. Salts with
one ion of valence higher than that of the other were influential—
the higher the valence of the ion of charge opposite to that of the
diaphragm, the greater was the lowering of the velocity of flow
through the diaphragm, 7.e., the lowering of the charge of the
diaphragm.

A refinement in technique wherein the electroosmotic flow
was followed by means of an air bubble in a single capillary tube
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was developed by Elissafoff.## This investigator found that
certain monovalent organic cations were quite as effective in
reducing the charge of negatively charged glass and quartz walls
as divalent alkaline-earth cations and that heavy metal cations
were also very potent in this respect, e.g., Agt as effective as the
alkaline-earth cations and Hgt+t much more effective than the
latter. He found also that the valence and nature of the anion
were significant toward negatively charged surfaces, salts with

F16. 66.—Electroosmotic apparatus (Briggst’). 7T is a thermometer. A:
and A: are electrode tubes holding platinum electrodes E; and E; 10 cm. apart.
D is the chamber containing the porous diaphragm. R, and R: are rubber
connections. D; and D; are exit tubes. F is a beaker. By manipulation of the
stopcocks C; and C: a bubble is introduced at B.

potent anions not having appreciable charge-lowering quality.
Thorium nitrate and the basic dye methyl violet reversed the
sign of the charge of glass and quartz walls when present in suffi-
ciently high concentration.

An improved apparatus developed by Briggs? is shown in
Fig. 66. The volume of liquid which flows through the dia-
phragm in a given time is measured by the velocity of motion of
the bubble. Among other measurements with this apparatus,
Briggs determined the effect of temperature and of voltage upon
the rate of flow. Figure 67 shows the relation between rate of
flow and the applied voltage.
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Several modifications of the apparatus and discussions of
technique have appeared since Briggs’s work, but these will not
be discussed here.®®

Measurement of Stream Potentials.—In the study of this phe-
nomenon, capillary tubes® or porous diaphragms® have been
used. Kruyt’s® measurements of the potentials set up by the
flow of aqueous solutions through a glass capillary are plotted
in Fig. 68. It is seen that a negative current of 350 millivolts
arose per centimeter of mercury pressurec of pure water flow
against the wall of the capillary. This was sharply reduced by
very small amounts of potassium and of barium chloride, the
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F1a. 67.—Relation between applied voltage and rate of electroosmosis.*’

latter being the more effective. Minute quantities of aluminum
chloride, on the other hand, rendered the glass wall positive, the
extent of this positive charge diminishing markedly with increased
additions of the aluminum chloride.

Briggs® used diaphragms of cellulose and of protein-coated
quartz particles in the apparatus which was previously used for
electroosmosis experiments. The reader will observe that this
apparatus becomes a stream-potential device when, instead of
applying a potential to the electrodes, one measures the potential
set up when liquid is forced under a definite pressure through
the diaphragm. This was done by connecting the electrodes to
a quadrant galvanometer. Briggs introduced a method for
measuring the specific conductivity of the liquid as it exists in the
pores of the diaphragm* as follows. The material of the dia-

*This is important because the conductivity of the liquid in the capil-
laries may differ from its conductivity in bulk form.
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phragm is packed between two perforated gold plates which are
connected to nonpolarizable subsidiary electrodes. The “cell
constant’’ of this portion of the diaphragm is measured by means
of an electrolyte (0.1N potassium chloride) whose surface con-
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F1a. 68.—Stream potentials arising through the flow of aqueous solutions through
glass capillaries.4®

ductance can be neglected. If the cell constant is known, the
specific conductivity of any other liquid as it exists in the dia-
phragm may be measured. This method is essentially that used
by Gortner®® and his coworkers in measuring the potential
difference at cellulose-organic liquid and at alumina-organic
liquid interfaces.
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Theory of Electrokinetics.—The various phenomena already
discussed were first theoretically treated by Helmholtz®2 and later
modified, although not materially altered, by Lamb,5* Smolu-
chowski,® and Perrin.#®* This treatment was based upon the
concept of an electrical double layer forming a sort of parallel-
plate condenser with one laminar distribution of charge residing
in the rigid phase and the other equal and opposite layer of
charges residing in the mobile phase. The present concept of the
double layer is different, in that the outer sheath is conceived as a
diffuse layer of charges. The charge density of this layer is
conceived to diminish from a maximum in the immediate neigh-
borhood of the fixed inner layer to a negligible value in the bulk
of the liquid. The distance over which the net electric density
of this double layer reaches a negligible value is a function of the
concentration and valence of the ionic species in the solution and
may lie between about lu (pure water at 20°) and molecular
dimensions.

The idea of a diffuse double layer of charges was originated by
Gouy® in 1910. It has since been developed by other investi-
gators, particularly by Debye and Hiickel.5s

The following simple derivations (according to Perrin) of the
electrokinetic formulas are those generally known to colloid
chemists. For a rigorous treatment of the theory of electro-
kinesis, which is beyond the scope of this book, the author recom-
mends the article by Henry.%

Consider a cylindrical capillary of radius r, with an electrode
inserted at each end, through which water is flowing at the steady
rate of volume V per second as a result of an impressed electrical
field. The water moves owing to the double layer of charges,
those of one sign adhering to the wall, while at the slight distance
6 therefrom in the liquid are aligned an equal number of charges
of opposite sign. The layer of liquid with its charge moves
along the walls to the electrode of opposite sign of charge.
Opposing this motion is the force of friction.

The frictional forceis proportional to the viscosity 5 of the liquid,
to the area of the surface of contact, and to the velocity gradient.
If u represents the mean velocity of a particle of the liquid moving
through the capillary,

V = xr2u (14)
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Since the liquid particles away from the wall are moving at
this velocity u, while the particles of opposite charge adhering
to the wall do not move, there is a velocity gradient from the
value u to zero over the distance z perpendicular to the wall.
‘Then in the confines of the double layer, the velocity gradient
is du/dz which is equal to u/8. If this is combined with Eq. (14),
the frictional resistance per unit area is

14
w78
If X represents the potential gradient per centimeter resulting
from the applied e.m.f. E, and e represents the density of the
charge, i.e., the quantity of electricity per square centimeter of
surface, Xe is the electrical force. Since at constant velocity this
is equal to the viscous resistance, we have

v
wr2d

If we consider the double layer as a condenser with the potential
¢ between the plates, the following relation holds:

47de
¢ = K (16)

where K is the dielectric constant of the medium between the
plates. Combining Eqgs. (15) and (16), we get
_ r% XK r%EK

14 4 = dnl )]

where [ is the distance between the electrodes (XI = E).
If, instead of a single capillary, we apply the reasoning to
a porous diaphragm, we may assume that such a diaphragm con-
sists of a bundle of capillaries, with A the cross section of the
diaphragm equal to 7r2. Then Eq. (17) becomes
v = AfXK _ A{EK
4y 4yl

which states that the volume of liquid electroosmotically trans-
ported across the diaphragm is directly proportional to the
cross section, to the potential difference of the double layer, to
the impressed e.m.f,, to the dielectric constant, and inversely
proportional to the viscosity of the liquid.

Xe = (15)

(18)
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According to Ohm’s law, E = IR, and since B may be expressed
by the quotient of the length of the capillary I over the specific
conductivity* « times the cross section A, then E = Il/A«.
Substituting for E in the second quotient of Eq. (18), we have

y = SIK

T 4 (19)

Equation (19) shows that, for constant current, the volume of
liquid transported is independent of the cross section of the
diaphragm and of the length of the capillaries.
Poiseuille’s law states
wPrt
V= 8nl

where P is the pressure applied. Combining Eq. (20) with Eq.
(17), we get

(20)

_ 2tEK
Tt
which states that the hydrostatic head brought about by an

applied e.m.f. is proportional to the e.m.f.
Equation (19) may be written

P

(21)

= (22)

Since the applied mechanical work PV is equal to the
electrical work EI produced, then

V E
I~P @3)
and, combining Eqgs. (22) and (23), we get
g = PK¢ (24)
4k

an equation for the stream potential produced when a liquid is
forced through a capillary.

In the discussion of electroosmosis we analyzed the action
of an electrical field parallel to the surface of contact of a solid
and a liquid and set the conditions so that only the liquid could
move. Now, instead of imagining a rigid and stationary capillary

* The specific conductivity of the liquid system in the capillaries.
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tube, let us assume that the latter is converted to very small
pieces which we suspend in the liquid. Now when the electric
field is applied, the layer of charges drags the particle through
the liquid just as the water was carried in the electroosmotic
case. Since, in the electroosmosis of water u = V /xr? then by
combination of this expression with Eq. (17) we have

. = XK

== *
v (25)

which is the equation for the electrophoretic velocity of a sus-
pended particle of cylindrical shape. The equation states that
the electrophoretic speed of migration of such a particle is
proportional to the difference in potential between the layers
constituted by the charges affixed to the particle and the layer
of balancing charges contiguous thereto in the liquid bathing
the particle, to the applied field, to the dielectric constant of the
medium between the charged layers, and inversely proportional
to the viscosity of the medium through which the particle is
moving.

It will be observed that Eq. (25) is not concerned with the
size of the particle. Smoluchowski claimed that » was independ-
ent also of the shape of the particle. Debye and Hiickel,* how-
ever, maintained that Eq. (25) is correct only for a cylindrically
shaped particle and that the equation should be written in the
general form

w = CtXK

7 (26)

where C depends upon the shape of the particle, being 1/6x for a
sphere.®® While experimental evidence pointed to the correct-
ness of Smoluchowski’s conclusion, it was Henry® who -showed
that both Smoluchowski and Debye and Hiickel were theo-
retically correct provided that the conductivity of the particle
substance was considered. If the particle substance has the

* The reader may be more familiar with Eq. (25) in the form

p - OO

Since 1 electrostatic unit = 300 volts, the result is obtained in volts by
dividing ¢ and X each by 300.
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same conductivity as the medium, then the Debye-Hiickel
formulas would obtain, while Smoluchowski’s conclusion would
apply to insulating particles. By showing that Eq. (25) holds
for the case of a nonconducting sphere and also for a non-
conducting cylinder oriented either axially or broadside to the
applied field, Henry infers that ‘the result lends considerable
support to the view that the same equation holds for any shape
of particle.”

The assumptions®® underlying the electrokinetic formulas
derived for a rigid, electrically insulating particle with respect
to its medium, and vice versa, are:

1.* The usual hydrodynamic equations for the motion of a viscous fluid
may be assumed to hold both in the bulk of the liquid and within the double
layer.

2.t The motion is ‘“‘stream line’” and so slow that the ‘“‘inertia terms”
in the hydrodynamic equations may be neglected.

3.1 The applied electric field may be taken as simply superimposed upon
the field of the double layer.

4.§ The thickness of the double layer (i.e., the distance over which the
potential differs appreciably from that of the bulk of the liquid) is small
compared with the radius of curvature at any point on the surface.

Experimental Results.—The formula for electrophoresis [Eq.
(25)] states among other things that the velocity of a particle
is independent of its shape or size. This has been tested experi-
mentally and shown to be true® in many instances. According

* This assumption is probably justified although it is possible that the
appropriate values of the dielectric constant and the coefficient of viscosity
will not be those which apply to the liquid in bulk.%

t For velocities encountered in electrophoresis and in eclectroosmosis
this assumption holds well except in the case of an irregular particle with
sharp edges or pronounced reentrant angles. Since, however, such particles
are often highly solvated, it is at least possible that the attached shell
of solvent molecules will produce a particle of “easy’’ shape.’

} This assumption is open to question since it is certain that the applica-
tion of an external field and the migration of the particle will disturb the
symmetry of the ionic atmosphere about the particle. Mooney®® discusses
this assumption and Henry® agrees that ‘it is not easy to estimate the
magnitude of the error introduced.”

§ In order to estimate the error involved in this assumption, one would
have to have some law for the thickness of the double layer. One might
use the Debye and Hiickel first approximation. For a treatment of this
question see the paper by Henry.%
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to the formula for electroosmosis [Eq. (19)] it is seen that the
volume of liquid (V) transported is proportional to the current
(I) irrespective of the dimensions of the capillaries. This is
generally referred to as * Wiedemann’s first law” and in general
it is obeyed.

If Smoluchowski’s equation [Eq (25)] for electrophoresis is
correct, then the ratio of electroosmotic to electrophoretic
mobility should equal 1. For a direct comparison of these
mobilities, the micro method has been utilized. The reader will
recall that the observed velocity of a particle at a given level
in the cell consists of the algebraic sum of the actual velocity

25
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F1a. 69.—Observed electrophoretic mobilities of protein-covered particles. The
abscissas are the levels in the electrophoresis cell.

of the particle and of the electroosmotic velocity of the liquid.
Since the actual velocity of the particle can be calculated, then
the velocity of the flow of the liquid along the wall of the cell
can be obtained.

Since protein coats a solid surface in contact with a protein
solution, Abramson3® used protein solutions in order to obtain
similar surfaces. Observing the velocity of protein-coated quartz
particles in protein solutions, he found electroosmotic and
electrophoretic mobility to be identical. This relationship can
be seen in one of his graphs where the observed electrophoretic
velocity is plotted as a function of the depth of the microscope
cell (Fig. 69). It is to be noted that, at the walls of the cell, the
velocity of the liquid must have been equal to the velocity of the
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suspended particle* in order to produce an observed velocity of
zero for the particle.5!

The fact that some workers studying this problem without the
use of protein solutions have not obtained the above-noted
concordance is due to the fact that the surface of a particle
produced by fracture of a cell wall is not identical with that of the
surface of the unfractured material. Sumner and Henry3!
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F1a. 70.—Variation of the { potential of albumin with pH. @ By stream poten-
tial (Briggs). O By electrophoresis (Abramson).

[
N
EN

obviated this difficulty by employing a method which enabled
them to use a glass cylinder drawn from the same glass as the
cell.

The derivation of Eq. (24) for the stream potential involved
the statement that E/P = V/I. This was experimentally
verified by Saxén,2 in 1892.

Additional proof of the theory was provided by Briggs,
who measured the potentials set up by the flow of protein
solutions at various pH values through a diaphragm of protein-
coated quartz particles.tf He obtained values for ¢ almost

* The reader will recall that the liquid moves in the direction opposed to
that of the suspended particle.

t The isoelectric points of proteins can be accurately determined by this
method.
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identical with those found by Abramson® who used the electro-
phoretic method. Figure 70 shows the concordance of these
methods in this instance.
 The experimental work cited thus far is the essence of the proof
of the theory of electrokinesis. However, there are numerous
examples which are not in accord with the theory, some of which
will now be mentioned. The value for { obtained by the stream-
potential method has been stated to be independent of. the
pressure for aqueous solutions but not for methyl alcohol solu-
tions.®* White, Urban, and van Atta® show that the stream
potentials of ‘“0.005 mm. diameter are from 0 to 25 per cent as
great as with large capillaries.” Further, they state: “These
low figures cannot be accounted for by the classical stream
potential cquation or any modification so far proposed.” A
summary of data showing variance between the influence of
electrolytes upon { as determined by the stream-potential and
electrophoretic methods has been published by Thon.

Significance of the Electrokinetic Potential ({) to the Stability
of Colloidal Dispersions.—Inasmuch as the mobility » changes
when electrolyte is added to hydrosols, then according to Eq. (25),
the ¢ potential* likewise changes. Since decrease in mobility is
generally effected by ions of charge opposite to that of the micelles
in a fashion qualitatively proportional to their potency in pre-
cipitation of the micelles, colloid chemists have been in the habit
of ascribing the stability of colloidal dispersions to the { potential.
The value of ¢ calculated from the value of u where the micelles
precipitate has been called the critical potential.

The author is of the opinion that this habit is not based upon
a sound foundation. There are stable colloidal dispersions
wherein the micelles do not migrate in an electric field and hence
in these cases { = 0. Further, Kruyt, and van der Willigen®
have found in experimentation upon hydrosols of selenium,
arsenious sulfide, and mercuric sulfide that the electrophoretic
mobility of the micelles increases upon addition of potassium
chloride and of potassium ferrocyanide until the micelles flocculate.
The same sort of behavior has been shown to occur when sodium
hydroxide is added to platinum hydrosol.

* It is common usage in the colloid literature to express the electrokinetic
potential (¢) by the term ‘‘zeta potential.”
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The ¢ potential is evaluated through the theoretical electro-
kinetic formula. It has never been measured per se. Laing®
and McBain™ present a more general theory of electrokinesis
without the concept of the double layer, portraying electrokinetic
phenomena as a “particular case of electrolytic migration . . .
without reference to the many hypothetical assumptions usually
introduced in the evaluation of the electrical phenomena of
colloids.”
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CHAPTER X

SURFACE PHENOMENA—GAS-LIQUID AND
LIQUID-LIQUID INTERFACES—WETTING

Some of the characteristic properties of colloidal dispersions
may be attributed to their great development of surface. As
particles of matter are progressively subdivided, the amount of
surface increases. Inasmuch as the surface is the capacity factor
of surface energy and since the amount of chemical change in
unit time is proportional to the surface of contact between the
reacting phases, the system is the more reactive according as the
particles are more finely subdivided.

The development of surface upon subdivision of a particle is
shown by Table 38 where a cube of 1 em. side length is pro-

TABLE 38.—DEVELOPMENT OF SURFACE UPON COMMINUTION

. Number Total Specific
Length of side of cubes surface surface

1 cm. 1 em............... 1 6 sq. cm. 6
1 mm. 107'em............... 103 60 sq. cm. 6 X 10
0.1lmm. 102cem.............. 10¢ 600 sq. em. 6 X 102
0.0l mm. 107%em............... 10° 6,000 sq. cm. 6 X 103
1n 1074em............... 1012 6 8q. m 6 X 104
0.1u 10%em............... 10 60 sq. m. 6 X 108
0.01u 10-¢cm...... e 10 600 sq. m.* 6 X 108
1mp 107em............... 102t 6,000 sq. m 6 X 107

* Equal to about )4 acre.

gressively divided into cubes with sides one-tenth as large.
According to Ostwald,! the effects produced by extension of
surface do not become noticeable until a specific surfacet of 10,000
or more is reached.

Influence of Extension of Surface upon Properties.—It is
well-known that, while hydrogen peroxide may be concentrated

1 Specific surface = surface area/volume.

236
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by evaporation in a smooth platinum vessel, the addition of a
small amount of platinum black or of colloidal platinum causes
rapid decomposition.

Upon subdivision of a sphere of water 1 em. in diameter into
a fog of droplets 0.1 u in diameter, the total surface energy
increases from 9 X 10~5 to about 9 cal.,, which is nearly one-
fourth the latent heat of fusion for this amount of liquid.? For
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Fia. 71.—Influence of size of anhydrite particles upon rate of solution.

particles 10 mp in diameter the surface energy becomes more than
twice the latent heat of fusion. Harkins? suggests that a colloidal
system may be defined as one in which the surface energy is
appreciable in comparison with the heat of fusion or of vaporiza-
tion of the material present as the dispersed phase.

The influence of the degree of subdivision upon the properties
of solids has been recognized for a long time. Stas, in 1870,
reported that the solubility of silver chloride varied according
to the method of forming it, depending upon whether it was
finely granular, coarsely granular, or gelatinous.
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The influence of the size of particles of anhydrite upon rate
of its solution in water at 20° has been shown by Roller? (Fig. 71).
The numbers on the curves are the surface mean diameters of the
particles. By taking the relative specific surface and the
relative rate of solution of the largest particles equal to unity,
the relative rate of solution per unit of surface may be calculated
for each particle size as set down in Table 39.

TaBLe 39.—RELATIVE RATES OF SOLUTION OF ANHYDRITE PARTICLES

AT 20°C.3
Surface mean Relative specific Relative rate Rle la.t 1ve rate O.f
diameter, microns surface of solution solution per unit
surface
66.9 1.00 1.00 1.00
25.8 2.59 2.66 1.03
14.1 4.74 9.54 2.01
7.56 8.82 66.7 7.55
3.17 21.1 364 17.2
1.96 34.1 382 11.2

It is seen that down to a diameter of about 25 u, the rate of
solution per gram for different particles is proportional to the
specific surface, and the relative rate of solution per unit surface
is constant. This is to be expected if, as in the usual case, the
rate of solution is proportional to the surface exposed. Below
25 u, however, the rate increases more rapidly than the surface
exposed up to 3.17 u, at which a maximum is reached. Here
the rate of solution of the anhydrite is 17.2 times the proportional
increase in surface. The range for particle diameters for which
the phenomenon occurs is less than the thickness of the diffusion
film, 20 to 50 u, calculated according to the theory of Noyes
and Whitney,* and Nernst,® from the monomolecular dissolution
rate of a plane surface in water.! The reason for the maximum
at a surface mean diameter of 3.17 u is not clear.

The relation between surface energy and crystal growth
was developed by Curie,” who showed that, in a mixture of differ-
ent-sized crystals under a mother liquor, the small ones dissolve
and the large ones grow so that the total surface of the solid
phase decreases.
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Hulett? reasoned that, from analogy between the vapor pressure
of solutions and the solution tension of solids, one would expect
the solution tension of a solid, and hence its solubility, to be a
function of the surface energy and, therefore, the solubility of a
substance must increase with decrease in size of the particles.
He verified this experimentally using gypsum, barium sulfate, and
mercuric oxide (Table 40).

TABLE 40.—INFLUENCE OF PARTICLE SI1ZE UPON SOLUBILITY

Size of
Particles, u Solubility at 25°C.
((abO4
2 ve..... 2.085 g. per liter*
0.3.. .. . i .. 2,476 g. per liter
(BaSOy)

1.8. . i e e . 2,29 mg. per liter*
0.1...........iiiiiiiii i e .. 4.15mg. per liter
(HgO)

Coarse red powder..................... 50 mg. per liter*
Very fine yellowish powder.............. 150 mg. per liter

* These are the permanent saturated solutions. The more concentrated solutions,
obtained from contact with the more finely ground particles, slowly revert to the normally
saturated solutions and the particles grow to 2 u in size.

By shaking a normally saturated solution of gypsum with
coarse particles of gypsum, the concentration was raised about
5.5 per cent owing to the mechanical comminution of the particles
from the abrasion. Upon grinding barium sulfate with quartz
powder in order to get very fine particles, Hulett obtained a
solubility of 4.6 mg. per liter, or about double that of the normally
saturated solution.

This subject has been investigated by Dundon and Mack,*!°
who offer new calculations of the surface energy of certain rela-
tively insoluble powders obtained from the second equation
below. The increasein solubility of a difficultly soluble substance
as a function of the increase in surface energy due to the sub-
division of the substance into small particles is given by the

equation
RT, S _2v(1 _ 1)
.M_ " Sy - P (7‘2 ry (1)
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where vy = surface tension.

p = density of particle substance.

R = gas constant.

T = absolute temperature.

M = molecular weight of the solid in solution.

S: = solubility of the large particles of radius r,.

82 = solubility of the small particles of radius r,.
This is the Ostwald-Freundlich equation which was first derived
in its most general form by Willard Gibbs in 1876.

Since for large crystals 1/r; = 1/, and correcting for the
degree of ionization of the electrolytes studied, Dundon and Mack
arrived at the following expression which they found to approxi-
mate quite closely the more rigorous equation of Jones!':

2y _4RT, 8,

where S, = the solubility of the small particles of radius r,
S = the solubility of the substance in large particles (i.e.,
the equilibrium solubility), and 7 = the van’t Hoff factor,
1.e., 1 = (1 — a + na) where a = the degree of ionization of
the substance.

The increased solubilities of a number of finely ground com-
pounds, as found by Dundon, and the surface-energy values
calculated therefrom using the foregoing equation are given in
Table 41. Molecular volumes and hardness values are included,
showing that a rough proportionality exists between surface
energy and hardness, while surface energy and molecular volumes
are inversely proportional.

This inverse relation between surface energy and molecular
volume is approximately true for the fused lithium, sodium,
potassium, rubidium, and cesium compounds of fluorin, chlorin,
bromin, and iodin, and their nitrates and sulfates. Of all these
alkali salts!? lithium fluoride has the smallest molecular volume
and consequently the largest surface energy. At 1270° it is 201
- ergs per square centimeter, at 1000° it is 237, and at 870° it is
250, making an extrapolated value of about 350 at 25°, for the
supercooled liquid. Dundon found that by substituting 350 for
v in the first equation the calculated increase in solubility for
particles of lithium fluoride 0.3 x in diameter would be only about
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1 percent. Asamatter of fact, it was not possible with the meth-
ods employed by him to detect an effect with lithium fluoride
as great as 0.5 per cent, thus showing the very slightly increased
solubility of fine powders of substances of small molecular
weight.

TABLE 41.—CALCULATED VALUES FOR SURFACE ENERGY

Per
Diame-{ cent | Tem-
Molecu-| p | Molecu-| o "o | oolue pera- | . Hard-
Substance lar | ey | e rti- | bility | ture | © | Y | n
weight ¥ | volume | P* Hity | ture ess
cles, in- °C.
crease

Pbla............. 461.04 | 6.16 74.8 0.4 2 30 |1.97| 130 Very

. soft
CaS0+2H:0. ..... 172.16 | 2.32 74.2 0.2to |4.4to] 30 |1.56] 370{1.6to2

0.5 12%

Ag:CrOa.......... 331.76 | 5.52 60.1 0.3 10 28 |1.95| 575| About 2
PbF2............. 245.20 | 8.24 | 29.7 0.3 9 25 [1.70] 900{ About 2
Br804.....ouvun. 183.69 | 3.96 46.4 0.25 26 30 [1.82/1,400{ 3.0 to

i 3.5

BaSO«t.......... 233.43 | 4.5 b52. 0.1 80 25 1.9611.250 2.5 to

3.5

0.2 90 30 (1.963,000{ 2.5 to

| 3.5

CaFs............. 78.07 | 3.18 24.6 0.3 18 30 1.97|2.500 4

* Due to variations in water content.
+ The reason for the large difference in the two values of 4 lies in the difference in the
estimated size of the particles. This value was taken from Hulett.

Dehydrated and apparently insoluble aluminum oxide and
zirconium oxide, when ground to less than 2.5 u size have been
found to dissolve appreciably in hydrochloric acid solution.!?
The surface attack of various gases and acid solutions upon
metals has been found to be greatest in the regions of greatest
curvature.*

When finely divided to an impalpable powder, quartz is con-
verted to silicic acid gel by boiling with water.1®

The dissociation pressure of silver carbonate, Iceland spar,
and mercuric oxide decidedly increases when the particles are of
the order of 1 u.*

The melting points of highly subdivided particles of azo-
benzene, p-chloraniline, tristearin, stearic acid, and myristic acid
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have been found to be a few tenths of a degree lower than the
normal melting points.

The heat of solution of finely ground sodium chloride (particles
of about 1.3 u average diameter) has been found to be about
. —900 cal. per mole, while that of coarse crystals is —928.6 cal.
per mole.#

Gibbs’s Law of Surface Concentration.—Surface energy is a
function of the capacity factor {surface area) and the intensity
factor (surface tension). Since the energy of a system tends to
flow to a minimum level, the only way possible for a chemically
homogeneous liquid to decrease its surface energy, since the inten-
sity factor is constant at constant temperature, would be to
diminish its surface. This is evidenced by the tendency of drop-
lets of a liquid to coalesce to form larger drops.

In the case of a solution, however, there is the additional possi-
bility of decreasing the surface energy by means of solute moving
into or out of the interface according to whether the solute lowers
or raises the surface tension of the solvent. This actually does
happen and was predicted by Willard Gibbs, in 1878.1 Gibbs
deduced from his theoretical treatment of the effect of capillary
forces on phase equilibria that, if a substance (a gas or a dissolved
substance) possesses the property of lowering the interfacial
tension which exists between the gaseous or solution phase and
some second phase which may be either liquid or solid, then
the substance will be attracted to the interface, so that its con-
centration in the interfacial layer becomes greater than its aver-
age concentration through the bulk of the gaseous or solution
phase. If, on the other hand, the substance considered possesses
the property of raising the interfacial tension, the substance will
be repelled from the surface and its concentration in the surface
layer will be less than that in the bulk of the homogeneous
phase.

The quantity concentrated in the surface, denoted by T, is
defined as the mass of the substance per unit area of the interface
in excess of the mass which would be there if capillary effects
were absent.

This conclusion was expressed by Gibbs in a generalized
equation involving the chemical potentials of the substances
present, the masses concentrated at the interface, the surface
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tension, and the entropy. For the case of the concentration of
water vapor at a water-mercury surface, we have in Gibbs’s own
words:

If liquid mercury meets the mixed vapors of water and mercury in a
plane surface, and we use u; and ., to denote the potentials of mercury
and water respectively, and place the dividing surface so that I'; = 0,
i.e., so that the total quantity of mercury is the same as if the liquid
mercury reached this surface on one side and the mercury vapor on the
other without change of density on either side, then I'y(;) will represent
the amount of water in the vicinity of this surface, per unit of surface,
above that which there would be, if the water vapor just reached the
surface without change of density, and this quantity (which we may call
the quantity of water condensed upon the surface of the mercury) will
be determined by the equation

Ty = —j—:; 3)
where v is the interfacial tension.

Since the chemical potential » = RT In a where a is the activ-
ity, we have

- _ 1 dr
T'= = R7 dina )
or
__ .8 dy
= —®rd ®)

For dilute solutions, we may substitute concentration for

activity:
¢ dy
~ RT dc (6)

Equation (6) has also been derived by the process of a thermo-
dynamic cycle.® The student should note that Eq. (6) will
apply only to a thermodynamically reversible system in mobile
equilibrium where the interfacial concentration is sufficiently
dilute for the gas law to be applicable.

The formula contains the differential coefficient of the surface
tension with change in concentration, which is positive if these
change in the same and negative when they change in opposite
directions. This in conjunction with the minus sign shows that

T =
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there will be a ‘“ negative excess,” 1.e., a lower concentration in the
surface layer as the surface tension increases with increase in
concentration of the solute. If the surface tension decreases
with increasing concentration, the slope of the curve is negative,
and this in conjunction with the minus sign means that an
increase in concentration in the surface layer as compared with
that of the bulk of the solution will result, or that there will
be an actual excess concentration in the surface layer.
Quantitative Tests of @Qibbs’s Law.—The situation in regard
to the experimental verification of Gibbs’s law by direct measure-
ment of the interfacial concentration of solute is rather confused.
Donnan and Barker?' obtained results by the aspiration of air
bubbles up a vertical column of nonylic acid solution which are
in fair agreement with those calculated by means of the surface
tension and Eq. (6). Table 42 gives their results which they

TaBLE 42.—CONCENTRATION OF NONYLIC ACID AT AIR-WATER INTERFACE

Grams nonylic Surface tension, I observed in
Ty T calculated
acid in 100 g. solu- | dynes per em. at [ g. per sq. em. (X 107)
tion (X 10%) 20°C. (X 107)
0 72.91
243 67.97 0.95 0.58
500 57.33 1.52 1.23
759 50.24 1.09 1.58
806 49.09 0.92 1.63

believed supported the equation. The same authors experi-
mented with saponin solutions but the results were poor.

By means of a more highly developed air-bubble technique,
McBain?? finds two to eight times as much surface concentration
of surface-active* solutes as predicted by Eq. (6). Aqueous
solutions of iso-amyl alcohol, acetic, butyric, caproic acids,
phenol, p-toluidine, resorcinol, thymol, and camphor were
studied. MecBain contends that Gibbs’s law is not quantita-
tively valid for such solutions. On the other hand, by assuming
the validity of Eq. (5), Harkins? has calculated from surface-

* For convenience, we shall denote substances which lower surface tension
a8 surface-active substances. In the German literature the term capillary
active is used.
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tension and activity data that a monomolecular film of butyl
alcohol forms on the surface of a 0.85 M aqueous solution of butyl
alcohol.

Quantitative investigation of the concentration of a solute at
liquid-liquid interfaces was made by Lewis.?* His systems con-
gisted of a series of aqueous solutions which were brought into
contact with large surfaces of hydrocarbon oil. The solutes
employed were sodium glycocholate, Congo red, methyl orange,
sodium hydroxide, silver nitrate, potassium chloride, barium
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chloride, cupric chloride, and caffein. Al of these were found to
lower the oil-water interfacial tension (the first four exerting a
very marked depressing action upon the interfacial tension) and
hence all should be concentrated in the interface.

The technique employed with sodium glycocholate, which is
typical of all, was as follows. The interfacial tensions between
the oil phase and solutions of varying concentrations of the salt
were determined and plotted as shown in Fig. 72.24

To calculate the adsorption (surface concentration) in the
case of a 0.2 per cent solution of sodium glycocholate, the tangent
to the curve corresponding to this bulk concentration must be
taken and calculated in absolute units.

_ dy _ 9.5 dynes per cm.
dc ~  0.002 g. per cc.

= 4,750
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With T = 289 and R in ergs 83.2 X 108, the value for T becomes
5.5 X 108 g. per square centimeter.

The experimental method of measurement was carried out
(1) by forming an emulsion of the oil in the glycocholate solution
and (2) by passing droplets of oil of 1- to 2-mm. radius through
the solution and estimating the change in bulk concentration
which took place.

The method: of determining the diminution in concentration
was by means of measuring the interfacial tension and then
reading the concentration from the curve given above. The
changes were so small that the experimental error was as great
as 25 per cent.

By the emulsification method, using a 0.2 per cent solution
of the glycocholate, in the first instance I' was found to be
4.7 X 108 g., and by the second method 3to 5 X 10~°g. Hence
there is a great discrepancy between the calculated and experi-
mentally determined values.

With solutions of methyl orange, Congo red, and sodium
hydroxide the observed concentrations were twenty to eighty
times those calculated, and in the case of caffein and the inorganic
salts there appeared to be an agreement at least in order of magni-
tude; but since the change in concentration was so slight, no great
accuracy can be claimed for the observed values. Lewis ascribes
the discrepancy in the cases of sodium glycocholate, Congo red,
and methyl orange to their colloidal nature, which produces a
layer of coagulated material at the interface.

In another method, using a fine spray of falling mercury
droplets as adsorbing surface, Lewis obtained certain interesting
results. Employing as solvent a mixture of water 80 per cent
and alcohol 20 per cent in order to avoid the disturbance due to
dissolved oxygen and, as solute, aniline in 0.007 per cent concen-
tration, the surface concentration was found to be 2 to 3 X 10~°
g. per square centimeter. The calculated value was 1 X 107% g.
This is at least an agreement in order of magnitude; but when
this method was applied to solutions of sodium glycocholate,
the surface concentration was about twenty-five times that
calculated.

The adsorption of mercurous sulfate from water by a mercury
surface has been shown to agree with the values calculated by
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Gibbs’s equation.?® Patrick? found the order for adsorption of
a series of solutes at a mercury-water interface to be Hg,S0,>
salicylic acid > picric acid > new fuchsin. This is also the order
for their lowering of the Hg-H,0 interfacial tension.

An appreciable length of time is required for surface equilib-
rium. This is shown in Fig. 73.2"2 The phenomenon is most
striking in the case of exceedingly dilute solutions. At sodium
oleate dilutions greater than 1 part in 100,000 of water, it is
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F1a. 73.—Surface tension of aqueous sodium oleate solutions.

seen that the initial surface tension is that of pure water, but
after 2 hr. the presence of the oleate in the surface layer is mani-
fested. The significance of the three points of minimum will be
discussed later in this chapter.

The time factor in surface concentration of proteins is shown
in Fig. 74.%% This curve shows how the surface orientation is
disturbed by stirring.

In the case of solutions containing solutes which raise the
surface tension, interesting results are obtained if it is assumed
that they are covered by a surface layer of pure water. If it is
assumed that such a solution remains constant in composition
right up to the boundary of this layer of pure water ¢, the thick-
ness of this layer may be calculated by means of
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_ _1,000T
m

M

where —TI' is the deficiency of solute per square centimeter and m
is the molality of the solution. Langmuir?® calculated the thick-
ness of the pure water layer in this way and found values from
3.3 to 4.2 A. If the water molecule is assumed to be cubical in
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Fia. 74.—Effect of stirring upon solutions of serum; dilution 1: 10,000.

shape, the length of its side is 3.1 A. Consequently, the assump-
tion of the existence of a superficial film of water seems to be
justified. This is so for dilute solutions. As the solution of a
surface tension raising salt is concentrated, the calculated thick-
ness of the pure water layer diminishes.?32 At 0.1 molal
concentration of sodium chloride, the thickness was calculated®?
as 4.00 A. At 5 molal it fell to 2.30 &, which shows that the
ions must diffuse into the surface film here and there as the
concentration in the solution is increased.
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Qualitative Verification of Gibbs’s Law and Phenomena for
Which It Offers an Explanation.—The deposition of a solid
substance on the surface of aqueous solutions of albumin upon
shaking or aspiration of air through them was reported in 1851.33
Plateau3* noted that the viscosity of surface films on a 1 per cent
saponin solution was considerably greater than that of the bulk
of the solution. Ostwald®® in discussing similar results on
mechanical coagulation of albumin, obtained by Ramsden,?
stated that he considered it to be a physical equilibrium explain-
able by Gibbs's theory.

Ramsden® studied aqueous dispersions of virious surface-
active substances, finding that many of them, when shaken,
concentrate to such an extent in the liquid-air interfaces of the
bubbles that they precipitate out, frequently forming very viscous
surface skins. A solution containing 1 part of albumin in
1,000,000 parts of water showed marked surface concentration.
The precipitation upon shaking is due to increase of the total
surface concentration resulting from the large development of
surface by the air bubbles. When these rise and break, the
material is deposited on the surface of the solution.

“Mechanical coagulation” of albumin solutions may also
be effected by shaking the solutions with an immiscible liquid
such as chloroform, isoamy! alcohol, heptylic acid, or nonylic acid.

It was also shown by Ramsden that in solutions of mixtures
of substances, both of which lower the surface tension, the
substance which lowers it to the greater extent will concentrate
in the surface layer, driving out the less active substance there-
from. Saponin was found to force egg albumin from the surface
of solutions of the latter.

The optimum pH value for the mechanical coagulation of
albumin and of hemoglobin has been found to be that of the
isoelectric point.*® Since conalbumins are not mechanically
coagulated, a method of separation of conalbumin from albumin
has been devised based on shaking.®

The inactivation of enzyme solutions upon shaking® is an
illustration of mechanical coagulation. The presence of saponin
has been found to prevent such inactivation.

Since the surface concentration results in stiff viscous films,
high pressure is required to force a solution of saponin or of
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albumin through a capillary tube in which an air bubble is
formed, because it is so difficult to change the shape of the rigid
air-bubble film.

In the filtration of a hydrophilic colloid solution, unless the
filter paper is previously wet with water, it soon clogs and the
filtration becomes very slow owing to this surface deposition
filling up the pores. When a solution of a gum or protein is
filtered through cotton, the latter must be wet with water first;
otherwise the skin formed is so thick that filtration is effectively
arrested.

An investigation of the formation of skins on peptone solu-
tions*! showed that, when a drop of a concentrated solution of
peptone is let fall upon water, it spreads over the surface of the
damp glass walls of the container as well as over the water surface.
It will not spread on dry glass. The film becomes stiffer on
aging but permits water to evaporate through it. The minimal
weight of peptone which is necessary to form a solid skin is
about 4 X 107 g. per square centimeter. Less peptone than
this may be spread upon the water surface without any noticeable
change on the surface viscosity.

Further qualitative verification of Gibbs's law was provided
by Hall*2 and Clara Benson.#3 The former found that the froth
from a soap solution was more concentrated than the bulk of the
solution; the latter’s analysis of bubbles from an aqueous solution
of amyl alcohol showed more amyl alcohol in the surface layer
than in the bulk of the solution.

Spreading of Liquid over Liquid Surfaces.—The spreading of
liquids over the surface of a liquid with which they are immiscible
or in which they are but slightly soluble has been studied notably
by Quincke (1868-1894), Lord Rayleigh (1890-1899), Devaux
(1903-), Hardy (1912), Marcelin (1914), Langmuir (1916-),
Harkins (1917-) and Adam (1921-).

It was not until about 1870 that systematic attempts were
made to distinguish clearly between the properties of water sur-
faces when clean, and when covered by a film of contamination.
In 1890, Rayleigh** measured the amount of olive oil necessary
to check the motions of camphor which take place on a clean-
water surface, and the amount of the diminution of the surface
tension caused by the minimum quantity of oil required to stop
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the camphor movements.** The amount of olive oil required
was 0.81 mg. for 555 sq. em., lowering the surface tension about
16 dynes per centimeter. If olive oil is assumed to be triolein
(it actually consists of about 90 per cent triolein), a molecule of
oil covered 100 A2 in Rayleigh’s experiment.® From modern
measurements it is known that one molecule of triolein covers an
area of 97 A2,

A clever and outstanding contribution was made in 1890 by
Agnes Poclcls,¥” who showed that a film on a water surface may
be mechanically removed or concentrated in any desired part of
the surface, leaving the remainder clean, by raking the surface,
just as large objects floating on water may be pushed aside. By
the use of barriers working on the surface of water contained in
a trough filled to the brim, she was able to vary the surface avail-
able for a given amount of oil present as a film. She found that,
when the area available exceeded a certain amount, there was
no perceptible diminution of surface tension; but as soon as the
area was diminished below this, a rapid fall of surface tension
began. '

Rayleigh*® confirmed Pockels’s observation and suggested that,
at the point of the first fall in surface tension, the molecules of
the film were just crowded together in mutual contact to form a
layer one molecule thick.

The next advance in our knowledge of the structure of surface
films was made by Langmuir.# He accepted the monomolecular
layer idea, postulating that liquids which spread out into thin
films on the surface of water contain active groups which dip into
the aqueous surface. For example, when a drop of oleic acid is
placed on water, it forms a film one molecule deep, in which, if
the film is compact, the hydrocarbon chains stand on the sur-
face of the water with the —COOH groups dissolved in water.
While a —COOH group can by virtue of its strong attraction
for water drag a few water-insoluble hydrocarbon groups under
the surface, as in acetic, propionic, butyric acids; when the hydro-
carbon chain is sufficiently long, only the —COOH dissolves
leaving the remainder sticking out. Pure paraffin oil, having no
water-soluble groups, does not spread at all over water.

Langmuir built an apparatus embodying the idea of the
Pockels’s surface scraper. It was a rectangular shallow trough,
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at one end of which was a balance so connected with a float on
the surface that measurement of the surface pressure of the film
could be made.*
A drop of a solution of fatty acid or oil in a volatile solvent was
_then placed on the surface of the water in the trough and the
scraper moved along the surface in order to push the oleaginous
contamination toward the float. The float was unaffected until
suddenly it showed a sharp diminution in surface tension. At
this point, the area covered by the film was recorded and then
on the assumption that it consisted of a monomolecular layer the
data in Table 43 were calculated.

TaBLE 43.—CRross SEcTioNs AND LENGTHS OF MOLECULESt

I (I1) (I1II)
Substance Formula sg:?:i, +/Cross section, Leanth.

R
Palmitic acid...... CuHuCOOH 21 4.6 24.0
Stearic acid....... CuHasCOOH 22 4.7 25.0
Cerotic acid... ....| C;4H; COOH 25 5.0 31.0
Tristearin......... (C1sH 3502)sCsH; 66 8.1 25.0
Oleic acid...... .o CuH"COOH 46 6.8 11 2
Triolein........... (CuHqu) 3CsHs 126 11.2 13.0
Trielaidin.........| (C1sH330:)sCsHs 120 11.0 13.6
Cetyl palmitate....| C1s:H3;;COOC,6H;;s 23 4.8 41.0
Myricyl alcohol. .. .| C3HeOH 27 5.2 41.0
Cetyl alcohol...... C,sH330H 21 4.6 21.9
Ricinoleic acid..... CyHi:(OH)COOH| 90 9.5 5.8
Linoleic acid....... CyH;:COOH 47 6.9 10.7
Linolenic acid ..... CyH,COOH 66 8.1 7.6

t Langmuir.

Dividing the area covered by the number of molecules of oil
on the surface, the area of water covered by each molecule is
obtained. This must also equal the cross section of the mole-
cules. The results are given in column I of Table 43. The num-
ber of molecules of oil on the surface is found by multiplying the
number of gram-molecules of added substance by 60.6 X 1022
It is seen that the cross sections of the molecules vary over quite

* Detailed description of a sensitive apparatus for measuring surface
pressures is given by Adam .50
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a wide range—from 21 to 126 A2. The three saturated acids—
palmitic, stearic, and cerotic—all occupy nearly the same areas,
notwithstanding the fact that the number of carbon atoms in the
molecules increase from 16 to 26. Each tristearin molecule
covers a space which is three times that of a stearic acid molecule
and the molecule of cetyl palmitate takes up an area about the
same as that of stearic acid.
0
/

Thus each —C—O group occupies an area of about 23 .&2,
no matter whether it occurs in an acid or in an ester, and this
area is substantially independent of the length of the hydro-
carbon chain to which the active group is attached.

The length of the molecules in a direction perpendicular to the
surface is calculated as follows: The volume of each molecule is
found by dividing the ‘“molecular volume” of the oil (M/p) by
the Avogadro number N. By dividing this volume by the cross
section of each molecule, the length of the molecule in a direction
perpendicular to the surface is obtained. The results are given
in column IIT of Table 43.

It is interesting to compare these lengths with the cross sec-
tions. As a rough approximation it may be assumed that the
dimensions of the molecule in directions parallel to the surface
can be found by taking the square root of the cross section. This
is equivalent to assuming that each molecule in the surface film
occupies a volume represented by a square prism with its axis
vertical. The length of the square side, or the “aveérage diame-
ter,” is given in column II of Table 43.

It is seen at once that the molecules are very much elongated.
Thus the length of the palmitic acid molecule is about 5.2 times
the average diameter.

The molecule of tristearin has the same length (perpendicular
to the surface) as the stearic acid molecule, but three times the
cross section. Thus each of the three active groups has been
drawn down on to the surface of the water while the hydrocarbon
chains are packed in side by side and are erect upon the surface.

In the case of cetyl palmitate the length of the molecule is
shown to be 41 A, or nearly twice that of the palmitic acid mole-
cule, while the average diameter is only 4.8 .&, or about the same
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as the palmitic acid molecule. The molecule contains two long
hydrocarbon chains connected by a —CO.0— group. In
palmitic acid the length of such a chain is 24 A. If the length of
this chain were nearly a constant quantity, then one would have
to assume that in the cetyl palmitate film the two chains in each
molecule are arranged one above the other with the carboxyl in
the middle. On this assumption, however, the only part of the
molecule in contact with the water would be the CH; on the end
of one of the hydrocarbon chains, so that there should be no
| tendency for this substance to form a
H HCH monomolecular film on water. Solid
| paraffin, for example, dissolved in benzene

H

0

o

HCH ey and placed on water docs not give a
HCA | monomolecular film but gives a film of
T~ HcH Variable thickness (10 to 40 molecules)
HC

H I depending on the rate at which the benzene
is allowed to evaporate.

'TH Langmuir’s theory therefore compels us

to conclude that the —CO.0— group of

(@) (b) the cetyl palmitate is on the surface of the

Fia. 75. water and that both hydrocarbon chains

are packed in side by side above the —CO.0— group. The area

of water covered by the —CO.0— is the same as the carboxyl

in the palmitic acid so that the two hydrocarbon chains side by

side do not have any greater cross section than the one in the

palmitic acid. But each chain is extended to nearly twice the
length in the first case than it is in the second.

‘This led Langmuir to suggest a zigzag orientation of the
palmitic acid chains (Fig. 75a), the two chains of the cetyl
palmitate being straight (Fig. 75b). He submitted as added
evidence the fact that in the diamond, the carbon atoms are
154 A apart. This is probably the minimum distance within
which carbon atoms can approach each other. In a substance
as soft as a hydrocarbon molecule one would expect that they
would be considerably farther apart than this.

If the lengths of the molecules in column IIT of Table 43 are
divided by the number of carbon atoms in the chain, the average
vertical distance between adjacent carbon atoms in the chain is
obtained. In all cases except that of cetyl palmitate the distance

\

HCH

/
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is less than the distance between atoms in the diamond. This
is a clear indication that the atoms cannot be arranged linearly
but rather must be arranged along a zigzag or curved line. The
observed cross section (23 A“’) is ample to allow the carbon atoms
to be arranged in some such manner and still be separated from
each other by distances greater than 1.54 A.

The results obtained with the substances containing unsatu-
rated hydrocarbon chains afford confirmation of Langmuir’s
belief that the double bond is to be regarded as an active group.
Each oleic acid molecule covers a surface of twice that of the
saturated acids. This same difference is manifest in triolein and
trielaidin when compared with tristearin.

The zigzag structure of the fatty acid and glyceride films
postulated by Langmuir has since been substantiated by X-ray
examination.’® It is believed by Adam, however, that the
molecular chains are tilted at an angle instead of being oriented
vertically.

If molecules of fatty acids or soaps are considered square
prisms, it is apparent that a continuous film might consist (1)
when closely crowded together, of the molecules standing ver-
tically on the surface, (2) when less crowded, of the molecules
lying flat on the surface on their narrow sides, and (3) when still
less crowded, lying on their wider sides. Du Noiiy# postulated
this as an explanation for the three minima in the surface tension
of sodium oleate solutions shown in Fig. 73, where the concen-
trations are sufficiently low for all of the sodium oleate to be
deposited in the surface.

Du Noiiy placed 2-ce. portions of sodium oleate solutions in
watch glasses of such a size that the total surface area (water-glass
plus water-air) was 26.4 cm.2. At the first minimum of the sur-
face tension, 1/750,000 X 2 = 26.7 X 107 g. sodium oleate
present. This weight of oleate was spread evenly on an area of
26.4 cm.2. Thus the weight of oleate per square centimeter was
26.7 X 1077 =+ 26.4 = 1.01 X 107 g. This divided by the
specific gravity of sodium oleate (0.821) gives 12.3 X 10~% cm.*
or the thickness of the film in centimeters.

* Langmuir’s measurements indicate that the length of an oleic acid
molecule is 11.2 X 1078 em. The replacement of hydrogen by sodium
increases the length of the molecule apparently.
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Let us now consider the second minimum at 1/1,220,000. The
same calculation yields the thickness of the layer, which is
7.56 X 10® cm. This minimum can occur only if a critical
organization of molecules takes place. Consequently, in this
. case, we have another monomolecular layer, but the molecules
are horizontally arranged, and 7.56 X 10~% c¢m. is one of the
dimensions of the base of the molecule.

The third minimum, at 1/1,390,000, corresponds to a third
monomolecular layer, the thickness of which is 6.64 X 10—2 e¢m.
This is the third dimension of the molecule, which at this dilu-
tion lies flat on the surface, occupying a rectangular area
7.56 X 12.30 cm.2 X 107, [In the second position (at a dilu-
tion of 1/1,220,000) it occupies, in the horizontal plane, an area
equal to 6.64 X 12.30 em.2 X 10~%, and in the first position
(vertical molecules, at a dilution of 1/750,000) it occupies in the
horizontal plane an area equal to 7.56 X 6.64 cm.2 X 1071 ]
This may be true, regardless of the real shape of the molecule,
since we are concerned only with the space occupied by one mole-
cule when symmetrically packed with others.

These three dimensions make it possible now to compute the
volume of the molecule to be 617.44 X 10~%¢ cm.?, and, from the
specific gravity of the substance (0.821) its mass is found to be
507 X 1072 g. Dividing the molecular weight of sodium oleate
(304.35) by the mass of one molecule we obtain a value for the
Avogadro number,

N = 6.003 X 10%*

which is within 1 per cent of Millikan’s value (6.062 X 1023),

It has also been shown5! that the rate of evaporation of such
very dilute solutions decreases at the concentrations of sodium
oleate corresponding to the minima shown in Fig. 73. Films of
fatty acids also retard the evaporation of water.52

The idea of the spreading of films of insoluble substances as
just developed is frequently called the Langmuir-Harkins theory
because Harkins published his first paper presenting a similar
picture shortly after Langmuir.

Harkins has developed a general method for prediction of the
spreading tendencies of liquids upon water based upon the works
of adhesion and of cohesion. The work of adhesion W, is the
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work required to pull apart a bar of unit cross section of two
immiscible liquids which are in contact. The work of cohesion
W is the work required to pull apart a bar of unit cross section of
a pure liquid.

A liquid will spread if its work of surface cohesion W, is less,
and will not spread if its work of surface cohesion is greater, than
its work of adhesion W, with respect to the surface of the liquid
or solid upon which the spreading is to occur. The spreading
coefficient is defined as

S=Wa—Wc

Harkins points out that the polar theory holds only in the case
of the formation of monomolecular films and that nonpolar liquids
may spread also while forming thicker films. That is, there is a
gradual transition from highly spreading liquids, which are polar,
to those which do not spread at all.

The relation 8§ = W, — W, is derived by Harkins? as follows:

When a drop of liquid b is placed upon the surface of another
liquid a, spreading may occur. If it does, the surface of the liquid
a disappears, while its place is taken by substantially an equal
area of the surface b plus an equal area of the interface ab, pro-
vided the surface of b and the interface ab do not lose their iden-
tity. If they do, then only one composite surface ¢ takes the
place of the surface a.

The spreading coefficient may be developed by thermodynamic
reasoning, provided the former of the two hypotheses of the
preceding paragraph is used as a basis. Since only large-scale
motion is of importance in spreading, only the free surface
energies are involved. The free energy decrease S which occurs
in spreading is obviously given by the expression

8 =7 — (v + vat) ®

where 4 represents the free energy of the surface or interface,
since the right-hand side of this equation gives merely the net
amount of free energy which disappears when the spreading
occurs. The work of adhesion W,, or the work necessary to
pull apart the 1 sq. ecm. of the interface ab, is given by the equa-
tion of Dupré as
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Woe="7+7— Ya 9

since all that occurs is the disappearance of the surfaces a and b
and the appearance of the interface ab. The work of cohesion
is that necessary to create inside a liquid an area equal to 2 sq.
cm. or, more specifically, to break apart a bar of liquid 1 sq. cm.
in area and is given as

W, = 271) (10)
A combination of Egs. (8), (9), and (10) gives
S=W,— W, (11)

One of the principal effects of the presence of a polar group is
to increase the work of adhesion—much more than the work of
cohesion. The dissymmetry of the molecule is one of the most
important factors in spreading tendencies of a liquid, the spread-
ing coefficient increasing generally as the electromagnetic field
of force around the molecule becomes more unsymmetrical.
This is due to the fact, according to Harkins, that with unsym-
metrical molecules the work of adhesion toward water is much
greater, in comparison with the work of cohesion, than in the case
of symmetrical molecules since, when the liquid is torn from
water, the strongest field must be ruptured, while when it is
separated from itself only the weakest field is broken.

Nonspreading is usually due to a high value of the work of
cohesion of the substance and seems to accompany the presence
of the =S8 or =CS8 or phenyl groups, or that of chlorin, bromin,
or iodin, as substituents in paraffins, in benzene, or in naphtha-
lene, even when the unsubstituted compound spreads easily.
When only one chlorin atom is present in a paraffin derivative,
it seems to be polar and increases the spreading coefficient, while
with several chlorin atoms the spreading coefficient is decreased.
Bromin and especially iodin are much more effective than chlorin
as substituents for producing nonspreading.

The spreading coefficients of some organic liquids, as measured
by Harkins, are given in Table 44.

Adam® states that surface films cannot be stable unless the
molecules contain groups which normally promote solution in
water, thus providing a firm anchorage for the lower end of the
molecules. Partial obstruction of such groups diminishes or
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TasLE 44.—THE SPREADING COEFFICIENT OF ORGANIC LiQuips oN WATER*
AT 20°

(From W. D. Harkins?)
A. Spreading Liquids

Sor Sor
We — W, " We — W,
Ethyl alecohol. ........ 50.40 Ethyl capronate.......... 25.64
Methyl alcohol........ 50.10 Mercaptan............... 24.86
Propyl alcohol........ 49.10 Oleic acid. . ceeeee. 24.62
Dipropylamine........ 48.60 Isoamyl bu’cyrate .. 24,61
Butyl alcohol. .. ...... 48.30 Aniline.................. 24 .45
Isobutyl alcohol.... ... 48.20 Heptane. . e 22,40
Propionic acid. ........ 45.77 Ethyl nonylate .... 20.88
Butyric acid.......... 45.66 Trimethyl ethylene ........ 18.85
Ethyl ether........... 45.50 Methylene chloride........ 17.97
Acetic acid........... 45.20 Ethyl bromide............ 17.44
Acetonitrile........... 44.40 Benzaldehyde. ........... 17.25
Isoamyl alcohol. ...... 44.30 Isoamyl nitrate........... 14.82
Isovaleric acid........ 43.89 Chloroform.............. 13.04
Methyl ketone. . .. .... 42.37 Anisole.................. 11.76
Diisobutyl amine.... .. 40.47 Phenetole................ 10.66
Methylbutyl ketone. .. 37.58 p-Cymene................ 10.10
" Sym-octyl alcohol.. ... 37.32 Isopentane............... 9.44
Heptylic acid. . 37.12 Benzol. ................. 8.94
Methylhexyl carbmol 36.67 o-Xylene. . 6.85
n-octyl alcohol. .. 35.74 Toluene.. e 6.84
Formic acid........... 35.50 ‘“Higher” parafﬁn e 6.72
Butyronitrile. . ....... 34.36 p-Xylene. . e 6.70
Isoamyl chloride. ..... 33.88 Tetrachloroethane A 6.44
Ethylpropyl ketone.... 33.75 m-Xylene. . . 6.19
Ethyl carbonate..... .. 33.63 Ethyl benzol mesn;ylene 5.59
Isovaleronitrile. ... ... 32.63 Trichloroethylene......... 5.09
Heptaldehyde......... 32.22 o-Nitrotoluene. . . ........ 4.15
Undecylenic acid (at m-Nitrotoluene........... 4.13
25°). .. 32.02 Nitrobenzene. ... ......... 3.76
Methylhexyl ketone .. 31.92 Diisoamyl (decane)....... 3.76
Ethyl isovalerate... ... 30.71 Hexane. . e 3.41
Monochloroacetone .... 30.42 Chlorobenzene e 2.31
Tert-butyl chloride.... 29.46 8, B’-Dichloroethyl sulﬁde 1.62
Asym-dichloroacetone . 26.46 Pentachloroethane. . . 0.67
Isobutyl chloride. . . . .. 26.43 Octane. ................. 0.22
Nitromethane......... 26.32

* The values of W, from which the spreading coefficients were calculated, relate to the
pure dry organic liquids, but the latter in spreading become saturated with water; therefore
still more exact information in regard to spreading would be given if W. were determined
by the use of liquids saturated with water.
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TasLe 44.—THE SPREADING COEFFICIENT OF ORGANIC LiQuips oN WATER*
AT 20°—(Continued)

B. Liquids Which Form Lenses in Water

Carbon tetrachloride... 1.06(?) Tribromohydrin .......... —11.06
' p-Bromotoluene....... —1.29(30°) *Stanolax” ceerien... —13.44

Ethylene dibromide.... —3.19 Liquid petrolatum Squxbbs —13.64

Monobromobenzene. .. —3.29 a-Monobromonaphthalene. —13.86

o-Monobromotoluene.. —4.20 Acetylene tetrabromide.... —15.64

Perchloroethylene.. ... —6.42 Methyleneiodide......... —26.46

Carbon disulfide... ... —6.94 Diphenyl methane

Phenyl mustard oil. ... —7.68 Diphenyl dichloromethane

Monoiodobenzene.. ... —8.74 Tribromoethylene

Bromoform.. . —9.58 p-Bromotoluene at 30°. ... — 1.29

a-Monochloronaphtha-

lene..............0e -9.74

* The values of W, from which the spreading coefficients were calculated, relate to the
pure dry organic liquids, but the latter in spreading become saturated with water; therefore
still more exact information in regard to spreading would be given if W were determined
by the use of liquids saturated with water.

destroys the stability of the film. He gives a rough classifi-
cation® of these groups as follows:

a. Very weak attraction, no film formed; hydrocarbon, —CH.I, —CH:Br,
—CH,Cl

b. Weak attraction, unstable films (groups in increasing order of attrac-
tion); —CH,OCH,, —CsH,OCH;, —COOCH,.

c. Strong attraction, stable films (but inappreciable solution with a 16 car-
bon chain); —CH,OH, —COOH, —CN, —CONH., —CH:NOH,
—CsH,OH, —CH,COCH,;, —NHCONH,, —NHCOCHS,.

d. Very strong attraction, substances dissolve with a 16 carbon chain;
—C:HS0;H, —S0,;H.

The areas of groups as packed in films as given by Adam are
tabulated in Table 45.

Experiments with mercury® show that the spreading coefficient
for water over mercury is high (32) and much higher (from 60
to 137) for all of certain 29 organic liquids tested. These liquids
presumably spread upon the surface of other metals as well.
The failure of water ordinarily to spread upon mercury is due to
contamination of the mercury. It is interesting to learn that the
presence of bromin or of iodin in the molecule, which results in
nonspreading on water, enhances the tendency to spread on
mercury.
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TaABLE 45.—AREAS oF GROUPS PACKED IN anas

2

Hydrocarbon chains....................... 20.4
—CH,.CH,.COOH... .................... 25.1

—CH,.OH.. ) S 4
—-—CHzCHzCOOR"‘ . 22
—CH:CHCOOH.. - 2 4

—CH:CHCOOR“‘...H.................... 28.7
—CONH,. ..................iivi. <21
—CN.. ... 276
——CGH.OH '—OCHaOI"—NHz.. e, 238
—CHNHCOCH,........................ 28.20r25.8
—NHCONH,....................c.ce. 26
—NHCOCH;...........oiiiiiieieee .. 242
—CHBrCOOH........................... 26t032
—CH,CH:NOH........................... 25
Hydrolecithin. ......................... 52
Cholesterol............................... 39
Triglycerides. .. .......................... 63
Glycol dipalmitate........................ 42

* R may be methyl, ethyl, or allyl.

Spreading of Liquids over Solid Surfaces.—When powdered
or porous solids are thrown into liquids, there is an evolution of

TABLE 46.—HEAT OF SORPTION
(In small calories)

s Dispersive
Fuller’s | Bone .
Substance earth | charcoal Kaolin power,
per cent
Amylene....................... 57.1 78.8 1.54
Water. . ]| 30.2 18.5 2.82
Acetone . e .| 27.3 19.3 1.72
Methyl alcohol ceeeieeee...| 218 17.6 27.6 1.60
Ethyl acetate. .. ...............| 18.5 16.5 1.05
Ethyl alecohol...................| -17.2 16.5 24.5
Aniline . . e .. 13,4
Amylalcohol R e [V 10.6 20.4
Ethylether. ...................| 10.5 0.90
Chloroform.. .................. 8.4 14.0 15.7 0.86
Benzene . . . 4.6 11.1 9.9 0.39
Carbon dlsulﬁde e .. 4.6 8.4 9.9
Carbon tetrachlonde.. e 4.2 13.9 9.4 0.27
Hexane.........coovveneeennnnss 3.9 8.9 7.2 0.22
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heat accompanying the sorption of liquid by the solid. Table
46 shows results obtained by Gurvich.%

Gurvich observed that when fuller’s earth is shaken up with
hexane it settles out rapidly, leaving a nearly clear liquid, but
with acetone the liquid remains turbid. The disintegration of
aggregates of fuller’s earth particles could be observed under the
microscope. By determining the percentage of the earth which
remains suspended in different liquids he determined the dis-
persive powers as given in the last column of Table 46. The
closeness of the parallelism between dispersive power and heat of
sorption. is striking, and in general the liquids showing high
heats of sorption have high dielectric constants.

Langmuir points out-that the heat of sorption is determined
in general by the interaction of the active groups and the atoms
of the solid body. Thus in Table 46 it is seen that those groups
which cause oils and other liquids to spread on water surfaces
are just those which cause an increase in the reaction between
the liquids and fuller’s earth, kaolin, and bone charcoal.

Measurements of the heat liberated when powdered titanium
dioxide, stannic oxide, and zinc oxide were immersed in various
liquids® show similar results. In fact the surface relations
between these oxides and organic liquids are very similar to those
of water, but polar groups such as —OH, —COOH, —COONa,
are much more strongly attracted by these solid oxides than by
water. The presence of as little as 0.03 per cent water in benzene
increases the heat evolution to almost the value obtained in pure
water. A trace of butyric acid in benzene produces a similar
result. These measurements indicate that a monomolecular
layer of polar molecules forms on the surface of the oxides.

The spreading of liquids upon metals or upon solid surfaces is
generally called wetting of the solid by theliquid. When theliquid
does not spread over such surfaces, it is referred to as nonwetting.

Liquid B will spread over the liquid or solid 4 if va, > vs.0 +
Ya,5 Where v,,, represents the interfacial tension between A and B,
Ya,o18 the surface tension of 4, 7.e., the interfacial tension between
A and the air or gas (g) over its surface, and vs,4, the same for B.
The condition for nonspreading is va,; < Y50 + Yaup-

This cannot be experimentally verified for the spreading of a
liquid over a solid, owing to the lack of a method for measure-
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ment of the surface tension at a solid surface. Indirect methods
have been resorted to which have produced results of practical
value, however. Obviously, the lubricating quality of an oil
is a direct function of its wetting or spreading power over the
metallic surfaces which are to be lubricated. The more the
interfacial tension between metal and oil is lowered, the better
is the spreading. The interfacial tension between steel or brass
and oil cannot be measured, but that between mercury and oil
can,* If it is assumed that the mercury-oil interfacial tensions
are analogous to solid-metal oil interfacial tensions, the lubri-
cating qualities of oils may be studied and improved.®®® For
example, the addition of organic acids lowers the interfacial
tension between o0il and mercury (and also mineral oil-water
interfacial tension), and the addition of as little as 0.1 per cent
fatty acids to a mineral oil markedly lowers the coefficient of
static friction between metallic surfaces, 7.e., increases the
lubricating value.®* The heat of wetting of copper powder
by oils known to be excellent lubricants has been shown to
. be greater than that obtained with oils of poor lubricating
power.%2 The addition of a small amount of oleic acid to petro-
leum produces a relatively large rise in the heat of wetting.

X-ray spectrographs show that, when greases are rubbed
between two smooth surfaces, the molecules become oriented,%
thus verifying the suggestion of Bragg that the mechanism of
lubrication consists of the production of a leaflike orientation
of the molecules which permits them to glide past each other with
little friction. :

The spreading power of paints over wood surfaces should
increase with decreased interfacial tension between wood and
the paint oil. Since wood surfaces carry a film of moisture,
the conditions for a good spreading paint should be predicted
from a study of linseed-oil-water interfacial tensions. It has
been found that this interfacial tension is lowered (the Donnan
drop number is raised) by the presence of a small amount of
fatty acid. Hence it would be expected that the presence
of certain amounts of fatty acid in linseed oil should cause the
paint to spread better.54 .

* By the Donnan drop pipette.
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Wetting power is of the greatest importance in the use of
insecticidal sprays used in agriculture. Obviously, the more
thoroughly the aqueous phase containing the poison spreads
over the leaves and the bodies of insects, the more effective it
will be. Leaf and certain insect surfaces are waxy. Hence
the wetting power of a spray liquid ought to be determinable
by means of measurement of the interfacial tension between
water and a heavy mineral oil. Soaps have been found to lower
this interfacial tension and likewise to increase the wetting
power of the spray liquid.

The use of soap-oil emulsions in sprays is due to their wetting
power. An instance of their value is reported by Nuttall.ss
In tropical and subtropical countries, stock breeding is only
possible if insect parasites which infest the cattle are kept down.
According to Nuttall, the usual method of protection is by
systematic dipping in a solution of sodium arsenite, but in South
Africa it was found that the concentration of the arsenite neces-
sary to kill the “bont” tick frequently led to fatal injury to the
cattle. By incorporating a soap-oil emulsion with the arsenite,
and thus increasing the wetting power over the greasy hides of the
animals, it proved possible materially to reduce the arsenite
content of the dip and yet accomplish destruction of the tick
without injury to the cattle.

The effect of castor-oil soap in lowering the surface tension
and the interfacial tension of its aqueous solutions toward a
specimen of heavy petroleum oil is shown in Table 47.%5

TABLE 47.—SURFACE TENSION AND INTERFACIAL TENSION OF SOLUTIONS
oF CasTor O1L SoAP TOWARD ‘“LIQUID VASELINE”

Concentration | Surface tension of Interfacial = (ye + vu),*
percentage of | soap solution 7., tension 7y, 7"(1 Yo T Yu)y
fatty acid dynes per cm. dynes per cm. ynes per cm.
2.0 33.45 8.23 -10.57
1.0 33.45 10.93 —-13.27
0.5 33.45 11.98 —14.32
0.1 33.45 27.39 —29.73
0.01 33.45 76.46 —45.35
0.001 56.61 108.43 —-77.32
0.0001 70.76 129.28 —98.17
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While low surface tension means better wetting of greasy
surfaces by aqueous solutions, there is an additional factor;
the wetting ability is greater if the substance which lowers the
surface tension of water forms a viscous film. Saponins and
proteins, it will be recalled, form viscous surface layers on water.
Saponin solutions wet a paraffin surface better than soap solutions
do owing to the fact that the surface film of a saponin solution is
rendered so viscous that it will not break up into droplets. The
addition of saponin toink will make it spread better on greasy paper.

The principles of wetting power have been employed in the
separation of bitumen from finely divided mineral matter.s
Washing with water does not work. The addition to 1,000 parts
of water of 1 part of alkali soap or of sodium carbonate which
forms soaps with acids in the bitumen or of saponin produces a
solution which is successful.

The hydrolysis of fatty oils is readily accomplished by treat-
ment with sulfonated aromatic compounds known as ‘ Twitchell’s
reagents.”” The efficient action of a Twitchell reagent is due to
the lowering of the oil-water interfacial tension. This favors
emulsification of the oil, thereby increasing the oil surface exposed
to the hydrolytic action of the aqueous acid phase.”” Weston®
states that colloidal clay acts similarly.

The spreading of water in a film over surfaces of glass and
celluloid rather than its accumulation as a misty surface is
desirable on automobile windshields, eyeglasses, and gas-mask
windows. Various preparations used for these purposes known
as antidimmers have been investigated by the Chemical Warfare
Service of the U. S. Army.® Mixtures of soaps of sulfonated
oils with glycerol and caustic soda were found to be the best
antidimming preparations.

The reverse of wetting is the aim in the manufacture of rain-
proof fabrics. The fibers are coated with an aluminum soap, or
wax, without affecting the porosity of the fabric. Raindrops
run off as drops without spreading to a film. '

Bartell and his colleagues have made many measurements
of the wetting of solids by liquids ™ and have proposed some
new definitions for the fundamental types of wetting.”!

Distribution of a Coarse Powder.—If three immiscible liquids
are shaken together, then according to the values of the inter-
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facial tensions vi,3, ¥23, and v;,1, there are two possibilities:
“either the phases form a common network or one separates out
and spreads itself between the two others.

If gravity is ignored, the first case is realized when none
of the three interfacial tensions is greater than the sum of the
two others, and the second case when one is greater than the
sum of the others, 7.e., if v12 > v23 4 73,1, then phase 3
separates out between phases 1 and 2, thereby establishing a
minimum energy level for the system.

If phase 3 is solid and the two others liquid, then the same
possibilities are to be noted with the distinction that if v12 >
v2.8 + vs,1 & spreading out of the solid (S) between phases 1
and 2 is not possible. The solid (S) will collect in the interface
of partition of phases 1 and 2.

When vs,5 > v1.2 + v1.5, thesolid will be completely surrounded
by liquid (1); 7.e., it will be drawn into or held in liquid (1), while
if ¥1,8 > v1,2 + 725, the solid will be wetted by liquid (2).

In the latter instance, the solid is said to be preferentially
wetted by liquid (2).

The principle of preferential wetting is involved in ore flotation
and may be useful for rough analytical separations. For
example, when a mixture of powdered galena and quartz is
shaken with water and butyl alecohol, the galena lodges quanti-
tatively in the interface of the two liquids while the quartz
remains in the water layer.

A study of the distribution of various powders when shaken
with a number of water-organic-liquid combinations is shown in
Table 48.72

In this table w signifies that the powder practically completely
remained in the weter phase after shaking with the organic
liquid ; o signifies that it went into the organic liquid or, if it was
originally present in the organic liquid, it remained there after
shaking with water, and only a very small fraction adhered to
the interface. The initial ¢ shows quantitative adhesion at the
interface, while in the case of partial interfacial adhesion, o
means interfacial plus organic-liquid distribution, and 7w that
it went into the water layer as well as into the interface. A case
marked such as w(?) indicates that, while a portion went into
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TABLE 48.—DISTRIBUTION OF POWDERS BETWEEN WATER AND ORGANIC

Liquips
Suspended Water- CHCI i-butyl Benzol Petrol- i-amyl | Paraffin
powder ether 3 alcohol | and xylol eum alcohol oil
CaS04 w w w(i) w(z) w(i) (i) wi
w w w w w
SnO:2 w(t) wi 1 B 7 1
wi t(w) i(w) w w
Al1(OH), w(t) wi wi T T w [
t(w?) 1(w)
SnS wi i B B B B
wi wi i(w) i(w) wi
BaSO4 w wi wi ) 1 T B
1(w?) (w?)
ZnS w(t) wi [ T T(w?) T
wi 1(w?)
ZnO wi wi 1 1 i 1 B
1(w)
CaCOs wi wi i B 1 i i
Mg(OH)2 i(w?) wi B i i 3 )
(w) w
Al ot T % T T T o(z)
1w i(w) 2(w) (w) T
BaCOs wi wi 1 B of K o(3)
1 w i
CuS wi 1 b 1 1 T [
1(w) 1
PbCrO« wi i 3 i i i o(3)
t(w?) 1
Cuz0 wi B 1 B 7 i(o?) °
1 i
MoS: 1(w?) 1 1 i H (o) 0
1 T
PbS wi i i i 3 oi °
i i
FesO4 wi i i i 1 o1 °
i i
BaCrO4 wi F i i (0) ol 16)
1 [ 1
Pb3O4 K i B T T ot 0
w T i
C 3 B T [ 1(0?) i(0) °
w 1 1 1
Pbl: 1 3 o 3 i o1 °
ot 1
HgS i i (o) T Hen) (o) 9
i i 1 T
HgO 1 [ o1 I o1 ° o
i 1 1 o
Hgl: [ 3 ot [ o1 o 3
3 [ oi
Agl 4 [ 0 i ot 0 o
i oi

the interface, it is relatively small compared with the amount
that was found in the water layer, ete.

There are two rows of key letters which require explanation:
If upon 1 to 2 min. of boiling in the organic liquid before shaking
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with water, the powder behaved differently from when it was
first boiled with water previous to shaking with the organic
liquid, this is shown in the lower of each pair of rows of initials.
If no difference in behavior was noted, the initial in the upper
row describes both cases.

It is seen that the silicates, sulfates, carbonates, and oxides
of the lighter metals are wetted best by water, while the heavy-
metal compounds carbon, sulfur, and selenium are preferentially
wetted by organic liquids.

Less extensive experiments were performed by Reinders,”
who included, however, sulfur and selenium and certain
hydrosols. Sulfur and selenium went into the organic-liquid
layers.

When a red-gold hydrosol’”> was shaken up with isobutyl
alcohol, amyl alcohol, benzene, benzin, carbon tetrachloride,
carbon bisulfide, and ether, a layer separated out in the interface
which was violet-blue in transmitted light and gold colored
in reflected light. Ferric oxychloride hydrosol always remained
in the aqueous phase when shaken up with immiscible liquids.
When arsenious sulfide hydrosol was shaken with paraffin oil,
carbon tetrachloride, benzene, and ether, the dispersed phase
remained in the water layer, while with amyl or isobutyl alcohol
it separated out in the interface. Addition of isobutyl alcohol
had no effect until its solubility in the water was exceeded, when
two layers are formed. The arsenious sulfide particles then
deposited out in the interface. Colloidal tellurium separated
out in the interface with all solvents mentioned, while colloidal
selenium acted in practically the same manner except with amyl
alcohol, where part went into the alcohol phase and part deposited
in the interfacial layer.*

* P. Klein’4 obtained results just like those of Reinders when gold, ferric
oxide, and arsenious sulfide hydrosols were shaken with organic liquids.
He attributed the effect to the decrease in charge of the gold and arsenious
sulfide sols by the low dielectric constant of the sorbed organic liquid
causing coagulation. Since negative albumin hydrosol was also coagulated
by shaking with organic liquids, he stated that this phenomenon of coagula-
tion by organic liquids is limited to ‘‘negatively charged” colloids, the
charge apparently being undiminished in the positive iron oxide sol. Had
he tried positive albumin hydrosol, he would have found it to coagulate as
well and his hypothesis would have been ruined.
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The presence of traces of organic acids may result in better
wetting of hydrous ferric oxide by organie liquids than by water.
This has been shown by Fair’® in the writer’s laboratory. A
simple demonstration is as follows: Some freshly precipitated and
thoroughly washed hydrous ferric oxide is placed in each of two
bottles. Distilled water is added to both, followed by a layer of
ether. A drop of hydrochloric acid is added to one and a crystal
or two of benzoic acid to the other. Then the mixtures are
shaken violently for a few moments and allowed to come to
rest. The ferric oxide in the bottle to which the benzoic acid
was added will be in the ether layer, while in the other bottle
it will be in the water layer.
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CHAPTER XI

SORPTION

The verb adsorb is derived from the Latin ad, meaning to,
and sorbere, meaning suck in. Consequently, in chemistry the
noun adsorption is defined as the gathering or accumulation of a
gas, liquid, or dissolved substance at a surface. The surface
concentrations discussed in the preceding chapter are frequently
called adsorption. The term absorption is used to describe the
phenomenon where a substance penetrates a liquid or massive
solid structure, producing an intimate intermingling of its atoms
with those of the absorbing liquid or solid. Thus when a gas
dissolves in a liquid, it may be said to be absorbed by the liquid,
and likewise, perhaps, hydrogen is absorbed by platinum.
When a vapor or liquid is sucked in by charcoal or by silica gel,
one might imagine that an absorption has taken place, but
actually, inasmuch as charcoal and silica gel are extremely
porous bodies, possessing great extension of surface, the vapor or
liquid is adsorbed.

MecBain! has argued that adsorption of a substance is in some
cases accompanied or followed by a slow penetration of the
massive structure by the adsorbed substance. Firth,? observing
the taking up of iodin from a benzene and from a chloroform
solution by charcoal, has shown that a rapid removal of iodin
occurs in the first few minutes, followed by a very slow removal of
iodin from the solvents named over a period of many months.
He calls the rapid removal ‘““true adsorption’” and the slow
secondary removal ‘‘absorption.” Others take the position
that the slow secondary process is actually adsorption; it is
slow because it is so difficult for the substance to penetrate the
ultramicroscopic pores or capillaries of the charcoal. As a
consequence of all this, McBain recommended that the non-
committal terms sorb and sorption be used.

272
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When one examines the journal literature of colloid chemistry,
he finds that the term adsorption is applied to any phenomenon
involving a change in concentration without an obvious primary
valence reaction. For example, if the pressure of a gas is
diminished by the introduction of a solid phase, if a vapor is
condensed upon a solid surface, if a liquid is imbibed by a porous
solid, if the concentration of a solution is altered by the introduc-
tion of a solid, or if suspended particles adhere to solid surfaces,
the term adsorption is used to describe the case. In view of
this state of affairs, it is probably advisable to adopt McBain’s
suggestion concerning the terminology.

Sorption was put to practical use by ancient peoples in the
clarification of water by percolation through broken stone and
shells. Plinius mentioned that water could be purified for drink-
ing purposes by pouring it through wool. About 1777, Scheele
and Fontana independently discovered that wood charcoal
sorbs gases. The first systematic and quantitative investigation
was de Saussure’s study® of the sorption of gases published in
1812.

Sorption of Gases.—Unless the molecules of a gas which may
strike a solid surface all rebound elastically, there will necessarily
be a higher concentration of molecules of the gas at the surface
layer of the solid than in the body of the gas. If any molecules
impinging on the surface of the solid are condensed, a certain
time interval must elapse before they can evaporate. This time
lag will bring about the accumulation of molecules in the surface
layer and may thus be looked upon as the cause of sorption.
Langmuir* showed that the collisions of the molecules of a vapor
with a solid surface are inelastic, so that every molecule striking
the surface condenses. Considering that the surface of a crystal
is a sort of checkerboard of active and inactive areas and that
the layer of sorbed gas is only one molecule thick, Langmuir®®

“developed the following theory for sorption of gases at solid
surfaces.

The rate at which the molecules of a gas come into contact
with the solid surface is according to the kinetic theory,?

M

M = PA|oRT 1)
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where m = rate at which gas molecules strike against the surface,
expressed in grams of gas per square centimeter per
second.
M = molecular weight of the gas.
R = gas constant, 83.2 X 10° ergs per degree.
T = absolute temperature.
p = pressure of the gas in bars.
Letting u represent the number of gram molecules of gas
striking each square centimeter of surface per second, then

m p 4
= = F 4375 X 10— — 2
KoM \/2rMRT \MT @)

If o represents the fraction of the impinging molecules which
stick to the surface, au represents the rate at which the gas
condenses on the bare surface. If 6 represents the fraction of the
surface which is bare, the rate of condensation of the gas upon a
partially saturated surface is

auld
The rate of evaporation from the surface is
V101

where »; is the rate at which the gas would evaporate if the sur-
face were completely covered and 6, is the fraction of the surface
actually covered by the sorbed molecules. When a gas is in
equilibrium with a solid surface, these two rates must be equal,
so that

a,uo = 1‘101 (3)
Since
0 + 01 = 1
Then
— ap
6, = 1+ ap 4)

6;, a measure of the amount of gas sorbed, is proportional
to the pressure at low gas pressures, but as the pressure increases
0, increases more slowly until finally it reaches 1; i.e., the
surface becomes saturated. Further, it is seen that at small
values of »; (at low temperatures) the sorption should be large
and nearly independent of the pressure, while at large values
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of »; (at high temperatures) the sorption should be small and
should be proportional to the pressure. These deductions were
shown by Langmuir to be in accord with experimental facts.

Equation (4) shows that the tendency of a gas to be sorbed on
a surface is determined by »i, the rate of evaporation from the
surface. This in turn depends on the secondary valence forces
acting between the atoms of the solid surface and those of the
sorbed gas. Thus what may properly be termed chemical forces
enter the picture. - 4

If n is the number of gram molecules of a gas sorbed per square
centimeter of the surface, then nN is the number of molecules
(N = Avogadro number) sorbed per square centimeter. Assum-
ing that the molecules of gas are sorbed only in the active spaces
of the surfaces, 7.e., only where there are unsatisfied valence
forces, then nN must be equal to the number of secondary valence
bonds of the surface which are saturated. The latter is equal to
61Ny, where N, is the number of these bonds per square centimeter
of surface.

Hence
_ N, _ ]_Yg (2l
"”G‘W“N v1+ ap )
If a/V1 = ﬂ,
N _ B 0)

"IN TI1+Bu

where 8 may be termed the ““ average life’’ of the molecules on the
surface.

Since u is proportional to the pressure of the gas, we may
write Eq. (6) in a simpler form as follows:

_ abp
1 1T+ @

where ¢ = the quantity of gas sorbed by a solid surface.
p = the pressure of the gas.
a and b are constants.
Rewriting Eq. (7):

1
=5+ ®)

S
oIS
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where it is seen that if the theory holds, a straight line with the
slope 1/b intercepting the p/q axis at 1/ab is obtained when
p/q is plotted as a function of p.
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F1a. 76.—Sorption of nitrogen on mica.
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A typical result obtained by Langmuir is given in Table 49,
the data of which are plotted in Fig. 76.

TaBLE 49.—SoRPTION OF NITROGEN ON Mica AT 90°K.
¢ is expressed in cubic millimeters at 20°C., and 760 mm. pressure.
p is expressed in bars.

a = 0.156 b =389
P q obs. q calc. p/q
34.0 33.0 32.8 1.03
23.8 30.8 30.7 0.77
17.3 28.2 28.4 0.61
13.0 25.5 26.0 0.51
9.5 23.9 23.2 0.40
7.4 21.6 20.8 0.34
6.1 19.0 19.0 0.32
5.0 17.0 17.0 0.29
4.0 15.1 15.0 0.26
3.4 13.4 13.5 0.25
2.8 12.0 11.8 0.23
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Hitchcock” has shown that an equation of the same form as
Langmuir’s equation for sorption would result from the applica-
tion of the law of mass action to a reversible combination between
two substances, one at a fixed total concentration, the other
variable. Consider a reversible reaction between two substances,
4 and B, to form a compound, AB. From the mass law

[A] - [B] = k[AB]

4] _ k
[4B] [B]
[4] + [AB] _ k + [B]
[AB] [B]
(4] -|;c[AB][B]
[AB] = — B 9
1+ 3

For an experiment in which the total A (7.e., the sum of the
concentrations of A and AB) is kept constant, Eq. (9) is of
the same form as Eq. (7). The variables [A B] and [B] correspond
to ¢ and p respectively, while the constant 1/k corresponds to a,
and the constant [A] 4+ [A B] corresponds to b.

The chemical nature of the sorption of certain gases by certain
hot filaments has been experimentally demonstrated by Lang-
muir. A tungsten filament heated to 2700°K. in a bulb contain-
ing a low pressure of carbon monoxide, and cooled by an outer
bath of liquid air, sorbed carbon monoxide evidently by primary
valence forces, since not CO but the compound WCO distilled
off the filament at a constant rate, independent of the pressure
of the carbon monoxide. Figure 77 is a picture of the tungsten
surface with sorbed carbon monoxide.

He showed also that the sorbed film of oxygen on a hot carbon
filament is so stable as to suggest a primary valence union. This
film was so stable as to require heating of the filament at 2300°K.
in a good vacuum for nearly half an hour in order to distill it off.
Langmuir’s picture of this sorbed film is given in Fig. 78.

He found that the catalytic action of hot platinum on the
reaction between oxygen and hydrogen is poisoned by traces of
cyanogen. He cites this as evidence for the covering of the
platinum by an exceedingly stable sorbed film of cyanogen and
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ascribes it to the well-known chemical facts concerning strong
development of primary and secondary valence forces in the
cyanogen radical and its marked tendency to form very stable
and complex compounds with metals. When such a poisoned
platinum surface is heated so high that the cyanogen reacts with
hydrogen, forming hydrogen cyanide, then the hot platinum
resumes its property of catalyzing the combination between the
remaining hydrogen and oxygen. Likewise, a trace of eyanogen
poisoned the catalysis of the reaction between carbon monoxide
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and oxygen to carbon dioxide by a platinum filament at 900°K.
By raising the temperature of the filament to 1000°K., the cyano-
gen reacted with the oxygen to form nitrogen and carbon monox-
ide. As soon as all the cyanogen was oxidized, the catalytic
activity of the platinum was restored, with the result that the
remaining oxygen reacted rapidly with the carbon monoxide
to form carbon dioxide.

Langmuir made some very interesting experiments upon the
passivation of a hot tungsten filament by traces of oxygen.
Oxygen was shown to stop completely this filament’s property
of causing dissociation of hydrogen molecules to atoms. As
little as 0.001 bar of oxygen lowered the electron emission from a
hot tungsten filament to a very small fraction of its normal value.
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He points out that the inability of the hydrogen to react with the
oxygen in such a case is strong evidence against a sorption theory
which postulates merely a condensed layer of oxygen molecules
as sorbed at the surface. It is evidence to the effect that the
valence bonds of the oxygen are intimately combined with those
of the tungsten atoms on the surface of the filament.

These experiments and their theoretical interpretation by
Langmuir laid the foundation for rapid development in the
knowledge of contact catalysis.

What has been said above applies to experiments at very low
gas pressures but Langmuir contends that his theory of sorption
(adsorption) is applicable to gases at atmospheric pressures. He
points out, in the case of the sorption of vapors at such high
pressures that as they approach the state of saturated vapors,
there will be a tendency for the sorbed film to become several
molecules deep. According to this theory, however, it is very
improbable that films more than one or two molecules deep would
ever be held on a surface by sorption, except with nearly
saturated vapors, for the reason that the rate of evaporation of
additional molecules would be nearly identical with that from
the liquefied or solidified gas. If the vapor pressure were well
below saturation, the rate at which such additional molecules
would condense on the surface would be much less than the rate
at which they would evaporate. He cites one of his measure-
ments upon the amount of water vapor sorbed by a glass surface
in which be found about fifty-five times as much water sorbed
as the monomolecular-layer theory predicted. He ascribes this
to solution in or absorption of the water by the glass. In defense
of this view he cites the extreme slowness at which water is
removed from glass upon heating and the length of time required
for the resorption of the moisture by the glass.

Much has been written on sorption of gases by solids. McBain®
has published a bibliography of about six thousand papers. A
recent symposium held by the Faraday Society is recorded in
some three hundred printed pages.?

Sorption from Solutions.—When charcoal is placed in a
solution, a change in concentration results. If the solution is
not too concentrated, the concentration of the solute is diminished
owing to the greater sorption of the solute by the charcoal than
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of the solvent. Freundlich® showed that the sorption from many
solutions by charcoal could be expressed by the equation

1
a = kC" (10)

where @ = amount of solute sorbed by the sorbent.

C = equilibrium concentration of solute in the solution.

k and 1/n are constants.
This is called the Freundlich adsorption equation.* When
n = 2, it is the equation for a simple parabola. The results of
one of Freundlich’s typical experiments are given in Table 50.

TasLE 50.—ONE OF FREUNDLICH’S MEASUREMENTS OF THE SORPTION OF
AceTic Acip FROM AQUEOUS SOLUTION BY BLooDp CHARcCOAL AT 25°C.

C, moles per liter @, millimoles per a calc.
gram charcoal obs.

0.018 0.47 0.47
0.031 0.62 0.60
0.062 0.80 0.80
0.126 1.11 1.08
0.268 1.55 1.49
0.471 2.04 1.89
0.882 2.48 2.47
2.785 3.76 4.01

The data are plotted in Figs. 79 and 80. It is seen that the
logarithmic plot

log a = log k + ;11 log C (11)

is a straight line with the slope % (0.425), intercepting the log a

axis at log k (k = 2.606).

Freundlich’s sorption equation has been erroneously mis-
taken by some people for a fundamental expression evolved from
Gibbs’s law of surface concentration. It is, on the contrary,
merely an empirical relationship and was so announced by its
originator. As stated by Procter,!! “The ‘adsorption formula,
just quoted is absolutely void of theoretical basis, as regards

* Actually first proposed by Boedecker (an agricultural chemist) in 1858.12
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adsorption, but is a mathematical expression which will closely
represent any chemical or physical phenomenon which proceeds
at a diminishing ratio.”

The Freundlich equation reminds one of Henry’s law as
applied to the distribution of a solute between two immiscible
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F1a. 79.—Sorption of acetic acid from aqueous solution by blood charcoal.
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F1g. 80.—Logarithmic plot of Fig. 79.

liquids.!* For example, succinic acid is distributed between
ether and water as follows. The concentrations  C,, and C,
represent grams of succinic acid dissolved in 10 cc. of solvent:

Co
Co C, C. = K
0.024 0.0046 5.2
0.070 0.013 5.2
0.121 0.022 5.4
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The constancy of the partition is to be expected because
succinic acid has its normal molecular weight both in ether and in
water, disregarding its slight dissociation in the latter.

When a substance has different molecular weights in the two
solvents, then the results obtained are very different, as in the
case of the distribution of benzoic acid between water and
benzene.

Cu Co

Cy Ce G K N
0.0150 0.242 0.062 0.0305
0.0195 0.412 0.048 0.0304
0.0289 0.970 0.030 0.0293

Benzoic acid shows a normal molccular weight in water, while
in benzene double molecules predominate; and since the number
of these molecules in benzene, according to the mass law, is pro-
portional to the square root of the concentration, then the law of
distribution requires a proportionality between C, and +/Cs.
It is seen that the ratio C,/+/C} is constant.

Therefore, where association takes place in one phase, Henry’s
law becomes

1
CZI, = kCQ or Cl = kCzp,

where p is the association factor. Since in the Freundlich equa- -
tion the exponent 1/n always has a value of less than 1—in fact,
it is frequently in the neighborhood of 0.5—it is plain that, if the
sorption by the solid sorbent is looked upon as solid solution,
the molecular weight of the sorbed substance would be indicated
as one-half its molecular weight in water, which when applied
to the sorption of acetic acid, as shown above, is absurd since
acetic acid cannot exist in a smaller molecular magnitude than
it does in water. It is apparent, therefore, that the resemblance
between Freundlich’s adsorption equation and Henry’s law of
partition of asolute between two immiscible solvents is accidental.

Freundlich found the sorptions by charcoal of the solutes which
he worked with to be reversible, submitting the following typical
data as evidence therefor:
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C, moles
Experiment per liter

1 g. charcoal shaken 20.5 hr. with 100 cc. of 0.0688 M aqueous

solution acetic acid..........oooit it ii ittt 0.06078
1 g. charcoal shaken with 50 cc. of 0.1376 M acetic acid solution

for 21 hr., then diluted with 50 cc. water and shaken 3 hr.... 0.06064
1 g. charcoal shaken with 100 ce. of 0.1321 M solution of benzoic

acid in benzene. ... ... vt iiie it ittt i 0.1177
1 g. charcoal shaken with 50 cc. of 0.2642 M solution of benzoic

acid in benzene, after 2 hr. diluted with 50 cc. benzene and

shaken again... ... ... ... e 0.1179

While this finding by Freundlich applied to the charcoals
used by him, we now know that charcoals “ purified” in a certain
manner irreversibly sorb solutes at very low concentrations.
This will be discussed later. It is also obvious that the Freund-
lich equation cannot hold over a wide range of concentration
because, as one would suspect, the sorbing surface finally becomes
saturated.

Since there is a limiting maximal amount of sorbate that can
be sorbed, the curve should flatten out and finally become
parallel to the C-axis. Schmidt,'* assuming that the amount of
sorption would depend upon the free unsaturated surface of the
sorbent, suggested the relation

dz
0 = K(S — ) (12)
where z = sorbed amount, C = concentration, S = limiting
value of x or the saturation limit, and K is a constant. Upon
integration,
S
S—z
This equation did not hold because K was found to be a func-
tion of 2. Then assuming that with increase of the amounts
sorbed, the activity decreases proportionately, he postulated:

dx o-43
ac = KoS — z) (14)

In = KC (13)

which integrates to
— Az = KC (15,

S
lnS—x
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But this was found to be only an approximation which fails for
small amounts of sorbent. Then after taking cognizance of
all these effects he developed the general formula

—_ AS—2z)
“vxs=Ke T (16)
where @ = mass of solute originally present.
z = amount sorbed from the volume v.
Hence
e ; r_ final concentration.

S = limiting value of z.
A, K are constants.
Arrhenius!® proposed the formula

dr S —=z
kZE =7 a7
which, when n = 1, integrates to
S T _ ¢

Evidently this is only a special case of the earlier Schmidt formula
where 0.4343/S appears instead of 4.*

Negative Sorption.—The experimental technique of sorption
measurement consists in setting up a series of equal volumes of
solution of differing and measured concentration C,. Then
equal masses of the sorbent are placed in each solution and the
systems are agitated until equilibrium is reached. After the
sorbent has settled out, portions of the supernatant solution are
analyzed to determine the equilibrium concentration C.. The
amount of solute sorbed in each case is then taken to be C, — C..
Obviously, this yields the true value for the sorbed amount
provided none of the solvent is sorbed. In certain cases the
solvent is actually sorbed to a greater extent than the solute
with the result that the equilibrium solution is more concen-
trated than the original. Thus C, — C. becomes a negative
number and hence the origin of the term negative sorption. A

* A review of a wide variety of proposed sorption formulas is available in
the paper by Swan and Urquhart.1
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negative sorption may be expected from rather concentrated
solutions. The type of curve obtainable is shown in Fig. 81.
Obviously, the technique employed
in such sorption experiments actually
measures only a change in concentra-
tion in the liquid phase.

The results of an experiment!® which
shows the difference between the }
actual amounts of chromium removed a
from aqueous solutions of basic
chromic sulfate by hide powder and
the amounts calculated by means of
C, — C, are plotted in Fig. 82. The
amounts of chromium actually fixed
by the hide powder could be measured
on account of its irreversibility. Fro. 81.—Negative sorption.
Hence, after the sorption, the chromium-tanned piece of skin
could be washed free of adhering solution and analyzed for the
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F14. 82.—Removal of chromium compounds from basic chromic sulfate solutions
by cowhide powder.

chromium and protein contents. Here the usual sorption
technique yielded absurd results because of the tendency of
the hide protein to sorb increasing amounts of water from
increasingly concentrated solutions of the basic chromic sulfate.
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Discontinuities in Sorption Isotherms.—Until recently it has
been customary to regard the relationship between the sorbed
amounts and the equilibrium concentrations as a uniformly
varying one. Consequently, smooth curves have always been
drawn through the experimentally measured points. Dis-
continuities in sorption curves, however, constitute one of the
latest discoveries. These discoveries were made at the Uni-
versity of London where Professor Allmand and his colleagues
have shown discontinuities in the sorption of several vapors at
low pressures by charcoals and by silica gel.® Benton and
White2® have found similar effects in the sorption of hydrogen
and nitrogen on nickel, copper, and iron, while Burrage?' has
shown discontinuities in the sorption of water by charcoal.
This phenomenon is not restricted to the sorption of gases and
vapors since Chaplin?? has shown that it is also obtained in the
sorption of phenol from aqueous solution by a commercial
charcoal.

Sorptive Carbons.—Before proceeding farther with the subject
of sorption from solution it would be well to pause and examine
the nature of charcoals or sorptive ‘“carbons.” Charcoals
made from bones and from woody matter are of tremendous
commercial importance. They are used to remove objectionable
coloring matters and other impurities from liquid systems.
Their action is rather complex, not being limited to simple
surface or adsorptive action, however, owing to their very
heterogeneous nature.

Bone charcoal necessarily contains a large amount of calcium,
phosphate, iron, and other inorganic matter present in bones, as
well as organic matter incompletely carbonized. Likewise blood
charcoal, so often used for the establishment of the ‘‘adsorption
equation,” is a complex mixture. Charcoals made from vege-
table matter, such as nut shells and wood, like the ash of all
vegetable matter, are alkaline. Certain wood charcoals render
distilled water strongly alkaline. Thus all sorts of chemical
reactions are to be expected when such heterogeneous mixtures
are put into solutions.

Attention was called to this?® in 1919 by the effect of charcoal
upon solutions of acid and basic dyes. The addition of sufficient
charcoal to decolorize a basic dye solution left the anion of the
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dye salt in solution. - The solution was not acid; hence a ‘“hydro-
lytic adsorption’” had not taken place. Analysis revealed the
presence of calcium ions which had come from the charcoal.
Thus a simple double-decomposition reaction was demonstrated.
A similar effect was found with an acid dye, the cation of which
remained in solution balanced by chloride ion which came from
the charcoal.

One naturally turns to a method of purification, such as
digestion with acid in order to remove the extraneous inorganic
matter. Odén? extracted blood charcoal repeatedly with dilute
hydrochloric acid, washed repeatedly with hot water, and finally
dried the charcoal at 125°C. He found that such charcoal had a
marked sorptive action upon potassium hydroxide solutions. It
sorbed neutral salts also, although to a much less extent.

Judged by the experiments made by Bartell and Miller?s 2%
Odén’s acid extracted charcoal was not pure but held a firmly
bound film of hydrogen chloride. Such a charcoal does not sorb
alkali; its sorbed film of hydrogen chloride is removed and the
neutralization accounts for the apparent sorption of alkali.
Bartell and Miller prepared the purest form of sugar charcoal
hitherto known by charring recrystallized sucrose, followed by
heating about 48 hr. at about 1000°C., in silica vessels with
access to a small amount of air. The resulting: product had a
soft velvety-black appearance* in contrast to the hard gray
cokelike appearance of the material prior to the activation, i.e.,
the 48 hr. treatment at 1000°C. with access to a little air. The
ash content was 0.01 per cent. This activated sugar charcoal
sorbed acids but not bases. In fact, it produced negative sorp-
tions from solutions of alkalies.

Such activated charcoal appears to sorb acids irreversibly from
very dilute solutions. For example, Miller¥ found that when
2.3 g. activated charcoal (which had sorbed 0.294 millimole of
hydrochloric acid) was suspended in 200 ce. of conductivity water,
the aqueous phase remained strictly neutral in reaction. Upon
15 extractions each with 200 cc. of boiling water, a total of
0.15 millimole of hydrochloric acid was recovered from the
charcoal. Charcoal containing such sorbed acid has no hydro-
lytic action on sucrose.?®

* The presence of graphite has been demonstrated by X-ray spectra.
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These investigators found that blood charcoal and Norite
charcoal, when purified, acted like the activated sugar charcoal.
The purification involved first several digestions with hydro-
fluoric acid, then with hydrochloric acid solutions, followed by
washing with water and drying, when the 48-hr. heat treatment
was applied. :

Next we learn that activated charcoals, like those just dis-
cussed, sorb acids on account of the oxygen film held on their
surface.?33! When such activated charcoal is heated for
several hours in vacuo at 1000°, its sorptive affinity for hydro-
chloric acid is diminished. Upon exposure to air after the
evacuation, the sorptive affinity for hydrochloric acid returns.

Frumkin® has demonstrated that ash-free sugar charcoal
activated at 1000° in carbon dioxide followed by thorough
evacuation has no effect upon solutions either of hydrochloric
acid or of sodium hydroxide. When the activation is carried
out in an atmosphere of hydrogen, it does not sorb hydrochloric
acid but does sorb sodium hydroxide, provided contact with
oxygen is prevented. -Such charcoal, upon exposure to air,
assumes the properties of an oxygen-activated charcoal. On
the other hand, exposure to hydrogen does not influence an
oxygen-activated carbon. Frumkin postulates that the acti-
vated charcoals act as gas electrodes when placed in water, the
oxygen-activated charcoal sending hydroxyl ions into the water
at the carbon-water interface and the hydrogen-activated char-
coal sending hydrogen ions into the aqueous side of the interface.
He found that small amounts of platinum in the charcoal
enhanced the activity of the hydrogen-activated product and
it has been found?! that the volume of hydrogen gas taken up
by the platinized charcoal is proportional to the hydrogen ion
activity of the surrounding solution.

Hydrolytic Sorption.—Neutral solutions of electrolytes become
acid or alkaline after contact with certain sorbents. It has been
customary to ecall this hydrolytic adsorption, because it was
believed that OH— or H+ was preferentially sorbed. Many of the
so-called hydrolytic sorptions reported in the literature have been
shown to be mere displacements from the sorbent of bound acid
or alkali by the neutral electrolyte solution.!4? This is another
example of the confusion in the literature of colloid chemistry
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resulting from so many publications upon experimentation with
inadequately defined systems and upon substances whose purity
is neither established nor investigated.

Bartell and Miller?** have demonstrated that their oxygen-
activated sugar charcoal sorbs hydrolytically from dilute neutral
salt solutions, always rendering these solutions alkaline. Inas-
much as their charcoal irreversibly sorbs a certain amount of
acid from dilute aqueous solutions of acids (but never alkali),
its above-mentioned behavior is readily understood. By
analogy, one would expect that Frumkin’s®* hydrogen-activated
charcoal would, in the absence of oxygen, sorb base hydrolytically
from neutral salt solutions.

Inasmuch as charcoals have a greater sorptive affinity for
organic than for inorganic compounds, marked hydrolytic
sorption is encountered with solutions of electrolytes where one
ion is organic and the other is inorganiec.

Effect of Solvent upon Charcoal Sorption.—Freundlich!® called
attention to the different degrees of sorption of a given solute
from different solvents (Table 51) and looked unavailingly

TABLE 51.—INFLUENCE OF SOLVENT UPON SORPTION!?

Solvent Sorbate a*
Water.............o0 it Benzoic acid | 3.27
Benzene............................| Benzoicacid | 0.54
Ethylether......................... Benzoic acid | 0.30
Acetone.............................| Benzoic acid | 0.30
Water..................... il Picric acid | 1.31
Ethyl aleohol........................| Picricacid | 0.77
Benzene............................| Picric acid | 0.49
Water................. ... .. Bromin 4.73
Concentrated HsSO4.................. Bromin 2.48
Ethylether......................... Bromin 1.36

* g = millimoles sorbed per gram blood charcoal when the equilibrium concentration =
0.01 mole per liter.
for an explanation based upon surface tension. Using acid
extracted blood charcoal, Lundelius®® showed a quantitative
relationship between the sorption of iodin from carbon tetra-
chloride, chloroform, and carbon bisulfide and the solubility of
iodin in these liquids. The ratios of the equilibrium concentra-
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tions were C(in C8,):C(in CHCl;): C(in CCly) = 4.5:2:1. These
values are close to the ratios of the solubility of iodin in these
liquids.

Gurvitsch® found an inverse qualitative relationship between
heat of wetting of the solvent and the sorption of benzoic acid,
as shown in Table 52. The inference gained from this work is

TABLE 52.—INFLUENCE OF SOLVENT UPON SORPTION OF BENzOIC AcIp®
Sorption by 10 g. sorbent from 100 ce. of 1 volume per cent benzoic acid

solution
Sorbent

Solvent Charcoal Floridin earth

a* H.W.t a HW

Acetone..........................| 0.99 19.3 0.00 27.3
Ethyl acetate..................... 1.02 16.5 0.22 18.5
Chloroform.......................| 5.19 14.0 3.50 8.4
Benzene......................... 6.04 11.1 3.64 5.6
Carbon tetrachloride.............. 7.20 8.4 3.95 4.6
Carbon bisulfide. .................| 5.02 13.9 3.94 4.2
Benzin (80 t0 82°)................. 7.11 9.5 4.01 4.2

*a = amount of benzoic acid sorbed in percentage of the weight of the sorbent.

1 H.W. = heat of wetting of 1 g. of sorbent in calories by an excess of the liquid.
that liquids showing high heats of wetting are highly sorbed and
thus hinder the sorption of the solute. He found34 that a sorbate
could best be extracted from a sorbent by a liquid possessing
high heat of wetting; and if the sorbate were but slightly soluble
in this liquid, the extraction could be effected by using a mixture
of the high heat of wetting liquid and one in which the sorbate
was readily soluble.

Heymann and Boye,*® using highly purified beechwood char-
coal, have investigated the degrees of sorption of formie, acetic,
butyrie, benzoie, and picric acids and of iodin from a wide variety
of solvents in the search for a relationship between sorptive
affinity for the solute and dipole moment (and molecular polariza-
tion) of the solvent. While from certain liquids of weak dipole
moment and low melecular polarization the sorption was very
much higher than from liquids of the opposite type, there were
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inconsistencies which showed that a general rule could not be
formulated. They concluded that specific chemical properties
overcome the purely physical properties in certain instances.
Hence they decided to use a series of chemically similar liquids
and chose the alcohols with the results set down in Table 53.

TaABLE 53.—INFLUENCE OF MOLECULAR POLARIZATION OF SOLVENT UPON
SoRpPTION3
Sorption (1) from 25 cc. 0.01 N benzoic acid by 2 g. charcoal; (2) from 25 cc.
0.033 N picric acid by 1 g. charcoal

Percentage sorption
Sol Molecular Molecular
Solvent A . L. .
Benzoic Picric polarization | refraction
acid acid
Methyl alcohol ... . . . ... 82 98 36.8 8.1
Ethyl alcohol..... .. .. .. 72 91 39.8 10.3
Propyl alcohol. ... ...... 66 75 65.1 16.9
Isobuty! alcohol......... 62 64 78.4 27.5
Isoamyl aleohol...... ... 55 50 90.6 31.4
Sec. octyl alcohol. . .. ... .. 41 40.4

The alcohols have nearly the same dipole moment but progres-
sively different deformability, as shown by their molecular
polarization. The results show diminishing sorption -with
increasing molecular polarization. This has been true also for
the sorption of tetraethyl ammonium iodide from water and from
ethyl and methyl alcohols, where the sorption is greatest from
water and least from ethyl alcohol.3®

Rather extensive experimentation upon sorption of fatty acids
in the homologous series from formic to stearic by unpurified
blood charcoal has been made with a wide variety of solvents.”
When the sorbed amounts of the fatty acids were charted against
their numbers of carbon atoms, as done in Fig. 83, the solvents
could be put in two groups. From those containing oxygen—
alcohols, acetone, and ether—the sorption sharply dropped from
formic to valeric, followed by a sharp rise. From the other
solvents—benzcne, toluene, chloroform, carbon tetrachloride,
and carbon bisulfide—the amounts of fatty acid sorbed, dropped
very gradually with increasing molecular weight. The crossing
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of the lines for fatty acids of eight and more carbon atoms in
Fig. 83 demonstrates the difficulty or impossibility of generalizing.

Experimental studies of sorption from mixtures of solventg3®-37:38
have produced very complicated pictures. It is impossible to
generalize about them, except, perhaps, for the sorption of benzoic
and picric acids from mixtures of two nonpolar solvents®® the
amount sorbed was a straight-line function of the composition
of the binary solvent.

The Lundelius rule, once thought quite general, is now known
also to be a qualitative relationship® to which there are excep-
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F1a. 83.—Sorption of fatty acids from different solvents by blood charcoal.
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tions.?54 However, fair guesses may be made, as a result of
the experimentation cited; a solute will be apt to be weakly
sorbed from solvents in which it is very soluble, from solvents
which wet the sorbent with high energy, and from solvents
possessing weak dipole moments.

The difference in degree of sorption from different solvents
may be used advantageously in the recovery of various substances
from solutions. A dilute solution of a dye, like crystal violet,
can be readily and completely decolorized by charcoal. If the
charcoal is then placed in aleohol, from which crystal violet is
sorbed less than from water, the surface concentration of the
dye in the charcoal is in excess of that which will establish
equilibrium, and consequently a large amount of it goes into
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solution in the alcohol. Similarly a dilute aqueous solution of
an alkaloid may be concentrated. The aqueous solution of the
alkaloid salt is treated with commercial charcoal and made .
slightly alkaline to liberate the free alkaloid base which is strongly
sorbed. The charcoal is removed and treated with some organic
solvent which extracts a large part of the alkaloid from the
charcoal.

Relative Sorptive Affinities of Charcoals.—Researches upon
the relative sorptions of different compounds by charcoal have
provided useful information, especially for the organic chemist.
Experimental data on the sorption of various acids?® from
aqueous solution by oxygen-activated sugar charcoal are tabu-
lated in Table 54. This table shows the following general
effects:

1. Sorption of organic acids was greater than the sorption of inorganic
acids.

2. Sorption of aromatic acids was greater than the sorption of aliphatie
acids.

3. Substituents such as —OH and —NH,; lowered the sorptive affinity.

TaBLE 54.—SoORPTION OF Acips FROM 100 cc. 0.01 N AQuEous SOLUTION
BY 0.25 g. OXYGEN-ACTIVATED SUGAR CHARCOAL

Acid Percentage Sorbed
Benzoic...........c.c i e ... 158
Salicylic.. ... i 73.8
Anthranilic.................... .. ... ... ... ....... 67.0
Succinic. ... ... . 48.0
Malic.................0.................c..u.... 35,9
Tartaric.. ... it 31.8
Aspartic.............. ... ... iiiiiii..... 8.8
Formic.. ... ... 15.7
Acetic.............. i ... 16,4
Propionic........... ... . 24.4
Butyric.................. ... ... ... ............. 35.5
Aminoacetic....................................... 0.0
Hydrochloric..........................ccoo ... 112
Perchloric......................................... 10.9
Nitric.. .. ..o e 10.1
Sulfuric.......... ... .. e 9.7
Hydrobromic.................... ... oo, 8.5
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Tables 55 and 56 contain data on the sorption of organic acids

from aleoholic solution.*!

The charcoal was commercial ‘“‘animal

TABLE 55.—RELATIVE SORPTION OF ORGANIC Acips BY CHARCOAL®!
(50 cc. 0.05 N alcoholic solutions and 5 g. charcoal)

Acid Relat.ive Acid Relat.ive
sorption sorption
Acetic....................| 1.00 [Lactic................... 0.58
Propionice.................| 0.65 | Phenylacetic.............| 3.26
Butyric..................| 0.87 | Phenylpropionic.......... 4.04
Isobutyric................| 0.27 [Cinnamic................| 6.25
Isovaleric.................| 0.21 | Mandelic................ 2.29
Hexoic...................| 1.13 [Succinic.................| 1.44
Heptoic.................. 0.92 | Adipic..................| 1.05
Qctoic....................| 1.50 | Sebacic.................| 2.30
Nonoic................... 1.32 | Monobromsuceinic.......| 1.77
Lauric....................| 2.15 | Ethyl succinic........... 0.85
Stearic...................| 2.32 [Malic...................| 1.22
Monochloracetic. . ......... 2.31 | Tartaric.................| 1.60
Trichloracetic. ... ......... 0.27 | Fumaric................. 4.15
Monobromacetic. . ........ 2.70 | Citraconic...............| 5.54
a-Brompropionic. .........| 1.92 | Mesaconic............... 3.41
a-Bromisobutyric.......... 1.38

TABLE 56.—RELATIVE SORPTION OF AROMATIC Acips BY CHARCOAL*!

(50 ce. 0.05 N al

coholic solutions and 5 g. charcoal)

Acid Relat'ive Acid Rela.t_ive

sorption sorption
Benzoie. ................. 1.00* | p-Nitrobenzoic...........| 3.64
o-Toluic..................] 0.97 [ o-Chlorbenzoic........... 0.86
m-Toluic. ................| 1.19 [Salicylic................. 1.64
p-Toluic..................| 1.36 | o-Acetoxybenzoic......... 0.76
o-Brombenzoic.. .......... 1.01 | p-Methoxybenzoic........ 2.30
m-Brombenzoic. ........... 2.10 | Phthalic................. 2.30
p-Brombenzoic............| 2.42 | o-Aminobenzoic.......... 2.91
o-Nitrobenzoic. ...........| 1.34 [ o-Acetamidobenzoic...... 2.30
m-~Nitrobenzoic............| 3.32 | s-Tribrombenzoic........ 2.51

* The relative sorption of benzoic acid, in terms of acetic = 1, was approximately 5.5.

charcoal, acid-free,” which the experimenters extracted with
hot water until no longer alkaline to phenolphthalein and ‘‘heated
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to redness for some hours in a Vitreosil tube, a steady stream of
dry nitrogen being passed through towards the end of the opera-
tion and continued until the tube was cold.”

In tracing the effects of the substituents in Table 55, it is
seen that small alkyl groups and the hydroxyl group reduce sorp-
tion, while halogen (except in trichloracetic acid) and phenyl
groups increase it. Unsaturation causes a marked increase in
sorption. From Table 56 it may be said generally that the
rclative sorption of the aromatic acids is five to twenty times
that of the aliphatic acids. Substituents in the para position
increase the relative sorption, the effect of the groups being in
the order alkyl, halogen, nitro; in the meta position there is a
corresponding but smaller enhancement; and ortho substitution
has usually a smaller or even a depressing effect. The enhance-
“ment attributable to o-hydroxy and o-amino groups was reduced
by acetylation.

It is to be noted that what has just been said applies to ethyl
alcohol solutions. All of these relative effects may not hold in
aqueous solution. For example, double bonds cause a marked
increase in sorption from alcoholic solution, a fact which has
been found by another investigator4? using similar charcoal.
But this investigator found that double bonds decrease sorption
from aqueous solution.

Fumaric acid is sorbed to a greater extent than maleic acid
at pH values less than 5 from water by oxygen-activated sugar
charcoal.#3 This may be accepted as verified since other investi-
gators using different charcoal have found the same result.4?
The same order is true for methyl alcohol solutions but reversed
in ethyl alcohol.#? The trans isomer of the hydrobenzoins has
been found to be sorbed more than the cis isomer.*

The sorption of organic acids and of organic bases has been
studied as a function of the pH of the solution by Phelps.45:4%
Using Norite charcoal, extracted with hydrockloric acid and
hydrofluoric acid, washed with hot water and ignited to bright
red heat in ygacuo (ash = 0.07 per cent), he obtained the result
shown in Fig. 84. The same relationship was found when using
charcoal prepared from ‘‘ashless” filter paper by activating the
charcoal at 1200°C. for 14 hr. in a silica vessel, digesting with
the acids, washed, etc., just like the Norite.



296 COLLOID CHEMISTRY

The proportion of propionic acid sorbed falls off almost to
zero between pH 3.5 and 5.5. This region covers almost exactly
the ionization range for this acid. The same is true for succinic
acid, in the range pH 4 to 7. In the case of caproic acid, a similar
effect was noted, the sudden drop in sorption being between pH
4.8 and 7.5. Hence Phelps held that only the undissociated acid

is sorbed, in confirmation of Fromageot and Wurmser.” Using
the charcoal made from filter
paper (without the acid extrac-
15 | #7728 tion), he found the same principle
\ to hold for butylamine and propyl-
\
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F1c. 84.—Sorption of acids from
20 cec. of solution by 0.2 g. charcoal.
C, = 1.8 mg. per cubic centimeter

Fia. 85.—Sorption of n-pro-
pylamine from 20 cc. of 0.2 per
cent solution by 0.2 g. charcoal.

for propionic and 1.3 mg. per cubic
centimeter for succinic acid.

amine (Fig. 85). The acid-purified and activated Norite did not
yield so close a relation to the ionization curve, owing probably
to a trace of sorbed acid. Information concerning the sorption
of organic bases furnished by another investigator® may well be
mentioned here. Using sugar charcoal, heated in a silica crucible
with a loose cover over a gas burner for 20 hr., followed by heating
in an open porcelain tube at 1000°C. for 20 hr., he obtained a
charcoal which would not sorb strong inorganic bases. The
sorption order for weak bases was dimethylaniline > aniline >
secondary aliphatic amines > propylamine > ammonia. While
coniine, arecoline and nicotine were markedly sorbed;
codeine, morphine, quinine, brucine, cytisine, methyl cytisine,
hydrastinine, pelleterine, and pseudopelleterine were not
sorbed.
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Phelps found that the amino acids glycine and alanine were
not sorbed at any pH value. The dicarboxylic amino acids
aspartic and glutamic were only slightly sorbed with a tendency
to a minimum at pH 5. A ring-structured amino acid, histidine,
was sorbed as shown in Fig. 86 which shows also the curve for
the base histamine. It is seen that the sorption rises steeply
for both with increasing alkalinity, while that for the amino
acid shows an abrupt fall, starting at pH = 7.3.

100
0,
75 20°C.
T
2
<
S 50
-
<
0
Q
5 ///‘.ff/'d[.ne
S 95
atHistarnine
T 70 12.0
pH

Fig. 86.—Sorption of histidine and of histamine by charcoal.

Based upon the older experience with unpurified charcoals,
there is rather widely stated in the literature of colloid chemistry
“Traube’s rule,” viz., that when the sorptions of the members of
an homologous series from aqueous solutions are compared, the
sorptions increase with increasing molecular weight. If they
lower the charcoal-water interfacial tension in the same order as
they lower the air-water interfacial tension, then this sorptive
order can be accounted for by means of Gibbs’s law. In recent
years, however, owing to experimentation with ‘purified”
charcoals, the validity of this rule has been questioned. Figure
87 offers an illustration taken from the work of Nekrasov.#
Here we see Traube’s rule holding for four specimens of charcoal,



208 COLLOID CHEMISTRY

while it is reversed for charcoal V. These charcoals were
described as follows:
I = blood charcoal. Ash content, 7.2 per cent.
II = I purified by the method of Dubinin. Ash content, 6.4
per cent.
IIT = gas-mask wood charcoal. Ash, 4.2 per cent.
IV = III purified by same method as II. Ash, 1.4 per cent.
V = activated sugar charcoal (Dubinin). Ash, 0.08 per cent.
The sorptions by the same charcoals from alcoholic solutions
are charted in Fig. 88. Here again, charcoal V, the activated
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Fia. 87.—Sorption of fatty acids from aqueous solutions by various charcoals.

sugar charcoal shows a reversal of Traube’s rule, while the others
give a ‘“mixed series,” t.e., from formie to propionic or butyric
acid the sorption diminishes with increasing molecular weight
and from butyric to stearic it increases with increasing molecular
weight.

Likewise the strong acids have been reported on an equivalent
basis to be sorbed in the order H;PO, > H,SO, > HCl. This
order also has been found to be reversed.

Dubinin,® who has concerned himself with these orders and
their reversals, has found that sugar charcoal activated by heat-
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ing at 550°C. sorbed the aliphatic acids in the order propionic >
valeric > heptylic and the strong acids HCl > H.,SO, > H;PO,.
When the same sample of original sugar charcoal was activated
at 800°C., both sorptive orders were reversed. He prepared an
extensive number of charcoals activated with oxygen, with
carbon dioxide, with and without evacuation, heating at different
temperatures for various lengths of time and with different rates
of gas flow. His experiments with these charcoals produced
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F1a. 88.—Sorption of fatty acids from ethyl alcohol solutions by various char-
coals.

normal Traube series, also reversed and ‘“mixed’’ series. Sum-
marizing his experience in these complex experiments, he stated
that the less highly activated charcoals possess very fine ultra-
pores, while the more highly activated charcoals possess larger
pores. Hence since the smaller sorbate molecules can penetrate
the ultrapores which are too small for the larger sorbate mole-
cules, a reason for the reversal of the Traube rule becomes appar-
ent. He points out further that finer pores in the charcoal
introduce a time factor which has not been appreciated. In
Table 57 are described five charcoals and their sorptive effects
are given in Table 58.5! It is seen that the sorptive order for
the finer pored charcoals (A and B), where sorption is slow, is
propionic > valeric > heptylic acid, although the relative values
after 31 days sorption are less different from one another than
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TABLE 57.—DESCRIPTION OF ACTIVATING TREATMENTS (SUGAR CHARCOAL)!

Final .
Activating Grams | Tempera- Time, Volume yield of D.emgna,-
charcoal ture, of gas tion of
gas o hours charcoal,
used C. per hour charcoal *
per cent
Air........... 10 850 4 0.82 92.5 B
Air........... 10 850 8 1.03 86.2 C
CO;.......... 10 1000 8 3.54 54.8 D
Air........... 4 500 4 1.93 83.0 Et

* Charcoal A consisted of sugar charcoal merely pulverized and heated in vacuo at 850°.
1 Charcoal E was made from D.

TaBLE 58. —RESULTS* OBTAINED WITH CHARCOALS DESCRIBED IN TABLE 57

Percentage sorbed by charcoal
Acid
A B c D E
Propionic:
lhro..oooooio | 4 10 32 52 29
1day....cooveeeeoeaeneee | 7 24 | 43 | 52 | 31
3ldays...............c...o....| 15 29 47 55 t
Valeric:
) 11 A I | 4 26 86 68
lday..........cocoviiiial] 2 9 44 86 69
ldays.........................| & 58 88 t
Heptylic:
1hr....................cco..] 0.8 3 18 98 94
1day........covviiiinnin| 2 4 30 99 94
3ldays.........................| & 1 45 98 1

* Technique: 25 ce. of 0.01 N aqueous solution, 0.1 g. charcoal.

1 Measured at 5 days and found practically same as at 1 day.
those measured after 1 hr. sorption. On the other hand, the
larger pored charcoals (D and E), where the sorption equilibrium
is fast, give the order heptylic > valeric > propionic, while
charcoal C gives a “mixed series.” A similar result was obtained
in the sorption of hydrochloric acid, sulfuric acid, and phosphoric
acids. Dubinin’sideaisshared by other investigators.’? Bruns®?
showed that, excluding formic acid, an activated sugar charcoal
which showed reversal of Traube’s rule gave the normal series
after grinding,.
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Incidentally, it is obvious that there is no answer to the ques-
tion, How long does it take for sorptive equilibrium with char-
coal? It may be mentioned in passing, though, that with
crystals as sorbents equilibrium is practically instantaneous,
provided the system is stirred with great rapidity.5

The sorption order for the urethanes®s by charcoal has been
reported isobutyl > propyl > ethyl > methyl.

Studies on the relative sorptions of inorganic salts from water
by Odén® have produced the following information (acid extracted
blood charcoal) :24

Alkaline-earth nitrates: Batt > Sr++ > Cat+ > Mgt

Alkali nitrates: Cst > NH,* > Rb+ > K+ > Na*+ > Lit

Potassium salts at 0.01 M concentration:I- > CrOs~ > CNS- >
Fe(CN)g~ > Br~ > ClO3~ > NO3;— > SO~ > Cl- > F-.

Potassium salts at 0.2 M concentration:CNS— > I- > ClO;— >
NO;= > CrO4~ > Br~ > Cl~ > Fe(CN)g~ > F- > SO~

It should be recalled that the above-mentioned charcoal sorbed
‘alkali strongly, owing to the presence of the tenaciously sorbed
hydrochloric acid. The order I~ > Br— > Cl~ has been con-
firmed®-%® by use of blood charcoal and of Dubinin’s activated
sugar charcoal.® The sorption of the alkaline-earth cations by
the activated sugar charcoal was ascribed® to precipitation of
their carbonates in the pores of the charcoal owing to carbon
dioxide present there. Other investigators,® also using acid
washed charcoal, do not confirm Odén’s order for the alkali
cations, finding Li+ > Nat.

Ammino complexes of copper and of cobalt are decomposed by
activated charcoal, splitting off NH; molecules.®* The platini-
chlorides likewise are split upon sorption.®2

Sorptions from Mixtures.—If a given charcoal sorbs A to a
greater extent than B from their individual solutions at equal
concentration, one would expect that A would be sorbed to a
greater extent than B from their mixed solution. Likewise one
would expect the addition of A to the system charcoal-solution-B
to effect a marked displacement of some sorbed B from the char-
coal into the liquid phase. Conversely, B should displace some
sorbed 4, but to a much less extent. This has been found experi-
mentally for several mixtures. In the older literature®® one finds
that fatty alcohols, acetone, and surface-active substances in
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general diminish the sorption of iodin, of inorganic electrolytes,
ete. Further it was shown that the effectiveness of the alcohols
was in the order amyl > propyl > ethyl > methyl.

The reverse, i.e., the effect of salts upon surface-active
substances, is an exception to the general rule. The addition of
inorganic salts to solutions of acetic, propionic, and butyric acids,
acetone, and alcohol has been found to effect an increase in the
sorption of these by charcoal.® In comparing the effects of
alkali and alkaline-earth chlorides, the sorption-promoting
influence was in inverse ratio to their atomic weights; 7.e., the
higher the atomic weight of the cation, the lower was the sorption
increment. The air-water interfacial tension is lowered in pro-
portion to the sorption increment. Thus the added inorganie
electrolyte increased the activity of the surface-active substance
in solution.

The sorption of dextrose from aqueous solution by blood char-
coal is not influenced by even 2 M concentration of sodium
chloride, but neither does this salt markedly affect the surface
tension of a solution of the surface-inactive dextrose. The
influence of added surface-active substances upon sorption of
dextrose, however, is shown in Table 59.

TaBLE 59.—DEPRESSION OF SORPTION OF DEXTROSE BY URETHANESS

" (100 cc. aqueous solution, 3 g. blood charcoal. In each case the original
solution was 0.07 M with regard to the urethane and 0.90 per cent with
respect to dextrose)

Percentage sorbed
Added urethane

Urethane | Dextrose

Nonme.............iiiiiii .. .. 38
Methylurethane .. .. ............... 57 26
Ethylurethane..................... 72 20
Propylurethane.................... 87 8
Butylurethane..................... 94 2

In using modern purified charcoal, it has been shown that
added phenol diminishes the sorption of hydriodic acid from
water, and that added amyl alcohol inhibits somewhat the sorp-
tion of phenol.*
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A study of the sorption from the following mixtures has
afforded a quantitative relationship:#* HCI-H,C;0,, HNO;-H,-
C;0,, HBr-HNO;, HCI-HNO;, HCl-acetone, CH;COOH-ace-
tone. The first substance was kept at constant concentration,
with the second at varying concentration. Typical results are
plotted in Fig. 89. The sorbent was sugar charcoal which had
been heated with 4N nitric acid for several hours, carefully
washed with water, dried, heated at 850°C. in vacuo, washed again
with water, and reheated at 850°C. in vacuo. Wood charcoal,
purified in the same manner, gave similar results. In Fig. 89, it

30|

-
:_: % 20 Qcelre acds g, celone
‘;6 & —FLOZEAHCL ¢ acetoe Tl 8)
-8 «?o% T\Lao&- 4 \wa_
2 '§ 23 ‘00’/7/7’(‘/ & ol )
SE 07N 40,0 —
S & ”4«9 4

(&) °

0 3 |
10 20 30 40 50 60 0 80 90

Sorption of Constituent of Variable Concentration

Fra. 89.—Sorption from mixtures; 1 g. charcoal in 25-ce. solution. Ordinates
and abscissas = milliequivalents when multiplied by 2 X 1072,

is seen that a straight line is obtained when the sorbed amounts of

the fixed-concentration substance are plotted against the sorbed
amounts of the variable-concentration substance. Hence

- 4
or
y=>b—kx (19)
where ¥ = amount of constituent A sorbed in the presence of

constituent B,

b = amount of constituent A sorbed from solution in the
absence of constituent B.
z = amount of constituent B sorbed from solution in the

absence of constituent A.

When, of course, chemical interaction intervenes, the predic-
tion of relative sorptive affinities cannot be based upon simple
rules. For example, mercuric chloride is strongly sorbed by
charcoals, but its sorption from mixtures containing alkali
chlorides is diminished. This has been ascribed® to the forma-
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tion of compounds such as NaHgCl; or Na,HgCl,. The toxicity
of mercurie chloride is also decreased by the presence of sodium
chloride.

Inorganic Sorbents.—Earths, clays, zeolites, and oxides have
wide use industrially. Earths are extensively used with charcoals
in the decolorizing of oils. The zeolites (‘‘Permutit’’) are
employed in water softening, the action consisting in an equiva-
lent replacement of sodium ion in the zeolite by calcium in the
water.5 “Silica gel,” a dried silicie acid, is extensively employed
for sorption of liquids and vapors.5

The sorption of ionizable substances by mineral sorbents is
traceable in most cases to simple chemical reactions. For
example, commercial silica (which does not sorb acid dyes)
sorbs basic dyes by formation of dye-cation silicate on the surface,
a cation such as iron or calcium being released. Ferric oxide
containing occluded ferric salt (which does not sorb basic dyes)
sorbs an acid dye by formation of a ferric dye-anion complex on
the surface.®™ Quartz surfaces which are inert may be sorp-
tively activated by a brief bath in hydrofluoric acid, or treatment
with fused potassium hydroxide at 350° for a few minutes, fol-
lowed by boiling in hydrochloric acid.”*

Kaolin (a hydrous aluminum silicate) sorbs basic dye cations
but not acid dye anions.” Here again the formation of dye-
silicate has been noted. Kaolins are excellent sorbents for
alkaloids; the specially prepared hydrous aluminum silicate
known as Lloyd’s reagent is very active.

The pH value of the solution markedly affects the degree of
sorption of an alkaloid by kaolin. In the case of quinine the
optimum value was at pH 6 to 7, the sorption falling off some-
what in more acid solutions, but falling abruptly to zero at pH
8 to 9.7

In Table 60, the sorption? of some acidic and basic substances
by some inorganic sorbents shows interesting chemical relation-
ships. Sorption by alumina is most marked in the case of the
acidic compounds, though the most basic substance—piperidine
—is also sorbed appreciably. These results are not unexpected
in view of the well-known amphoteric character of alumina.
Although the hydrous iron oxide used was apparently an excellent
sorbent, the sorption was very irregular, being strongest in the
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TABLE 60.—SORPTION BY INORGANIC SORBENTS™*
(25 cc. of 0.01 M aqueous solutions, 0.5 g. sorbent)

. By By By iron fo,
. . . uller’s
Substance pH | silica, | alumina, | oxide, earth
per cent | per cent | per cent per cent
Piperidine.. ...............[11.46] 94.5 5.7 25.2 73.8
Nicotine...................|10.6 | 87.3 1.5 2.2 43.7
Arginine...................| 9.5 72.5 1.2 34.2 31
Quinoline..................| 8.6 47 2 1 71.2
Adenine...................| 8.4 10.6 2 60 21.2
Caffein....................| 7.8 11.2 0.5 0 87
Creatine...................[| 7.2 4.7 1.3 3 7.4
Betaine...................| 7.5 5.5 0 0 5.1
Acetanilid.................| 7.2 2.4 1.8 12.3 3.1
Urea..........ccovvv .| 701 1.9 2.94 0.3 5
Acetamide.................| 7.1 1.1 3.7 1 5.4
Glucose. .................. 7.1 0.7 1.0 11.0 0
Succinimide................| 6.0 0.7 0.5 0.0 0.5
Glycine...................| 6.1 0.7 3.0 15.9 0
“Vicine.....................| 6.0 0.7 13.9 20.3 2.4
Asparagine................| 5.4 0.7 11.0 44.8 0
Glutamic acid..............| 3.2 0.6 74.3 81.6 0
Aspartic acid............... 3.1 0 84.5 87.5 0

case of acid substances, as might be expected, but also taking
place markedly in the case of certain of the neutral and basic
compounds. The sorption by fuller’s earth parallels very roughly
the sorption by silica. One striking exception appears in the
case of caffein, Approximately eight times as much of this
substance was sorbed by fuller’s earth as by silica.

The use of alumina gel by Willstédtter in enzyme purifications
has excited interest in its properties as influenced by mode of
preparation.” It sorbs basic and acidic substances because it
reacts chemically with them. For example, the sorption of
nucleic acid’ increases with increasing acidity of the solution
from almost zero at pH 8. The sorption of phosphate is at a
maximum at about pH = 3, falling off on either side thereof.”®
The effectiveness of salts in displacing sorbed malt amylase from
alumina gel” has been shown by Caldwell and Doebbling to be
phosphate > citrate > tartrate > sulfate > oxalate > acetate >
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chloride, which is the order for the “penetration’ of these ions
into the ionic micelle of basic aluminum complexes. The dis-
placement of chromate from alumina gel likewise is effected by
. powerful penetrating ions but not by halides and nitrates.™
The order of sorption of silver salts by silver iodide has been
found to be™ benzoate > acetate > nitrite > bromate > naph-
thalene sulfonate > nitrate > chlorate > ethyl sulfate > per-
chlorate. While this order is not exactly the reverse order of
the solubilities of the corresponding silver salts, in general the
less soluble are sorbed more than the more soluble ones. The
sorptive capacity of lead chromate for potassium salts has been
indirectly determined to be®

CrOs~ > 105~ > NOs~ > I= > 80+~ > Cl,

which, with the exception of the nitrate and iodide, is in the order
of the insolubility of the corresponding lead salts in water. The
order for the sorption of salts of a given anion was found to be
Pb++ > Bat+ > Catt > K+,

During its formation, barium sulfate is a good sorbent of
ions. Its sorption of the anions of sodium and potassium salts
is given in the order:!' CryO;~ > 8,05~ > BrOs~ > AsO3~ >
C:0~ > 104 > 105 > MnOs > NO;~ > Fe(CN)g~ >
Fe(CN)3~ > Cl- > CNS~ > Br~ > I-. Tezak® states that
such occurs in the presence of excess barium jons, his series being
Fe(CN)4& > Fe(CN): > NO;~ > ClI- > Br~ > I-. Heholds
that sorption of ions from solutions increases as the sorbed ion
resembles more closely an ion of the heteropolar crystal. Thus
the Ba** ion resembles xenon, and sorption on barium sulfate
follows the series Ba*+ > Hgt+ > Pb++ > Catt > Mn*t >
Zntt > Cutt > Ni++ > Mg+t which corresponds to the series
Xe > Kr > A > Ne in atomic similarity. Miss de Brouckere®
has published several papers on sorption by barium sulfate.
She states that both ions of a salt are sorbed, and that the
sorption of iron from dilute ferric chloride is ten to two hundred
times that of nonhydrolyzing salts because of the presence of
ferric oxy micelles.

The sorption of fatty acids by silica gel from toluene®* and
from carbon tetrachloride gives the reverse of Traube’s rule.
This is accounted for in the following manner.®* The highly
polar —COOH end of the fatty-acid molecules orients toward
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the polar silica and the nonpolar alkyl groups orient toward the
toluene. Hence since fatty acids of higher molecular weight are
less polar, they are more and more attracted to the toluene and
less strongly sorbed by the silica. The sorption of formic,
acetic, propionic, butyric, and caproic acids from CCls, C¢Hs,
C:H;0OH, (CH;):CO, and water by metallic gold®® is also a
reverse of Traube’s rule, caprylic, myristic, and stearic not being
sorbed at all. This also is said to show that the —COOH groups
are oriented toward the sorbent—in this case gold.

The sorption of the saturated aliphatic monohydric alcohols
from benzene by silica is also in inverse order of the molecular
weights. %

Silica does not sorb strong acids from water® but does sorb
alkalies in the order LiOH > NaOH > KOH > NH,OH. Con-
sequently, hydrolytic sorption is observed when silica is added to
neutral salt solutions.

Platinum black which is charged with hydrogen hydrolytically
sorbs base and not acid from a neutral salt solution.®®

The sorption by platinum black from ether and water solutions
of organic acids has been investigated.®*® Sorption of the mono-
basic fatty acids increased with increasing molecular weight.
Normal acids were sorbed more than acids with branched chains
of carbon atoms. Cis isomers were sorbed better than trans
isomers. Double bonds increased sorption. Parallelism of
magnitudes of sorptions and velocities of hydrogenation was
observed in cis and trans isomers and in isomers forming the
same hydrogenation product.

Blue Iodo Complexes.—The blue complex formed upon con-
tact of starch with iodin is called a sorption complex. Chemical
compound formation is generally believed to be absent. Mylius,*
in 1887, thought that it was a chemical compound of the formula
(C2H402I) . HI. While as yet there is insufficient knowledge
concerning starch to settle the arguments—chemical versus
physical—it is interesting to note that Mylius found hydriodic
acid or alkali iodide to be an essential part of the blue complex.
He pointed out that, if the blue iodostarch solution is treated
with silver acetate to remove the iodide, it becomes yellow in
color. This yellow solution, he found, turns dark blue when
treated with hydrogen iodide so dilute as 1 part in 1,000,000 of
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water. Thus it is an exceedingly sensitive reagent for the detec-
tion of iodide ion. Mylius found®! also that cholic acid* yields
a blue iodo complex with the formula (CgsHOsI)JKI. Again
iodide ion must be present; in its absence a brown complex is
. formed.

Bergmann®? has shown stoichiometric relations in the com-
bination of iodin and potassium iodide with the compounds

[CH;C(OCHa).CHz] [CH;.C(OCH;).CH.CH;]
o |, o,
methylcycloacetal of acetol methyleycloacetal of acetoin

The former yields, upon treatment with iodin and potassium
iodide, deep blue-black metallic-looking prisms, the latter steel-
blue prisms. Analysis showed four atoms of iodin and one for-
mula weight of potassium iodide per formula of each as pictured
above. Bergmann believes that, since in the starches, as in the
cycloacetals, there are oxygen bridges and since these oxygen
bridges possess known and pronounced residual valence forces,
in both cases the binding of the iodin and potassium iodide is
at such oxygen bridges. He postulates that the apparent, simple
sorption-curve effects measured with starch and iodin are the
result of the facile dissociation of the iodostarches. In this con-
nection it is interesting to note that the ethyl ester of euxanthic
acidf forms a blue complex with iodin®® and potassium iodide,
the maximum amount of iodin fixed being two atoms per
molecule of the ester.

Barger and Field** reported that the glucoside saponarin,
C21H,401,, first isolated from Saponaria officinalis by Barger®
forms the blue complex under certain conditions. Saponarin
crystallizes from water and from pyridine in minute needles and
is soluble to the extent of 1 part in 7,100 parts of water at 18°.
Neither the solution nor the crystals react with iodin, but a
colloidal dispersion of it, formed either by peptizing with alkali
followed by acidification or by boiling with water, yields the
blue complex upon addition of iodin. Iodin added to concen-
trated colloidal dispersions results in the formation of a blue

* Cholic acid is C34HOs. Its structural formula is unknown.

{0)
t Euxanthic acid is C,H,(OH)<O->CGH30.CH(OH)(CHOH).COOH.
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jelly. When the colloidal dispersion of the blue compound is
diluted with water, the blue color vanishes when the dilution of
1 part in 7,100 parts of water is reached. The blue dispersion
has all the properties of a hydrophobic dispersion and is nega-
tively charged. Just as a blue iodostarch changes to a red
complex upon addition of a large excess of potassium iodide, so
does the saponarin iodide complex.

Barger and Starling® found some fifty compounds which form
blue complexes upon the addition of iodin. The reaction with
naphthaflavone is even more delicate than with starch; a blue
coloration is produced by solutions containing 1 part of iodin in
800,000 parts of water. The reaction is produced by 2- and
4-pyrone derivatives but is not confined to them. It is greatly
increased by the presence of benzene nuclei, as in the coumarins,
chromones, xanthones, and flavones. Alkyl and hydroxy groups
diminish it. Thus coumarin fixes iodin slightly, hydrocoumarin
and hydroxycoumarin not at all, while naphthacoumarins,
phenylcoumarins, and benzoylcoumarins are colored blue by
very dilute iodin solutions. In no case was the iodin found
combined in stoichiometrical proportions, although many of the
blue substances could be obtained crystalline.

Further investigations® on this problem have demonstrated
that the presence of iodide ion is necessary for the formation of
the blue complex. )

The addition of 0.04 ce. of 0.2N alcoholic iodin solution to
2 cc. of cold saturated thallous chloride gives a clear-brown
solution, but the further addition of a few drops of potassium
iodide solution produces at once an intense grayish-black precipi-
tate which disappears on warming and reappears on cooling, as
with iodostarch.?® The composition of the precipitate is approxi-
ma,tely TlaIs.

In 1857, Damour® reported that the slimy precipitate formed
upon precipitation of lanthanum acetate by ammonium hydroxide
becomes dark blue upon treatment with iodin. This effect is not
obtained when lanthanum nitrate is used instead of the acetate;
but once the blue complex is obtained with the basic acetate,
the addition of potassium nitrate does not affect it.!®

The reaction seems to depend upon the physical condition of
the precipitate; it must be gelatinous. Colloidal dispersions of
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lanthanum hydroxide peptized by acetate give the blue com-
pound, but a pulverulent white precipitate formed by precipita-
tion of a boiling solution of lanthanum acetate by alkali takes up
but a small amount of iodin and is brownish black in color,
- whereas, once the blue complex is formed, boiling does not decom-
pose it. The blue complex is obtained when lanthanum chloride
or nitrate is treated with ammonium hydroxide in the presence of
propionate ion as well, but not in the presence of many other
organic ions,!%! and consequently a method for testing for these
two organic ions is indicated. Other rare earths do not react
as lanthanum does. !

Sorption of Colloids.—The literature contains very little
information on sorption from colloidal solutions. The sorp-
tion of albumin from water by ferric oxide hydrogel, cellulose and
kaolin appears to be irreversible,*? the same as in the sorption
of proteoses by kaolin and charcoal.’® Added acetone has no
effect upon this sorption of proteoses, whether added prior or
subsequent to the sorption. Acetone is sorbed by charcoal
covered by proteose as well as by free charcoal.®® ‘Animal
charcoal”’” sorbs albumin irreversibly, as does kaolin, although the
latter’s sorptive capacity is low.* Aluminum hydroxide also
sorbs albumin irreversibly,% its sorbing power being markedly
diminished by ignition. Animal charcoal is reported!® not to
sorb gum arabic from aqueous solution, whereas hydrous alumina
does markedly and irreversibly sorb it.

The sorption of albumin and gelatin by nitrocellulose has
already been mentioned in the chapter on dialysis, Hitchcock®
showing the sorption maximum to be at the isoelectric point.
In addition he proved that the sorption of these proteins by
nitrocellulose sheets followed Langmuir’s but not Freundlich’s
equation (Fig. 90).

Abderhalden and Fodor®® find that the sorption of proteins
from their aqueous dispersions is greatest in the region of the
isoelectric ‘point, departure from the isoelectric hydrogen-ion
concentration causing diminution in sorption. The maximum
degree of sorption is thus found under the conditions of minimum
degree of stability in solution. When increasing concentrations
of potassium chloride were added to a slightly acid solution of
yeast-juice protein, there resulted an increasing degree of
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turbidity leading finally to flocculation. The sorption from these
solutions ran parallel with the turbidity, from which they con-
clude that the dehydrating effect of the added salt on the protein
displaces it from the water phase into the charcoal surface.

The degree of acidity of the medium is of importance in the
decolorization of sugar-cane juice. It has been shown that such
solutions are better decolorized by commercial charcoal at increas-
ing acidities and not decolorized at all when alkaline.’®® There
are, of course, practical limitations since the “bone blacking”’
in sugar refineries is carried out at elevated temperatures where
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slight increases in hydrogen-ion activity would cause considerable
loss of sucrose due to conversion to invert sugar.

When commercial charcoals are placed in inorganic hydrosols,
an apparent sorption is noted. It is merely precipitation by
electrolytes however. Thomas and LeCompte!® found that
various charcoals purified by extraction with hydrochloric acid
followed by washing to negative test for chloride did not sorb
the micelles of Bredig gold or of ferric oxychloride hydrosols.
Later experience in the author’s laboratory has yielded interesting
information on this point. When a specimen of *purified”
charcoal (4) used by Thomas and LeCompte had been activated
by heating in an electric furnace for several hours at about
1000°C., the resulting product (charcoal B) showed an apparent

.sorptive affinity for the hydrosols mentioned. Then samples of
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the charcoals A and B and of a commercial animal charcoal (C)
were placed in nitrocellulose bags containing distilled water which
were lowered into specimens of ferric oxychloride sol. The sols
in contact with the bags containing B and C precipitated while
that one in contact with A did not. In the case of C, the precipi-
tation is ascribed to electrolyte which dialyzed from the charcoal
through the bag. In the case of B, the precipitation is due to
the strong irreversible affinity of this activated charcoal for
hydrochloric acid, thus abstracting it from the sol. Charcoal A4,
undoubtedly having an irreversible bound film of hydrochloric
acid, exerted no influence upon the sol for that reason.
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CHAPTER XII

PROTEINS

When proteins are hydrolyzed, the ultimate products are
mainly a-amino acids. This fact, together with other evidence,
indicates that the amino group of one amino acid is condensed
with the carboxyl group of its neighbor in the following fashion
where an imaginary protein consisting only of glycine radicals is
used as an example:

H HH HH
H,N-C-CO-(N - C-CO-),-N-C-COOH
H H H

This theory of the structure of the protein molecule is due to
Emil Fischer, who in support thereof synthesized a polypeptide
containing as many as 19 molecules of amino acids. It resembled
the peptones in properties.

Some biochemists have suggested that the straight-chain poly-
peptide theory of protein structure may have to be modified to
include ring structures.! For example, two molecules of glycine
can be condensed to form 2, 5-diketopiperazine:

H
N
HCfL o—0
o—¢_ mlm
\N/
H

Abderhalden and his coworkers have searched for the presence
of dioxopiperazine nuclei in proteins and they believe as a result
of experimental evidence that such structures exist therein
because of their presence in the degradation produets of suitably
hydrolyzed proteins. Many workers in the field of protein

316



PROTEINS 317

chemistry, however, are of the opinion that the piperazine
nuclei found among the hydrolysis products may have been
formed during the hydrolysis, rather than having existed as such
in the original protein.

Amphoteric Properties of Amino Acids.—Amino acids have
the property of neutralizing both acids and alkalies. This
property has been explained for many years in the following
manner :?

COOH COOH
H.C +HCl -H,C
NH, NH,+ CI-

COOH COO~ Nat
/ /
HaC +NaOH —»H;C\ +Hao
NH: NH!

According to these pictures, the amino acid exists in pure
aqueous solution in a completely or nearly completely un-ionized
form, acids reacting with the —NH, group forming the —NH,+
ion, and bases with the —COOH group forming the —COO~ ion.
But biochemists now seriously doubt the validity of this concept
and are finding evidence in support of the suggestion made by
Adams® and by Bjerrum* that an amino acid exists in pure
aqueous solution in a completely ionized form:

C00-
H,C

\NH;’r

The German name Zwitlerion applied to this structure is widely
used in English, although some use the term amphoteric ion.
According to this hypothesis the reactions of amino acids in acid
and alkaline solutions are described on page 318.

As the formulas show, there is no disagreement between the two
hypotheses regarding the results obtained upon neutralization,
but the mechanisms are different. According to the older view,
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the effect of increasing alkalinity is to permit the ionization of the
weak —COOH group. Similarly the —NH, is so weak as a base
that it dissociates only in acid solutions.

/COO" COOH
HaC\ + HCl — HzC\
NH,+ NH,*Cl~

(6/00) COO~Na*
+ NaOH — HZC\ + H.0
NH,* NH,

/
HgC\
According to the new, or zwitter-ion, hypothesis the effect
of the addition of an acid is to repress the ionization of the
carboxyl group, leaving the —NH* radical free, electrostatically
balanced by the anion of the added acid. Similarly the effect of
the addition of a base is to repress the ionization of the amino
group, thus leaving the —COOQO~ radical free, electrostatically
balanced by the cation of the added base.

An essential difference between the two hypotheses consists
in the strengths to be ascribed to the acidic and basic groups.
According to the older view the acidic and basic groups of glycine,
for example, are many times weaker than acetic acid and ammonia,
while according to the zwitter-ion hypothesis they are each
slightly stronger.

The student will recall the following method of estimation of
the %, of a weak acid and of the ks, of a weak base. According to
the law of mass action, the degree of dissociation of the very weak
acid HA is

[H+] - [A7] = ka[HA] 1)
hence
[HA]
[Ht] = k, A
or
log [Ht] = log ks + log [[I:‘}]] 2)

If this acid is being progressively neutralized by titration with
a base, then assuming that the salt formed is completely ionized,
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[HA]/[A-] is the ratio of the concentration of the unneutralized
acid to that of the salt formed, or [acid]/[salt]. Since this ratio
is equal to 1, when one-half of the acid has been neutralized by
the added base, Eq. (2) becomes

log [H*] = log ks 3)
or
pH = pka (4)*

From the mid-point of the titration curve for the titration of
glycine by sodium hydroxide, its k, has been estimated as
1.8 X 1071,

Similarly for the weak base BOH:

[Bt] - [OH"] = k:;[BOH]

since
[Ht] - [OH] = k»
then
1 _ k [BOH]
Y]~k [BT
or
— log [H*] = — log k—”w ~— log %Iil—]

and at half neutralization:
pH = pky, — pk. 5)

By means of Eq. (5) at the half-neutralization of glycine by
hydrochloric acid, ks has been estimated as 2.7 X 10~12,

The fact that such dissociation constants are so small in com-
parison with those of organic acids or bases of similar structure
led Bjerrum to postulate that the constant obtained when an
amino acid is titrated with an acid is not the dissociation constant
of the amino group but is the hydrolysis constant of the acid
group. Likewise, the constant obtained upon titration with a
base is not the dissociation constant of the —COOH group but
is the hydrolysis constant of the amino group. Thus, according
to Bjerrum, the equilibria in solution are represented by the
equations

* In conformity with the “pH’’ precedent, — log ks and — log ks are now
generally written as pka and pks in the biochemical literature.
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Fia. 91.—Effect of formaldehyde upon the titration curves of glycine.

(6)
@)

where K, is the hydrolysis constant of the acid groupand Kjp is

the hydrolysis constant of the basic group.* Hence,

KA =k—"’anng =
b

E ko
ko

* In this book ka. and ks are used to signify the classical acidic and basic
dissociation constants, while K4 and Kjp represent Bjerrum’s zwitter-ion
constants according to Eqgs. (6) and (7).
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Experimental support for the zwitter-ion hypothesis has been
provided by Harris®® by the titrations of several amino acids in
the presence of formaldehyde. Since formaldehyde reacts with
—NH, groups according to the equation

R * NHz + OCHz—)R . N:CHz + H20

and not with the carboxyl groups, any modification found in the
titration curve in the presence of formaldehyde should be aseribed
to the amino groups. One of Harris’s experiments is shown in
Fig. 91. It is seen that the
titration of glycine by hydro-
chloric acid is not affected by
the presence of formaldehyde,
while the titration by sodium
hydroxide is markedly affected.
Hence when glycine is titrated
with an acid, it is the carboxyl
group and not the amino group
which is involved. Likewise
in the titration of glycine by
a base, the amino group is

11

~—
HClL NaOH
concerned but not the car- Fi1g. 92.—Titration curves of gly-

boxyl. Harris obtainedsimilar ecylglycylglycine in water (o) and in 1 per

results with other na turally cent formaldehyde solution (x).

occurring amino acids, with gelatin, and with a tripeptide, the
latter being shown in Fig. 92.

Further experimental evidence for the zwitter-ion hypothesis
has been found by investigation of the effect of glycine and of
alanine upon the pH values of phosphate buffer solutions inter-
preted according to the modern physical chemistry of solutions.”
A comparison between the values of heats of dissociation of
amines, organic acids, and amino acids also supports the zwitter-
ion hypothesis.® Recently the ratio of zwitter-ion to neutral
molecules in solution has been found to range from 40,000 (for
glyeylglycine) to nearly 1,000,000 (for e-aminocaproic acid).®
Since the ratio diminishes with rise in temperature (approxi-
mately halved for a rise of 10°), the formation of a zwitter-ion
from a neutral molecule is an exothermic process.® The ratio
is also lower in solvents of low dielectric constant. Not all
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amino-acidic compounds can be assumed to exist in the zwitter-
ion form, however. Titration of p-aminophenol and of p-amino-
benzoic acid in the presence of formaldehyde® produces a signifi-
cant shift of the hydrochloric acid curve but not of the sodium
“hydroxide curve. Hence these compounds must be assumed to
exist in the un-ionized or nearly un-ionized form in pure aqueous
solution. In an acid such as aspartic, one of the carboxyl groups
is un-ionized at the isoelectric point and at lower pH values.
Similarly one of the —NH_ groups in an acid like lysine remains
in the un-ionized form at the isoelectric point and at higher pH
values. In view of the above-mentioned facts and until sufficient
experimental evidence is available, we are obliged to consider
amino acids and proteins from both viewpoints.

Isoelectric Point of Amino Acids.—Since an ampholyte may
exist as a cation or as an anion, there must be a hydrogen ion
activity at which its positive and negative charges are equal to
each other, 7.e., a region of electrical neutrality. Thehydrogenion
activity (or pH value) at which the ampholyte is in this con-
dition is called the 7soelectric point. The location of this value
and the amount of undissociated ampholyte (adopting here the
classical viewpoint) in solution at the isoelectric point or range
depend upon the relative values of ks, and k; and their orders of
magnitude.

According to Michaelis,!® who is the originator of the following
derivations and definitions, let us define the ratio of the undissoci-
ated portion, [U], to the total concentration, [A], of an ampholyte
as the ‘‘undissociated fraction” p, and let the concentrations of
ampholyte cations and anions be represented by [4+] and [A-].

By definition, then,

U] _ , _ (4] = [47] — [47]
[4] [4]

According to the mass law,

[A-] = ka[[T{q}] and [A*] =k

Ul
* [OH]
U]

— 4] — [4*] — [4-] = [4] — k1Y)
(U] = [A] — [A*] — [47] = [A] — &k o

“[HY]
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dividing by [U],
A _ k| B
o =t m o
substituting k,,/[H*] for [OH-] we get
(U] 1
73 Ay T i : ®
Y mE Tt TR

The relation between p and the product of the constants k,
and ks for a series of hypothetical ampholytes is shown in Fig. 93.
When the product k&, - ks is very small, 10~%, it is seen that the
maximum elevation of the curve spxeads over a very wide range.

1.0

-16 -0 -7 R 0+1

Log H >
Fia. 93.—Undissociated fraction curves. The numbers on the curves represent
the product kg * ks

As kg - ky becomes larger, the maximum range for the undis-
sociated fraction becomes narrower, being reduced to a point
when k, - ky = 10~8, With products larger than this the maxi-
mum point falls below the ordinate value of 1, showing that all
of the ampholyte does not exist in the undissociated form at pH 7.
For the case where k, * k, = 10~4, the maximum value is only
about 14 but ampholytes with the product so large do not exist.
In Fig. 93, the values of k, and k&, were taken as equal. For a
given product, but with different magnitudes of k. and ks, the
curves are identical in shape but shifted along the pH axis to
the acid side when k, > k; and to the basic side when k;, > k.
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The hydrogen ion activity corresponding to the maximum of
the undissociated fraction curve is defined by Michaelis as the
isoelectric point. This can readily be defined in terms of ki,
ks, and k, in the following manner. For ease of calculation,
consider the condition for the minimum of the reciprocal 1/p as
follows:

1 ka kb
Its derivative with respect to [H*] is

1
B o ke ks
dHY] [H ' ke

by setting this derivative = 0, one has the minimum of 1/p or the
maximum of p which is the hydrogen ion concentration for the

isoelectrie point (I):
kok.w
e = " ©
b

Since the cations and anions yielded by an ampholyte are equal
in numbers at the isoelectric point,* the latter can be determined
by adding portions of the ampholyte (if it is readily soluble) to a
series of dilute buffer solutions. The buffer with pH equal to
the isoelectric point of the ampholyte will suffer no change in
pH. The ampholyte acts as a base toward buffers of lower pH
values tending to raise the pH, and as an acid to buffers of higher
pH values tending to lower the same.

By this method the isoelectric point of glycine was located to
be between pH 6.3 and 5.8.12 Its isoelectric point, calculated
from k, = 1.8 X 10~ and k, = 2.7 X 10~*2at 25°C., is pH 6.09.

Michaelis!® showed that the solubility of a difficultly soluble
amino acid in water is lowest at or very near the isoelectric point.
Consequently the region of the isoelectric point has since been
estimated by means of the location of the pH for the solubility
minimum.

* For proof, see Michaelis.!!
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An equal and ample amount of the ampholyte is added to each
of a series of hot buffer solutions and examined for bulk of erystals
- upon cooling. The following values were found!? by this method:

[H*] at

Acid ko ks {cElcP) lowest

: solubility
o-Aminobenzoic........ 1.21 X 1075(2.33 X 10712(1.7 X 10741.6 X 104
m-Aminobenzoic.. ... .. 1.63 X 10751.22 X 10711|8.8 X 10756.3 X 10-%

When the product %, - ks is very small, such as 10~? in the case
of tyrosine, there is a long range of minimum solubility. This
corresponds to the range, rather than point, for the undissociated
fraction of such an ampholyte as shown in Fig. 93. The iso-
electric point calculated from the dissociation constants of
tyrosine (ks = 4.0 X 109, k, = 2.6 X 1012) is pH = 5.4. This
‘is, however, the mid-point of the isoelectric range and is not a
point of sharp change. One should therefore speak of the iso-
electric range of such a substance.

ks L .

The formula I = ‘Ekw applies rigidly only to a simple mono-

basic, monoacidic ampholyte. For a polybasic, polyacidic
ampholyte the following is more exact:!*

1= fratkathbe .+ koks —\/iv‘—'i“k.. (10)

Koo & koo + koo + ko, N ke

Generally, however, the second dissociation constant is so

small as to make but a negligible difference in the calculation.

For example, the case of aspartic acid may be cited. Its con-
stants at 30°C. have been determined to be'*

ks, = 2.35 X 10—

ka, = 3.39 X 10710

ky = 1.50 X 10-12

and ,
k. at 30° = 1.89 X 10~
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Calculation of I by both formulas gives pH 2.76. No differ-
ence is found to the second decimal of pH because k,, is negligible
in comparison with k,,.

It should be carefully noted that the isoelectric point and the
- pH of a solution of pure ampholyte are not the same.!¢
At the isoelectric point,

a,C + ap,C + a5,C -+ * + ,C = a,C + aa,C +
a,C - -+ + a,C
or
Zap = Za, (11)

i.e., the sum of the ionized fractions of basic groups equals the
sum of the ionized fractions of the acid groups of an ampholyte
at its isoelectric point. On the other hand, the [H*] of a solution
of an ampholyte is represented by

[H*] + ZasC = [OH] + Za,C (12)

(For the sum of the positive ions in a solution must equal the
sum of the negative ions.)

It is seen that the isoelectric point as defined is constant
and independent of the concentration, while the pH of the pure
ampholyte solution is obviously a variable since it is a function
of the concentration. Except in the special case where az = a5
[H*] does not equal [OH-] and the pH of a pure aqueous solution
of an ampholyte lies between its isoelectric point and the pH of
pure water. The more concentrated the solution, the nearer its
pH value approaches that of the isoelectric point.

Neutralization of Acids and Bases by Proteins.—In 1898,
Bugarsky and Lieberman'® demonstrated by e.m.f. measurements
that egg albumin combines with acids and bases and, in 1899,
Osborne'® showed that various amounts of acids are required
to neutralize the basic groups of a number of proteins. In 1900,
Hardy" reported that the direction of migration of proteins in an
electrical field depended upon the acidity or alkalinity of the
solution. Later’® he attributed this behavior to the fact that
proteins are amphoteric substances which react with acids or
bases to form salts, the positively charged protein in acid solutions
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being the cation and the negatively charged protein in alkaline
solutions constituting the anion of the salt produced.*

The first titration curve of a protein was published in 1912.%
The protein studied was serum albumin. The data of several
investigators obtained for this protein have been plotted by
Cohn? (Fig. 94), who found that essentially the same curve can
be drawn through the experimental points obtained by several
investigators, thus demonstrating that the titration curve is an
accurate method of defining the acid- and base-combining proper-
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Igm. Protein igm. Protein

Fia. 94.—Titration curve of serum albumin.

ties of a protein. The curves of egg and serum albumin are
steeper than those of serum globulin, edestin, and casein.?? The
neutralization curves of proteins for acids and bases are not
surprising in view of their composition and of the behavior of
amino acids.

* It is now common practice to refer to such salts as “protein chlorides,”’
“protein sulfates,” ctc., and as ‘“‘sodium proteinates,” etc., as the case may
be. There are several objections to the use of such terms since they infer
definite chemical composition. For example, the term gelatin is not the
name of an individual but is used to denote a group of an unknown
number of chemical individuals or a mixture formed by peptization of
another indefinite group, the collagens, but possessing certain common
properties which distinguish them from other types of proteins. For the
sake of brevity it is convenient to use these terms and defensible in view of
the evidence, provided it is understood that they are employed under the
premises stated.
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Different acids react with proteins in stoichiometrical propor-
tions. This was shown by Loeb.2! The particular case for
egg albumin is given in Fig. 95 where the amount of acid required
to produce a certain pH value is corrected for the amount neces-
sary to confer the same pH value on pure water.

22 T\
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18 \ Ce. acid combined
17 with l?rp. of originally
isoelectric egg albumin
16 ..( n 100 cc. solution
15
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-
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18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
pH
F1c. 956.—The neutralization of acids by albumin.

Since sulfuric acid is completely ionized at the dilutions used,
just as many equivalents should be required as for hydrochloric
acid. Three times as many equivalents of phosphoric acid are
required to bring albumin to a given pH value as compared with
hydrochloric or sulfuric acid. This is due to the fact that, in
the pH range shown in Fig. 95, phosphoric acid is ionized appre-
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ciably only into H+ and H,PO4 ions, 7.e., it reacts as a monobasic
acid. The reason for this is apparent upon inspection of the
titration curve of phosphoric acid shown in Fig. 96. The curve
shows that, in the range from about pH 4 and lower, H+ and
H,PO, only are found in the solution, the HPO,~ ion appearing
appreciably only above pH 4.6.

In Fig. 95 it is seen that, at pH values lower than 3.2, twice
as much oxalic acid as hydrochloric acid is combined with the
protein as expected, since the acid solutions are of equal nor-

Ny Py

ol jrm;ﬁpo,
7

wit | 4

5
4 {Nahzf’&

3 /

1 | 1 | 1 —

0O 5 10 15 20 25 30 35 40 45 50
cc. Na OH Solution—>

Fig. 96.—Titration of 200 cc. of 0.0143 M H;PO, with 0.2 M NaOH?.

mality. Above pH 3.2, it is less than twice because in this range
the ions H+, H+ and C404~ are arising, while below pH 3.2, the
ions present are H+ and HC:04~.

The stoichiometrical nature of the combination between bases
and a protein is shown in Fig. 97, taken from the experiments of
Loeb.2!

The point has been raised by Hoffman and Gortner?? that
simple chemical neutralization by proteins occurs only in the pH
range between 2.5 and 10.5, and that at pH values beyond these
limits all proteins bind acid and alkali to the same extent, the
nature of the combination being a physical adsorption.
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This conclusion has been set aside by Cohn® because the
error in estimating combined acid or alkali becomes greater, the
greater the concentration, for two reasons. The activity
coefficient is more variable in concentrated than in dilute solu-
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Fi1a. 97.—The neutralization of bases by casein.

tion; and furthermore since the amount of acid combined with a
protein is determined by the difference between the total acid
(or base) and the free acid (or base), the error in calculating acid-
(or base-) combining capacity is least in systems containing
relatively small amounts of free acid (or base).
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Certain of the measurements which led Hoffman and Gortner
to raise this question have been recalculated by Cohn over the
range in which the amount of free acid increased from one-half
to more than eight times that bound by the protein, using
activity coefficients. So calculated, the measurements are not
very different from those of other investigators. Irregularities
in acid- or base-combining capacity of proteins in strongly acid
and alkaline solutions cannot be correctly interpreted until
more is known concerning the effect of proteins upon the activity
coefficients of the hydrogen and hydroxyl ions. Further, the
matter is complicated by incipient hydrolysis of proteins in
strongly acid or alkaline solutions.?>»?* The change in protein
aggregation produced by high and low pH values will be shown
by Svedberg’s work later in this chapter.

The maximal combining capacities of some proteins for H+ and
OH- ions as determined are shown in Table 61. From studies

TABLE 61.—Acip- AND BasE-coMBINING CArAciTy OF PROTEINS
[Expressed in equivalents (X 10°) per gram of protein]

Protein Acid-combining capacity| Base-combining capacity
Albumin (egg)......... 80 (20)* 80 (20)
Albumin (serum). . .... 155 (20)

Bence-Jones........... 92 (20)
Casein ; 80 (26) 140t (25)
................ 90 (20) 1801 (25)
. 127 (20)
Edestin. . ... RERETE TR %13 4 (27)
89 (20) 57 (20)
. 96 (28) 73 (31)
Gelatin............... 94 (29) 33 at pH 7.9 (28)
92 (30) About 90 at pH 12 (28)
Gliadin............... 34 (20) 30 (20)
. 34 (32)
Zein.................. 0 (20) (32) 330 (20)

* Numbers in parentheses are literature references.

t Casein isolated and purified without alkaline treatment.

1 Casein subjected to alkaline reaction or prepared by Hammarsten's method, thus render-
ing it * unnatural’’ and more reactive.

of the quantitative amino-acid constitution of these proteins,
the values can be satisfactorily accounted for in most cases on
the basis of the free amino groups of the diamino and of the free
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carboxyl groups of the dicarboxylic acids, and of the terminal
amino and carboxyl groups. Zein is extraordinary in its behavior.
It neither neutralizes acids nor dissolves in them, although
small amounts of histidine and of arginine are part of its molecule.

Apparently the extra amino groups of these acids are firmly
bound.3?
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Fi1a. 98.—Titration of gelatin and of deaminized gelatin with sodium hydroxide.

It is commonly said that proteins combine only with the
hydrogen ion in acid solutions. More accurately stated, how-
ever, proteins combine preponderantly with the hydrogen ion
in acid solutions. Hitchcock?+# has reported the following
amounts of chloride ion removed from hydrochloric acid solutions:
by edestin, 39 X 10-° equivalent per gram of protein; by gelatin,
20 X 10—
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The relationship between acid-binding and amino groups is
well illustrated by one of Hitchcock’s®? experiments. Taking a
specimen of gelatin which neutralized 89 X 10—® equivalent of
hydrochloric acid per gram and treating it in the cold with
nitrous acid followed by dialysis, he produced a “deaminized’
gelatin which contained 40 X 10~% equivalent less of nitrogen
than the original gelatin. The deaminized specimen neutralized
only 44 X 10~° equivalent of hydrochloric acid, the difference
(45 X 1075 being reasonably equal to the loss of nitrogen
when the experimental hazards are understood. It has since
been shown?* that Hitchcock’s deamination process removed
the free amino groups of the lysine part of the gelatin without
affecting the arginine or histidine groups.

More sodium hydroxide is required to titrate deaminized
gelatin to a given pH value than to titrate the original gelatin.
This is illustrated by the experiments of Loebel3® plotted in
Fig. 98. .

The Isoelectric Points of Proteins.—The isoelectric point of
a protein is that pH value or hydrogen ion activity of its solution
at which it does not migrate in an electrical field. The concept
of the isoelectric point had its origin in Hardy’s!? experiments
with the migration of aqueous suspensions of denatured egg
albumin in an electrical field. While it was found later?®%
that serum albumin also migrated to the cathode in acid solutions
and to the anode in alkaline solutions, Michaelis® was the first
to determine accurately the pH values at which the migration
of a protein reversed its direction. In using serum albumin,
the change was found to be quite abrupt, migration being to the
anode at pH = 4.72 and greater, to the cathode at pH = 4.68 and
less.

It has since been established that the majority of the physical
and chemical properties of protein solutions, such as osmotic
pressure, solution stability, swelling, membrane potential,
and conductivity, are at a minimum at or very close to the iso-
electric point. When the values of these properties are plotted
as a function of pH, the curves show a sharp drop at or near the
isoelectric point, as shown in Fig. 99.

One of Loeb’s original experiments® by means of which Fig. 99
was evaluated, may serve as an illustration.
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A number of 1-g. portions of powdered gelatin was soaked for 30 min. at
15°C. in 100-cc. portions of 0.125 M and weaker solutions of hydrobromic
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acid. Each portion was then
filtered through small pads in
cylindrical funnels. The gela-
tin granules in each of the
funnels were then perfused
about six times with equal por-
tions of cold water. After the
final portion of liquid drained
through the filter, the volume
(t.e., the relative swelling of the
gelatin) was measured; then the
gelatin was melted by warming
and water was added to bring
the volume in each case to 100
cc. Then the conductivity,
osmotic pressure, and viscosity
were measured and the pH
values of the solutions also
determined.

A glance at Fig. 99
shows that the curves drop
very sharply at pH 4.7.

The lowest curve in Fig.
99 represents titration for
Br—. Gelatin should exist
in the form of gelatin
bromide only on the acid
side of the isoelectric point
and titration for Br—
should be negative when
the pH is above 4.7. The
curve shows that no Br—
was found when the pH
was equal to or greater
than 4.7, while it was

PH 4 4 04 4 4952 5% 555 565% found on the acid side in
Fia. 99.—The properties of gelatin are at a increasing quantity with

minimum at the isoelectric point.

decreasing pH value.

Sorensen* found that the optimum condition for crystallization
of egg albumin from solutions containing the protein and ammo-
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nium sulfate coincided with a pH value of 4.58. By electro-
phoresis technique he established the isoelectric point to be at
pH = 4.8. The minimum solubility was thus slightly on the
acid side of the isoelectric point. Albumins can be crystallized
in the neighborhood of the isoelectric point only from concen-
trated solutions of salts. Hemoglobin, however, which is less
soluble than the albumins, crystallizes from pure water solutions
in the region of its isoelectric point.4!:42

The isoelectric point of globulins cannot be so accurately
determined as that of albumins by the method of electrophoresis
because the pH range in which they remain motionless is rela-
tively wide. By definition, the globulins are proteins which are
insoluble in water but soluble in neutral salt solutions in the
neighborhood of their isoelectric points. Globulins are also
dissolved by water containing acids or bases. Consequently,
if a salt solution of a globulin is dialyzed, the protein will floccu-
late. By electrical migration, the isoelectric point of serum
globulin was found to be at pH = 5.52 and the optimum for
its flocculation at pH = 5.44.43

The vegetable globulin, edestin, gives a wide flocculation
zone because not only is it relatively insoluble but it forms a
relatively insoluble acid compound.* The pH for maximum
precipitation has been given as 6.89 from phosphate buffers+
and 5.60 from acetate buffers.** In such a case the pH of
maximum insolubility may be quite far removed from the iso-
electric point and vary with the nature of the anions present.

Gliadin, a prolamin, is insoluble in water over the pH range
of 6 to 10. As a result, values for the isoelectric point of gliadin
have been reported at pH 6.5 and at 9.2,

Proteins like gelatin and casein, although they are very
nearly as insoluble as the prolamins, have very much narrower
precipitation zones. The pH values for the isoelectric condition
of casein and for its maximum degree of precipitation from
solution coincide,*® provided ions of high valence are absent.
The precipitation of casein at its isoelectric point is most complete
and clean cut. Its purification, depending upon its relative
insolubility at pH = 4.6, was utilized long before the develop-
ment of the theory of the isoelectric point.
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Table 62 contains values for the isoelectric points of a number
of proteins and other bodies. Only part of the values were
measured by electrical migration but the values obtained by
other methods are probably not far removed from the true
ones, however. The isoelectric point is influenced by the nature
and amount of the ions present in the solution.

TaBLE 62.—IsoeLEcTRIC POINTS OF PROTEINS AND OF SoME OTHER
AMPHOTERIC BobpIies*

Isoelec- Isoelec-
Ampbholyte tric point Ampholyte tric point

Albumin (cows’ milk). ... 4.6 Glutelins..............| 6.2to 6.5
Albumin (hens’ eggs). ...[4.6 to 5.0| Glutenin.............. 5.3t0 5.4
Albumins (seeds)........ 4.2 to 5.1 Hemocyanins... .......| 4.3to 5.3
Albumins (serum). ......|{4.7 to 5.2} Hemoglobins.. ......... 6.8
Amylase (barley malt)...| 4.4 Hide powders (limed
Bence-Jones protein. . . .. 4.0t06.7 cowhide)...........| 4.8t0 5.5
Casein (cows’ milk)...... 4.6to 4.9 Histone. .............. 8.5
Cagein (human milk)....|[4.1t04.7|Insulins.. ............. 50to 5.7
Catalase (liver)......... 5.4 to 5.6 Lecithin (hens’ eggs)...| 2.6to 2.7
Erythrocruorins. .. .. .... 4.6 to 5.1 Livetin (hens’egg) ... .. 4.8t0 5.0
Esterase (canine enteric Myogens.............. 6.3

secretion).............|4.5t0 5.0 Myosins............... 4.8to 6.6
Fibrins.................[4.7t07.2| Pepsins. .............. 2.5t0 3.3
Fibrinogens.............|4.9 to 5.5| Phycocyans........... 45t0 4.9
QGelatins................[4.4t05.6] Protamines.......... ..|10.0t0 12.4
Gliadin................. 5.81t06.6] Sericins.. ............. 3.8t0 4.6
QGlobins................[6.9to8.1|Silk fibroins........... 2.1t0 5.1
Globulins (seeds)........|[4.5t0 5.5/ Trypsin...............| 7.0to 8.0
Globulins (serum). ......|5.1t0 5.5 Wools. ...............| 3.4t0 4.8

* Since the isoelectric point varies somewhat with the nature and concentration of the
jons other than H*, together with the facts that many proteins are ill-defined and the
methods of isolation and purification may alter them, it is not surprising to find a range of
values reported for a supposedly definite protein. In order to condense this table, the
author has reported the range for a series of proteins under a genersal classifying name in
several instances. The reader who desires a list of individual proteins with details of method
of measurement and literature citations is referred to the review by A. W. Thomas, J. Am.’
Leather Chem. Assoc., 39, 3 (1934).

Chemical treatment which alters the acidic or basic nature
of a protein should likewise alter the isoelectric point. For
example, treatment of a protein with formaldehyde would be
expected to produce a shift of the isoelectric point to lower pH
values in view of the reaction
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HOOC:R:NH; + O:CH; — HOOC - R-N:CH: + H0.

The isoelectric point of a gelatin shifted from pH = 4.75 to
pH = 4.3 as a result of treatment with formaldehyde.# Similar
experience has been reported in the cases of egg and of serum
albumin.¥

Nitrous acid treatment should produce a similar effect accord-
ing to the reaction of this acid with primary amines:

R-NH, + HONO — R - OH + N. + H,0

“Deamination” of gelatins has shifted the isoelectric point
from pH = 4.7 to 4.0.3%35

Change of Property with pH.—An explanation for the change
in certain properties of protein solutions with change in pH
based on the Donnan equilibrium was given by Jacques Loeb
in 1920. One of his experimental series on osmotic pressure of
protein solutions is plotted in Fig. 100.# The experimental
technique by means of which these data were obtained was
‘briefly as follows. A nitrocellulose bag was filled with an
acidified 1 per cent gelatin solution and tied tightly on to a rubber
stopper pierced by a long glass tube. The bag was suspended
in a beaker of water containing acid so that the pH value was the
same as that of the protein solution inside the bag. A series of
these containing increasing ‘amounts of acid were let stand at
24°C. until equilibrium was established (after about 6 hr.) when
the heights of solution in the glass tubes were measured.

Figure 100 shows that the osmotic rise increased to a maximum
and then fell with increase in H+ activity, and that the curves for
the completely dissociating dibasic acids are much lower than
those for the monobasic acids. One curve serves for a variety
of monobasic acids and another single curve for sulfuric and
sulfosalicylic acids.

After some acid has been added to isoelectric protein, the
compositions of the solutions inside and outside the bag are
as follows:

0
“§P+ Cl- H* | H+ CI-

y+z Y r =z
inside outside
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where 2 = concentration of H* and of Cl— ions in the outside
solution.
y = concentration of H* in the inside solution.
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F1a. 100.—Osmotic pressure of 1 per cent gelatin solutions.

z = concentration of Cl~ balancing the plus charge of the
protein 1.e., equal to the H* which combined with the
protein.

Hence y + 2z = concentration of Cl- in the inside solution.
a = concentration of protein.
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For the sake of simplicity, complete ionization of the hydro-
chloric acid and gelatin chloride is assumed. The osmotic
pressure of the inside solution is determined by ¢ + 2y + 2.
But against this there is the counter osmotic pressure of 2z.
Hence the osmotic pressure of the gelatin chloride solution may
be expressed by

P=(a+ 2y +2— 22)RT (13)

Since y and z may be determined by measurement of the pH
values of the inside and outside solutions, respectively, and z
may then be calculated from the Donnan equation, 22 = y(y + 2),
the values for P in Eq. (13) may be calculated, ignoring a. The
values so calculated by Loeb agreed reasonably well with the
observed values, allowing for the simplifying assumptions and
crudity of the osmotic-pressure apparatus.

Since, from the Donnan equation of products, x = v/ + yz,
substituting this value for z in Eq. (13) and ignoring a,* we get

P = (W4y? + 4yz + 22 — \V/4y* + 4y2)RT ' (14)

Equation (14) shows that P = 0 when no acid is present,
that inasmuch as the values of z increase at a greater rate than
those of y as acid is added, P rises, reaching a maximum value
for the maximum value of z, z.e., at the maximal acid-combining
capacity of the protein. From this point, added acid increases y
while z remains constant (assuming no mass-action effect) and
the value for P diminishes, or

P (Vay* — V4y)ERT = 0 (15)

When the anion of the protein-acid salt is divalent, as in the
case of gelatin sulfate, with z = the hydrogen ion concentration
of the outside solution, then
z/2 = the SO4~ concentration of the outside solution.

y = H* concentration of the inside solution.

y/2 = concentration of SO~ of the free acid.
2/2 = concentration of SO,~ balancing the plus charge of the
protein.

* g is small and, provided the acid does not alter the size of the protein
micelles, is constant throughout.
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Thus the counterpart of Eq. (13) is
- 8y Lz _3z

showing that P is lower in the case of a gelatin sulfate solution
as compared with a gelatin chloride solution of the same pH
value. By means of the Donnan equation z? = y2(y + 2)
applicable to the gelatin sulfate case, third-degree equations
analogous to Eqgs. (14) and (15) are readily developed leading to
an identical conclusion.

Loeb demonstrated that similar curves are obtained for
alkaline solutions of a protein, the sodium proteinate being like
the gelatin chloride curve and the calcium proteinate resembling
the gelatin sulfate curve.* The application of the Donnan
equilibrium to the elucidation of the rise and fall of the volume
of gelatin jellies with change in pH value will be made in Chap.
XVIII.

When even small amounts of a neutral salt are added to an
acid or to an alkaline protein solution, the osmotic pressure drops.
Upon comparison of the effects of different salts it has been found
that the fall in the osmotic pressure is nearly identical for a given
concentration of ions of charge opposite to that of the protein,
practically regardless of the valence of the like-charged ion.
Further, it is found that increase in valence of these ions produces
an increased fall in the osmotic pressure. This is illustrated by
Fig. 101. Inasmuch as neutral salts cannot increase z [Eqgs.
(13) to (16)] while they do increase the concentration of the
ions not bound to the protein, the effect produced by their
addition is analogous to that of increasing y while keeping 2
constant. \

The depressing influence of neutral salts was likewise shown
and accounted for by Loeb?! for certain other properties of
aqueous protein systems. Additions of nonelectrolytes such as
sugar or glycerol were without effect. Since these exert no
appreciable effect upon either y or z, this result is expected from
Eqgs. (13) to (16).

The Combination of Proteins with the Ions of Salts.—The
formation of crystals of glycine neutral-salt addition compounds

* The student will find this treated in detail in Loeb’s book.?!
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was reported about ninety years ago®:! but nothing further
seems to have been done about it until 1912 when Pfeiffers?
isolated a number of crystalline compounds of glycine, glycyl-
glycylglycine, alanine, and betaine with certain halides of the
alkaline earths, lithium and lanthanum. The zwitter-ion

!
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Fia. 101.—The effect of salts upon the osmotic pressure of gelatin chloride
solutions (at pH 3.8). .
hypothesis enables one to account for such neutral salt com-
pounds. Pfeiffer5? suggested the following mechanism for the
combination with a neutral salt of type MeX:

Me*(-OOC - R - NHs*) X~
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Neutral-salt combination with amino acids may be expected to
influence certain properties. The titration curve of glycine
has been shown to shift to lower pH values when glycine is
titrated in 1 M solution of magnesium chloride.54

The tendency for egg albumin to combine with ammonium
sulfate is illustrated by the well-known fact of crystalline albumin
being obtained in this form.

Loeb®® discovered that lanthanum chloride and sodium
ferrocyanide, when added to solutions of isoelectric gelatin,
caused the gelatin to migrate to the cathode and to the anode,
respectively. The effect reached a maximum at about 0.00013 M
concentration of these salts. He did not find this effect with
Catt, Na*, CI-, or 8O, ions. Hexammine cobalti chloride
charges isoelectric albumin positively.*® Careful experiments
with gelatin revealed combination with Lat++, Al+++ and Ca++
at the isoelectric point and that Cl— combined to a less extent
inasmuch as the protein became positively charged.” Attention
must be directed toward the nature of other ions present when
the isoelectric point of a protein is being measured.58

Even small amounts of heavy-metal cations or of anions such
as ferrocyanide, picrate, dichromate, tannate, tungstate, phos-
photungstate, phosphomolybdate very strikingly precipitate
proteins from aqueous solution provided the pH value of the
mixture is right, e.g., on the alkaline side of the isoelectric point
for precipitation by the heavy-metal cations and on the acid side
for precipitation by the anions named. Care must be exercised
when attempting to precipitate a protein by heavy-metal salts
lest the pH be lowered past the isoelectric point owing to the
hydrolysis of such salts. In Fig. 102,5° one sees that the volume
of precipitate from an albumin solution increased with addition of
zine chloride up to about 5 X 10~% M zine chloride, then decreased
to & minimum at about 0.1 M, followed by a second rise. The
albumin solution was originally at pH 6.1. Hence it was possible
for zinc albuminates to precipitate as long as the mixture did
not become too acid. It is seen that, as the pH value became
less than 5.6, the volume of precipitate diminished approaching
zero at about pH = 4. It is safe to say that heavy-metal
proteinates precipitate on the alkaline side of the isoelectric
point, at the isoelectric point, and at a few tenths of a pH
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on the acid side thereof. One cannot be more definite inas-
much as the combination between any one protein and a
metallic ion is a specific chemical case.

The second rise in the curve is a result of the precipitation of
denatured albumin. This will be discussed later. Figure 102
is in general typical of the results obtained when heavy-metal
salts are added to solutions of proteins which denature, e.g.,
the albumins and globulins.
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F1a. 102.—Precipitation of egg albumin by zinc chloride.

The metal-proteinate precipitate has in it some of the anion®-61
of the precipitating salt as well as the cation, although the latter
predominates.

Stoichiometric relations in the binding of metallic ions have
been found by Northrop and Kunitz.” Copper was bound by
gelatin to the extent of 9 X 10~* equivalent per gram of gelatin,
the same as for hydrogen ion. The lowered binding capacity
of a “deaminized” gelatin for cupric ion equaled exactly that
for hydrogen ion. Lat++ and Al*+++ were bound to a less extent
by this gelatin, 5 X 10~* equivalent per gram.
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Owing to a mistake of Loeb’s, the erroneous impression was
created that combinations between proteins and cations (or
anions) were sharply delimited at the isoelectric point. That
this is not so has been demonstrated by experiment,57:62.63
. The formation of insoluble protein complexes with the anions
previously mentioned has not been carefully studied. It is
known that, if the protein is in the form of a cation, precipitation
takes place. Whether or not precipitation takes place at the
isoelectric point or slightly on the alkaline side has not yet been -
determined.

Dyestuff ions appear to combine very firmly with proteins,
which results in the formation of insoluble complexes in many
instances.®#¢"%8 The combination between certain proteins
and a variety of dyes has been found to be stoichiometricts:
and in the case of a deaminized gelatin the decreased binding
power of two dyes was accounted for quantitatively through the
loss of the lysine amino groups.®” The chemical nature of the
combination between dyes and proteins has also been indicated
by pronounced shifts in the absorption bands.®® True chemical
reaction, with resulting dye formation, is also known to take
place in neutral aqueous mixtures of diazotized aromatic amines
and proteins.®

The Salting-out of Proteins.—In 1888, Hofmeister’® found
the following order for the salting-out of ‘“natural” egg albumin
from aqueous solution:

SO; > POy > acetate > citrate > HCO; > CrO; > Cl > NO; >
ClO;

Li > Na > K > NH, > Mg

the cations not showing as marked differences as the anions.
Later Pauli’* reported the following order:

F > 804 > PO, > citrate > tartrate > acetate > Cl > NO; >
ClO; > Br > I > CNS

with the cation order the same as Hofmeister’s. But he found
that, if the egg-albumin solution were acidified, the orders were
reversed. As a consequence of Pauli’s findings, the specific
case of albumin is frequently generalized to cover all proteins—
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an unwarranted assumption. Pauli’s finding of a reversal in
acid solution may pertain to denaturation of albumin rather than
to simple salting-out. The Hofmeister series is common to a
variety of phenomena in colloid chemistry, crystalloid chemis-
try, and biology. An extensive review of these cases was made
by Traube.”? The physical chemist generally refers to such as
specific ion effects rather than as the Hofmeister series. The
name lyotrope series is also used.

The order for peptizing action on the globulins of wheat flour
has been found to be’

I > Br > tartrate > Cl > SO > F
Ca > Mg >8r >Ba>Li > K > Na

and for the peptization of collagen:™

CNS > I > Br > Cl > 80, > 8,03
Ca > Sr > Mg > Na > K

Thus the reverse anion order for the salting-out of albumin on
the alkaline side of its isoelectric point closely follows that
for peptization of these two water-insoluble proteins. It is now
believed that dilute salt solutions dissolve globulins because they
form globulin-salt complexes which are soluble in water. Also it
is obvious that, since salts in low concentration form complexes
with proteins, the substances salted out by high concentrations
of salts must be protein-salt complexes.

The solubility of amino acids in water is influenced in the
lyotrope order.52’> For very dilute solutions the “salting-in”’
orders found were

ClO4>N03>I>Br>CNS>Cl} . .
Ca > Sr, Ba—Li > Na > K glycine and leucine
NO; > 1> Br > Cl aspartic acid

Ba > 8r > Ca—K > Na > Li glutamic acid

whereas for higher concentrations of the neutral salts, the salting-
out orders for both of the foregoing series were reversed.

The Hofmeister series effect, so universal in chemical phe-
nomena, has been studied by many investigators, but a satis-
factory explanation is still lacking. When Loeb undertook his
famous researches in 1918, the Hofmeister series (lacking. of
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course, any fundamental basis) was pointed out as the crux of
protein behavior. He showed that alteration in protein proper-
ties was predominantly controlled by the H+* activity and he so
vigorously criticized the Hofmeister-series explanation that the
impression was created in the minds of some people that he
doubted its existence. This impression is erroneous because the
specific ion effects are shown in his data. The effects were so
small in comparison with the H* ion effects, however, for the
low concentrations of electrolyte studied by him, that he was
justified in practically ignoring them.

Denaturation.—It has long been known that certain proteins
(albumins, globulins, and globins) coagulate when their aqueous
solutions are heated. The ‘“heat coagulation” of proteins has
been shown to consist of two distinct processes:” First the
protein is denatured and then, provided conditions are right, the
denatured substance flocculates. The process of denaturation
involves an as yct unsolved internal reaction. It is known that
nitrogen is not split off,” that the acid-and base-combining capac-
ities are unchanged,”®™ and that sulfhydryl groups not detectable
in the native protein are found in the denatured protein.®

The temperature coefficient for the denaturation of egg
albumin isenormous,’®about 600 for 10°; and since the coagulation
is so sudden and copious when a certain temperature is reached,
the ‘“temperature of heat coagulation’” has frequently been
wrongly regarded as a physical constant. When a protein is
denatured, it flocculates if the pH is at or close to the isoelectric
point, or over a broader pH range if salts are present. Con-
sequently, denaturation may occur without being visually
obvious. However, if a dispersion of denatured protein is
brought to the isoclectric point, flocculation takes place.*

Denaturation is catalyzed by increase in acidityt or alkalinity,
by alcohol, acetone, urea, thiocyanate, iodide, and salicylate.
As stated in Chap. X, albumin and hemoglobin denature when

* If one thoroughly dialyzes a solution of egg albumin against distilled
water, no visual change will be observed when it is heated in boiling water
or when an excess of ethyl alcohol is added. The moment a trace of electro-
lyte is added, however, a dense white flocculation forms.

t The influence of pH on rate of denaturation of egg albumin in aqueous
solution by hydrochloric acid is shown in Fig. 103.5?



PROTEINS 347

concentrated at interfaces. Heavy-metal ions catalyze denatura-
tion in acid solution.® X-rays,' radium emanation,? and
ultraviolet light8 also cause denaturation.

Denaturation is a reversible reaction.88

Molecular Weights of Proteins.—Protein chemistry has been
greatly advanced in recent years by the ultracentrifugal measure-
ments of the molecular (or micellar) weights of proteins made by
Svedberg and his associates, using centrifugal machines the
construction of which involved great mechanical skill and
ingenuity. An oil turbine-driven machine® capable of running
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F1a. 103.—Rate of denaturation of egg albumin. The ordinates represent
the amounts of denatured protein.

at a speed of 42,000 r.p.m. and giving an effect 104,000 times
that of gravity* requires a flow of 240 liters of cooled oil per
minute through the turbines, and at the same time 7 liters of
oil per minute lubricate and cool the bearings. The rotor,
cylindrical in shape, 15 cm. in diameter, and 6 cm. thick, made
of chrome nickel steel has openings drilled through it in which
are inserted quartz cells containing the protein solution. The
motion of the protein particles may be observed colorimetrically,
by refractive index, or by absorption of ultraviolet light. The
last-named process is used by Svedberg. The light rays directed
upward under the rotor pass through the rotating cells and strike

* In Science, T9, 327 (1934), Svedberg summarizes his ultracentrifugal
technique with a description of his low- and high-speed machines. He states
that the latest machine runs at speeds up to 75,000 r.p.m. and that he has
found it feasible to make quantitative measurements in centrifugal fields
up to 400,000 times the force of gravity.
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a photographic plate above the rotor at the instant an exposure
is made. Inasmuch as protein particles absorb ultraviolet rays,
the concentration of protein at any point is determinable from
measurements of the relative opacity at that point in comparison
with protocols. For this purpose Svedberg has devised a photo-
electric cell and galvanometer system for reading mechanically
the density of the photographic plate. It is obvious that neither
dust nor oil can be allowed to deposit in the cells. Inasmuch as
temperature changes would introduce errors, it was imperative to
reduce to a minimum the elevation in temperature accompanying
the operation of the machine. The rotor warmed up more than
10° above room temperature in a few minutes in air at atmos-
pheric pressure. Svedberg solved this difficulty by evacuating
the rotor chamber and feeding in hydrogen to maintain a hydro-
gen pressure of 15 to 25 mm. of mercury for high-speed operation.

The centrifugal field may be employed in two ways for the
determination of particle size: by measurement of the sedimenta-
tion velocity or by the attainment of an equilibrium between the
rate of diffusion and the rate of sedimentation. The latter
method requires only a moderate centrifugal force of about three
hundred to nine thousand times that of gravity but a relatively
long time, from two to three weeks. The sedimentation-
velocity method giving results in about 1 to 5 hr. requires
centrifugal forces of about one hundred thousand times that of
gravity.

The theory of the sedimentation-equilibrium method as
developed by Svedberg and Fahraeus¥ is as follows:

When a solution is centrifuged in a closed cell, a state of
equilibrium is finally reached when sedimentation and diffusion
balance each other, 7.e., when in the time df the quantity ds of
the solute that is driven by centrifugal force through unit surface
in the direction of the periphery is the same as that which is
diffusing in the direction towards the center of rotation.

For the sedimentation,

ds = cwlzM(l — Vp)}dt a7)
and for the diffusion
ds = —RT-@ ldt (18)

dz f
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where R = the gas constant.
T = absolute temperature.
M = molecular weight of solute.
S = the frictional force exerted upon a mole of solute.
V = the partial specific volume* of solute.
p = the density of solvent.
¢ = the concentration.
w = the angular velocity of centrifuge.
z = the distance from the center of rotation (positive
in the direction toward center of rotation).
Equating and eliminating,
de _ _MQ — Vp)w'zdx

c RT

Upon integrating this expression between the points z, and
z; we have for the molecular weight

2RTIn &
Ci
w*(1 — Vp)(x3 — z)

A thermodynamic derivation of Eq. (19) is the following:s8

In a solution subjected to a centrifugal field of force, the free energy F
per mole of solute is a function of z, the distance from the axis of rotation,
p the hydrostatic pressure, and ¢ the concentration of the dissolved sub-
stance. The change in free energy from point to point in the solution is

then
oF oF oF
dF = (——az)d:v + (——ap)dp + (—ac )dc

If the centrifuging is continued long enough to enable the solute to reach
equilibrium between centrifugal sedimentation and diffusion, then dF = 0.
For a dilute solution, 9F/dx = —Muw?z; F /op = MV; oF /ac = RT/c;
dp = pwizdr.

M= (19)

* The partial specific volume of the protein is determined pycnometrically
and calculated from the formula

=w—(l—h)

14 oh

(20)

where w = weight of solvent in the pycnometer, ! = weight of the solution,
h = weight of the protein, and p = density of the solvent.
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Substituting 0 = —Mw2zdz + MVpw?zdz + (RT/c)dz, or de/xz =
[M(1 — Vp)w?zdz]/RT and upon integration:

2RTIn &
" 0¥l — Vp)(a} — 2})

M (19)

The theory of the sedimentation velocity method follows.®
After a short initial period of centrifuging, the centrifugal
force per mole

M1 — Vp)w'z

becomes equal to the opposing molar frictional force f(dx/dt).
If it is assumed that f = RT/D (wheref= molar frictional
coefficient, D = diffusion constant of the solute),

_ RT 1 dz _ RTs «
M=5a=Vy) aza@ ~ DA = Vo) (21)
for small values of z. For large values of z, the following equa-
tion [the integral of Eq. (21)] is applied:

RT In %2
E3}
D(1 — Vp)w?(ts — t1)

Formulas (19), (21), and (22) are valid for the determination
of the molecular weight provided the osmotic laws for dilute
solutions hold. It is to be noted that the equations contain well-
defined, measurable quantities and no hypothetical values.
Since Stokes’s law is not involved in either equation, the validity
is independent of the shape of the particles. Furthermore the
validity rests on the absence of electrical forces which would
disturb the sedimentation or diffusion.f Consequently an
ionizing substance must be measured in an electrolyte-free
medium at the isoelectric point or in the presence of a high con-

centration of a non-sedimenting electrolyte, such as potassium
chloride.

* s = (1/w?z)(dz/dt) has been named the sedimentation-velocity constant
by Svedberg. This is a characteristic constant for a given molecular species
in a given solvent at a given temperature.

t The sedimentation of the heavy part of the molecule of an electrically
dissociating substance is retarded because of the electrostatic attraction
from the lighter ions.

M =

(22)
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In the derivation of Eq. (21) it was assumed that the molar
coefficient of friction (f,) which appears during sedimentation
is identical with the molar coefficient of friction (fa) of diffusion.
This is not always true. A repression of diffusion by interpar-
ticle forces, weak gel formation, ete., will by means of the deter-
mination of diffusion give a value for fs which is much larger
than the true value f, of this coefficient found in sedimentation.
In diffusion the particles must be free to change their mutual
positions without interference in order that a true calculation
of the coefficient of friction can be made, while in sedimenta-
tion this free movement is not required. In the latter instance,
by sedimentation one actually measures only the displacement
of a flock of particles as a unit in the centrifugal field. There
are cases then where the sedimentation velocity technique gives
only the sedimentation velocity and not the molecular weight.
Such anomalies in diffusion often disappear at high dilutions.
Svedberg has encountered cases where they persist, however, in
concentrations of a few hundredths of a per cent.

‘The discovery of these facts by Svedberg shows that the
diffusion of highly dispersed organic colloids such as proteins and
carbohydrates depends to a large extent upon the concentration
and the experimental conditions. Consequently, the evaluation
of molecular weight from diffusion measurements may lead to
grossly erroneous values. As an example he cites® the normal
behavior of cellulose at dilutions of about 0.05 per cent, while
at 1.5 per cent the diffusion constant is twenty times smaller.
Consequently, previous calculations of the molecular weight of
cellulose from measurements in concentrated solutions are
wrong.

On the other hand, this difficulty is avoided by use of the
sedimentation-equilibrium method. While this method is often
sounder for molecular-weight determinations than the sedimenta-
tion-velocity method, still the latter is indispensable for the study
of the homogeneity and of the degree of symmetry of the particles,
as well as for the determination of the range of pH and tempera-
ture in which a protein is stable.

The advantages of the sedimentation-velocity method are the
following: By means of it the sedimentation constant (s) can be
determined in a few hours, while by the sedimentation-equili-
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brium method several days are required. Consequently, in the
shorter time there is less chance for decomposition of the solute.
In the case of the presence of a mixture of different particle sizes,
the sedimentation-velocity method provides a sharper analysis

of the dispersity than the sedimentation-equilibrium method.

RT
In Eq. (21), M = D—(l—-—sTp) and taking f (molar coefficient

of friction) = RT, we get

_ M(1 — Vp)
=M= e

) (23)
which can be solved by the determination of s by the velocity
method and of M by the equilibrium method.

Since the coefficient of friction for a spherical particle (fo) can
be calculated by means of Stokes’s law,

Jo = 6mN (34%\17/)% (24)

it is possible to determine whether or not the protein particles are
spherical. For spherical particles the ratio f/fo = 1. Any
deviation of this ratio from 1 is then a& measure of the deviation
of the particle from spherical symmetry. When the ratio shows
that the particles are spherical, the particle diameter can be
calculated by means of the equation
_ SEHT
~“ NN
Svedberg’s centrifugal methods have also rendered the impor-
tant service of determining whether the particles in a given dis-
persion are uniform or not. For this purpose the sedimentation
velocity is the most sensitive. In cases where the diffusion is
marked during the centrifuging, there is noticed for a mixture a
change in the diffusion constant with time. The border line
becomes obliterated owing to the separation of the different
particle sizes. In cases where the sedimentation takes place
very quickly so that there is no diffusion during the centrifuging,
for a simple solution a sharp border line is obtained, while for a
mixture a border line obliterating itself with time is obtained.
The discovery of the polydispersed nature (per se or through

r (25)
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decomposition) of certain protein solutions shows why calcula-
tions of their molecular weight by osmotic measurements have
given low values in certain instances. For example, Sorensen
found the value 45,000 for the molecular weight of serum albumin
(by osmotic pressure), while the Svedberg technique shows
67,500 to be the correct figure. Serum albumin easily breaks
down to smaller molecules.

The proteins found to be monodispersed (particles uniform in
mass) in solution are listed in Table 63. Svedberg found the
following to be polydispersed and in general very unstable in
solution: euglobulin, fibrinogen, gelatin, gliadin, globin, glutenin,
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F1a. 104.—Stability as a function of pH.

histone, lactalbumin, legumelin, leucosin, muscle globulin, egg
globulin, and pseudo globulin. Svedberg believes that these
should be regarded as originally monodispersed particles which
have been broken down partially. This view is supported by the
circumstance that the monodispersed proteins become poly-
dispersed if their isolation is not carefully done. The poly-
dispersed globin, euglobulin and pseudo globulin arise from
monodispersed proteins owing to chemical effects. Probably
in the future, methods of preparation will be developed suitable
for the monodispersed preparation of proteins now found as
polydispersed. Svedberg’s technique, making it possible to
detect polydispersion, has obviously likewise provided informa-
tion for testing the stability of protein molecules in solution.
In Fig. 104% are given two of his sedimentation-constant curves.
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It is seen that serum albumin breaks into smaller particles beyond
the limits of the stability range, while serum globulin tends to
aggregate before it degenerates, at least on the alkaline side.
Table 64 lists the pH stability ranges for several proteins as

reported from Svedberg’s laboratory.

TaBLE 64.—pH StaBILITY RANGE OF SOME PROTEINS

Protein Source Stable in the Reference
pH range of
Amandin..................| Almonds 4.3 t0 10.0 91
Bence-Jones...............| Pathological urine 3.5to0 7.5 92
Edestin...................| Hempseed 5.5t0 9.7 93
Egg albumin...............| Hens’ eggs 4.0to 9.0 94
Erythrocruorin. ............| Blood of Arenicola|2.6to 8.0 116
marina
Erythrocruorin............. Blood of Lumbricus | 2.6 to 10.0{ 116
terrestris
Excelsin................... Brazil nuts 5.5 t0 10.0 91
Hemocyanin...............| Blood of Heliz poma-| 4.5to 7.4 95
tia
CO-hemoglobin............. Horse blood hemo-| 6.0 to 9.05 89
globin plus CO
Insulin....................| Beef pancreas 45t 7.0 96
Tegumin................... Vetch 5.0to 9.0 97
Phycocyan................. Ceramium rubrum 1.5t0 8.0 98
Serum albumin............. Horse blood 4.0to 9.0 94
Serum globulin............. Horse blood 4.0to 8.0 99

Examination of Table 63 reveals that the mclecular weights of
the monodispersed proteins fall in two groups: group A, molecular
weights between about 35,000 and 210,000, and group B mole-
cular weights in the millions. In the A group, four classes are
outstanding:

1. Molecular weight = 34,500.

2. Molecular weight = about twice 34,500.

3. Molecular weight = about thrice 34,500.

4. Molecular weight = about six times 34,500.

Beyond the pH stability range of the proteins of higher mole-
cular weight in group A, Svedberg noticed that the proteins
generally decomposed into particles of molecular weights of
one, two, or three times 34,500. Furthermore, he found in
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such degenerations that the electrochemical and optical proper-
ties of the substance suffered but very slight influence. Upon
degradation below a molecular weight of 34,500, however, these
properties altered considerably. All of these facts impress
-Svedberg to the view that all proteins are probably similar in
structure, consisting of aggregates of primary 34,500 molecular-
weight particles.

The ultracentrifuge has shown that casein isolated from
cows’ milk and purified by Hammarsten’s method (or by any
method wherein the casein is subjected to temperatures over 40°)
has a molecular weight of 375,000 in a solution at pH 6.8. A
casein preparation obtained by the van Slyke and Baker method
(not heated) was polydispersed, the molecular weight being
75,000 to 100,000.1¢ An ultracentrifugal study of gelatin!®
in aqueous solution has revealed that there is very marked
aggregation within the region of pH 4.6 to 6.0—the more so the
nearer to the isoelectric point—whereas at pH 4.0 and 7.5 there
is no aggregation. Sedimentation-equilibrium tests on gelatin
solutions at pH 4 showed a drift in the values of the molecular
weight from 70,000 to about 10,000. At pH 2.5 there was no
appreciable sedimentation in gelatin solutions even at a centri-
fugal force corresponding to 100,000 times that of gravity, thus
indicating that at this pH value the gelatin micelles had been
largely decomposed.

Svedberg has made the most extensive survey of the molecular
weights of proteins in solution. Results obtained by other
investigators who used different methods are given in Table 65.

TaBLE 65.—MOLECULAR WEIGHTS OF SOME PROTEINS

Protein Source Method Molgcular Reference
weight

Egg albumin. .... Hens’ eggs Osmotic pressure | 34,000 110

Egg albumin. . ... Hens’ eggs Diffusion 34,000 117

Hemoglobin...... Blood of man, | Osmotic pressure | 66,800 111
horse, sheep

CO-hemoglobin. . .| Blood of beef | Diffusion 68,600 112
+ CO

Serum albumin...|............. Osmotic pressure | 62,000 113

Serum albumin. . .| Horse blood | Osmotic pressure | 72,000 114

Serum albumin. . .| Horse blood | Osmotic pressure | 74,600 116
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CHAPTER XIII
CARBOHYDRATE COLLOIDS

Cellulose.—Ultimate analysis of cellulose shows that its
empirical formula is CeH;oOs. Hydrolysis catalyzed by acid
yields glucose as the principal product.

The micelle of cellulose consists of elongated bundles of 40 to 60
long chains held by secondary-valence forces in close parallel
orientation, the chains being
50 to 80 hexosan units in
length, the hexose anhydrides
being bound together through
strong primary-valence unions.
Secondary-valence forces have
also been suggested as the rea-
son for the connection between

(o) (b)
F1a. 105.—(a) Orientation of cellu- Fi1g. 106.—Schematic representation
lose micelles in ramie; (b) orientation of the unit cell for cellulose, showing
of cellulose micelles in Cellophane. positions of long primary valence

chains. The hexosan units are alter-
nately light and shaded to denote spiral
orientation about the b axis.

the chains constituting the fibrils. A picture of cellulose micelles

in ramie fiber! is shown in Fig. 105a. Here the micelles are

oriented longitudinally. On the other hand, the examination
361
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of Cellophane reveals a haphazard orientation of the micelles
as illustrated in Fig. 105b.

X-ray diffraction analysis of the cellulose micelle shows?3? a
repetition called the unit cell consisting of four C¢H10O5 groups.
The dimensions of this unit cell are a = 8.35 11, b=103 A
(along the fiber axis), and ¢ = 7.9 A. A scheme for this cell is
shown in Fig. 106.2 Each glucosan group is so arranged that a

Y S

1038 —-
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@
(o)

Fia. 107.—(a) Two hexosan units united by a 1-4 glucosidic linkage viewed
in the plane of the 1-5 ring. The large dark circles represent carbon atoms;
the smaller double circles are oxygen atoms. The hydrogen atoms are omitted.
(b) The same as in (a) but viewed from the side. In order to render the con-
struction clearer, three hexosan radicals are drawn upon each other.

six-membered ring is formed with five carbons and one oxygen,
the rings being glucosidically bound by 14 oxygen linkages, as
in cellobiose. The rings are ordered in the direction of the
fiber in the form of a digonal screw. The structure of these
cellobiose chains may be better visualized by the models? shown
in Figs. 107a and 107b.
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In chemical reactions of cellulose where it is not decomposed
to glucose, as, for example, in the action of alkalies, formation of
esters or of ethers, the chains remain intact longitudinally while
the reagents accumulate laterally on the chains, causing an
opening up and, under certain circumstances, a disruption of the
cross section. In solutions of cellulose or of its derivatives the
particles present are of such size as to correspond to micelles of
the solid substance. Hence the cellulose micelle in either solid
or dissolved state may be regarded as a bundle of adhering pri-
mary valence chains.

When cellulose fibers are treated with solutions of alkalies
in concentrations over 12 per cent, mercerization occurs. The
X-ray diagram of mercerized cellulose (after washing free from
alkali) shows that no change has taken place longitudinally,
but that there has been a slight lateral enlargement. A turning
of the cellobiose chains about the fiber axis through an angle of
approximately 45°, half clockwise and half counterclockwise,
supplies an arrangement which agrees with the X-ray data.!
The lateral enlargement gives mercerized cellulose, an inner
micellar surface about double that of untreated cellulose.* This
accounts for its superiority for dyeing, viscose formation, etc.

Various kinds of cellulose both dry and also swollen with up
to 23 per cent water showed the identical X-ray diagrams,® thus
indicating that the imbibed water was not bound in the unit
cells. Cellulose which has been dissolved in an aqueous solution
of [Cu(NHj3)4 (OH), (Schweitzer’s reagent) shows on regeneration,
by precipitation with hydrochloric acid, little alteration in its
X-ray diffraction. As the cellulose dissolves in Schweitzer’s
reagent, the partial pressure of the ammonia increases. More
copper hydroxide can then be dissolved in the mixture, which
results in quite a high concentration of copper and cellulose in
combination.

It has been shown® that the corresponding ethylenediamine
compound, copper diethylenediamine hydroxide is an equally
good solvent for cellulose. It has also been demonstrated® that
[Cu en;](OH); reacts with polyhydroxyl compounds such as glyc-
erol, mannitol, and sucrose, forming alcoholates and that these
aleoholate solutions are capable of dissolving large quantities of
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copper hydroxide. These reactions may be expressed by the
equations

2CH,OH.CHOH.CH,0H + [Cu en,](OH),
[Cu enz] (OCHz . CgHaOz)g + 2H20

[Cu M2](OCH2.02H502)2 + CU(OH)g =
[Cu en.](OCH,CHOH.CH:0),Cu + 2H,0

or

2CH;OH.CHOH.CH.0H + 2[Cu enj](OH); =
[Cu en.][(OCH,.CHOH.CH:0),Cu] + 4H:0 + 2(en)

The parallelism between these two solution processes leads one
to suspect that cellulose forms a similar type of compound with
copper and ammonia.’

Stamms has, by means of Svedberg’s ultracentrifuge technique,

"found cellulose of pure cotton linters in cuprammonium sol-
vent to be monodispersed and to have a molecular weight of
40,000 + 5,000.

The cuprammonium solution of cellulose is optically active,®
varying with the relation of dissolved copper to dissolved cellu-
lose, reaching a specific rotation of about —1000° for 1 g. cellulose
and 1 g. Cu(OH), in 100 cc. of 24 per cent aqueous NHj.”

Cold zinc chloride solutions mercerize cotton in a manner
similar to alkali.®® Hot concentrated solutions as well as those
of the chlorides of antimony, mercury, bismuth, tin, and titanium
disperse cellulose, accompanied by some decomposition of it.

Many experiments upon the dispersion of cellulose in solutions
of neutral salts have been made by von Veimarn,!' who found
the dispersion order

Ca>8r>Ba>Li>Na>K
CNS>1I>Br >Cl

The dispersion in neutral salt solutions is carried out by heating in
an autoclave, although a high temperature is not required when
calcium thiocyanate is used. A solution of this salt so concen-
trated as to boil at 135 to 140° dissolves bleached cotton to form
10 to 12 per cent solutions at 80 to 100°.}2 On cooling a clear
stiff jelly forms. Precipitation of such cellulose solutions by
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dilution with water yields a product whose X-ray pattern is
that of mercerized cellulose.!?

- Hydrogen chloride is bound by cellulose in the ratio of 1 mole

hydrogen chloride to each 24 carbon atoms.* It is suggested

that it combines probably as an oxonium salt!4 because it cannot

be removed by gassing with carbon dioxide.

Perchloric acid in not too concentrated aqueous solutions at 0°
causes cellulose to swell and combines with it in the ratio of
1 mole HCIlO, to one cellobiose anhydride.!® X-ray examination
showed the characteristic diagram, the unit cell having the dimen-
sions, @ = 16.5, b = 10.3, and ¢ = 10.7 A.

Numerous studies upon the action of alkalies on cellulose have
been made on account of its importance in mercerization and
swelling of cellulose, the latter being necessary for the action of
carbon bisulfide in the viscose process. Some hold to the view
that alkalies are physically adsorbed by cellulose, while others
claim chemical combination.®

Some investigators contend that reported sorptive properties
of cellulose are due to impurities contained therein. Michaelis
and Rona? found that a surface-active nonelectrolyte such as
n-octyl alcohol is sorbed only in merest traces, while the appar-
ent sorptions of dyes such as methylene blue hydrochloride
and of the ammonium salt of eosin were mere ‘‘exchange adsorp-
tions’’ with ash constituents of the cellulose. The same opinion
was shared by Kolthoff’® concerning the sorption of alkaloids
and heavy-metal ions by filter paper. The sorption of alumina
from aluminum salt solutions by ash-free cellulose has been found
to be distinet although small and is enhanced by presence of ash
in the paper.??

Chemical combination between carbon bisulfide and alkali
cellulose is believed to exist, forming cellulose xanthogenates.
These dissolve in alkaline water but are not stable. When these
aqueous solutions are ejected through orifices into acid solutions,
the cellulose is precipitated forming * Viscose.”

Esters and ethers of cellulose are numerous, the most common
being the nitrates and acetates. According to the amount of
nitro or aceto groups per CgH10Os unit, trinitro (or aceto), di-,
and mononitro (or aceto) compounds have been postulated.
X-ray diagrams, however, reveal the presence of definite crystal-
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lites for the trinitro and triaceto esters only.?? Compounds of
lower degree of esterification give the superposed patterns of the
triester and unchanged cellulose.

Starches.—Since it has long been known that starches yield
glucose upon acid hydrolysis, the empirical formula (CeH1005),
has been ascribed to them. But starches are not so simple.
The intimate binding of phosphorus?!+22:23 jn the starch micelle
has been known for at least thirty years. Chemically bound
fatty acid has also been demonstrated.?

Since 1825, starch granules have been known to consist of two
portions, one soluble in water and the other insoluble.2’> The
water-insoluble fraction, giving a purplish color with iodin, is now
called a-amylose (formerly amylopectin) and the soluble fraction,
coloring deep blue with iodin, is now known as B-amylose (for-
merly amylose).

Considerable confusion concerning these amyloses and the
extent of their occurrence in starches existed until the thorough
researches of Taylor and his colleagues® * 3 greatly clarified
our knowledge concerning their nature, occurrence, and technique
of separation. These investigators have shown that the fatty
acids and, in some cases, the phosphorus* (the latter as a sub-
stituted phosphoric acid) are bound in the o-amylose, the
B-amylose being pure carbohydrate. The fatty acids predomi-
nate in the cereal starches, while phosphorus is common to the
tuber starches. In the case of cornstarch, the presence of
palmitic, oleic, and linoleic acids was established. Taylor found
that B-amylose does not migrate in an electric field, while a-amy-
lose migrates to the anode, on account of the ionization of its
noncarbohydrate constituents. Based on this electrical differ-
ence Taylor and his colleagues devised an electrodialytic method
for separation of the amyloses.

It is essential that all the granules of raw starch be disrupted
before application of electrodialysis. A method applied to cereal
starches® was as follows:

Two hundred fifty grams of air-dried starch was made into a paste with
170 cc. of alcohol, mixed with 150 cc. of alcoholic hydrogen chloride (0.08 g.

* In wheat starch the phosphorus is found primarily in the a-amylose.
Potato starch, on the other hand, appears to consist of a series of g-amylose
phosphates.
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HCI per cubic centimeter of alcoholic HCI reagent) and stirred for 1 hr. at
50°. The magma was then suction filtered and washed free from hydro-
chloric acid by alcohol. The starch thus treated was introduced slowly
into a large mortar containing 90 g. of ammonium thiocyanate in 450 cc. of
water and 120 cc. of alcohol. After being ground for 1 hr., the solution
became fluid and translucent, microscope examination showing that all
granules had been disrupted. The gelatinized starch was thereupon pre-
cipitated by alcohol and dehydrated by vigorous and prolonged grinding
with absolute alcohol. After washing with ether and drying in air 80 g. was
mixed with 300 cc. of alcohol, introduced into 4 liters of water at about 55°
with vigorous stirring, and the resulting suspension was submitted to elec-
trodialysis.?® As an upper clear layer of g-amylose solution formed, it was
siphoned off, distilled water added, and the procedure repeated until the
upper layer no longer gave a test with iodin. The g-amylose was precipi-
tated by alcohol. The a-amylose was collected on a suction filter and dehy-
drated by a current of air at 100°.

By means of this type method Taylor and his colleagues arrived
at the amylose compositions of some common starches as shown
in Table 66.

%

TaABLE 66.—COMPOSITION OF SOME STARCHES

Starch a-Amylose, | S-Amylose,
per cent per cent
Corn............ocviiiin. 15 85
Rice.......................... 18 82
Potato........................ 3(?) 97
Wheat........................ 23.5 76.5
Cassava (tapioca).............. 16.5 83.5

In 1924, Alsberg®' showed that prolonged grinding of dry
starch disrupts the granules so that leaching with cold water
dissolves the B-amylose. Taylor and Beckmann? found on
application of this mechanical method the same percentage
distribution of the amyloses, showing that their own chemical
method of disruption had not altered the starches.

X-ray studies of starches, particularly by Katz, have revealed
crystalline structure,’? but the diagrams are not sufficiently clear
to deduce exactly structural characteristics. Naray-Szabo?® has,
after X-ray examination of 17 native starches, classified them in
two groups: those similar to potato starch and those like rice
starch. The spectra of the former are characterized by a strongly
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marked inner ring which is absent in the latter. This ring per-
mits the calculation of the distance between the planes in the
lattice as 16.0 A. This investigator calculated the volume of
the unit cell to be 2.524 X 10~2! ¢m., which embraces 16 C¢H 1,05
groups. He points out that the variation in the X-ray pictures
between the two groups was not ascribable to variations in the
a-amylose content or to contamination or deformation.

Meyer, Hopff, and Mark3* contend that X-ray spectra so far
do not afford any basis for the establishment of any picture of
starch constitution other than that certain parts of the starch
are arranged in lattice formation which is connected with the
presence of hydrate water. They say that completely dried
starch displays only very indistinct interference rings and they
have been unable by spinnng of threads, tension, or pressure so
to orient the starch micelle that it showed a fiber diagram. From
these facts they postulate that the primary-valence chains in
starch are shorter than those in cellulose and are not oriented
in long parallel bundles but are in some other as yet unknown
arrangement.

Starch grains swell in water under the influence of heat and
the presence of acid, alkali, and salts. The swelling is affected
by salts in the Hofmeister-series order,3® thiocyanate being the
most potent. The nonelectrolytes urea and chloral have a very
marked swelling influence upon starch granules in aqueous
suspension.

The mechanism of the formation of starch pastes, a subject
of industrial importance, has recently been studied in a new man-
ner by Caesar.®® He measured the power in watts required to
stir a heated mixture of starch granules and water. The results
of such a study made upon five specimens of starch at 20 per cent
concentration are plotted in Fig. 108. The ordinates represent
watts, while the abscissas have different significances. In the
“heating zone,” the abscissas represent temperature of the water
jacket, in the “boiling zone” hours, and in the ‘“‘cooling zone”
minutes. Thus the wattage is recorded for the heating-up period,
for the period of 2 hr. when the water in the jacket surrounding
the container of starch paste was boiling, and for the cooling
period while water at 55°F. (12.5°C.) was circulating through
the jacket.
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The curve for each variety of starch then represents what may
be termed its ‘consistency history’’ from a suspension of the
granules to a cold paste. In the first range, that of swelling of the
granules, potato and tapioca starches are much alike. Corn and
sago also act alike in reaching the maximum consistency but
requiring a higher temperature than potato starch. After the
maximum consistency is reached, however, corn and sago differ
markedly in behavior. It is seen that the swelling of wheat
starch is very slow; when it reached its peak (at 200°F.), the
consistencies of the others showed marked losses.
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F1e. 108.—Consistency changes in commercial starches mixed with water
to a 20 per cent concentration. In the ‘‘Heating Zone’’ the total time to
reach the boiling point in the jacket was 95 min. After 2 hr. at the boiling
point (‘Boiling Zone") in the jacket water, the pastes were cooled by running
water at 55°F., through the jacket (*‘Cooling Zone’’). C, corn starch; P, potato
starch; S, sago flour; T, tapioca flour; and W, wheat starch.

Examination of the pastes under a microscope showed the
reason for this part of the curves. At 185°F., the wheat-starch
grains were practically intact, very little rupture or distortion
having taken place. Above 185° a marked degree of cell rupture
was noticed. The grains of tapioca, potato, and sago starches
were found relatively fragile. It was also noted that in any given
starch the larger granules were the first to swell, the smallest
granules being the most resistant to swelling. In the cooling
zone, pronounced variations again occurred, potato, tapioca,
and sago starches forming rather viscous pastes, while wheat and



370 COLLOID CHEMISTRY

cornstarches set to plastic jellies (the curves for the latter being
misleading on this account).

Investigations of this sort yield information of great value to
the industrial chemist. Since for an adhesive the best result
‘theoretically is obtained when the granules have been swollen
to the maximum extent and just before their rupture, potato
starch is the best for the purpose because it so readily reaches its
maximum consistency.

So-called soluble starches have been prepared for diverse pur-
poses. The word ““soluble” merely means that they form solu-
tions of low viscosity and disperse more readily in warm water
than raw starch does. The “solubilizing” treatments include
prolonged action of cold dilute acid on aqueous suspensions of
starch grains, the action of oxidizing agents, heating in glycerol,
and dry grinding.

The cooling of an aqueous solution of a glycerol ““solubilized”’
starch to the jelly state has been examined by means of the
X-ray.¥ A solution of 50 per cent of this starch and 50 per cent
water, which was clear at 90°, showed an amorphous spectrum;
but as it cooled and jellied, a typical crystalline spectrum devel-
oped. This disappeared on reheating and reappeared when
again cooled.

Just as esters of cellulose have been prepared, so also have
starch esters been made. At present they are not important
commercially, with the possible exception of ‘“nitrostarch.”*

Pectin.—Pectin, or rather its precursor protopectin, is widely
distributed in fruits, vegetables, and other parts of plants. The
first preparation of a pectic substance was made by Payen,® in
1824, and, in 1825, Braconnot® first described pectin as the
gelatinous principle of fruits. The distinction between pectin
and its insoluble precursor protopectin was first made by Fremy.*
It was later described as a pectin-cellulose?! complex, this view
being held today.*? Protopectin predominates in immature
fruit, being converted to pectin upon ripening.

Hydrolytic agents convert pectin through a series of acidic
bodies to an ultimate pectic acid. As a result of the multiplicity

* The literature on the starches has been thoroughly reviewed by Walton
in his book “A Comprehensive Survey of Starch Chemistry,” Chemical
Catalog Company, New York, 1928.
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of complex colloids arising from the original protopectin, the
nomenclature in the literature is confusing. Here we shall
adhere to the following terminology:

Protopectint® (pectose,** pectinogen). The water-insoluble pectic sub-
stances present in the cell walls of plant tissues, apparently in association
with cellulose.

Pectin. The water-soluble, completely methoxylated pectic substance
a8 it occurs in plant tissues or as obtained by treatment of protopectin.

Pectinic acids.** The primary hydrolysis products of pectin, with varying
methoxy content.

Pectic acid. Completely demethoxylated pectin.

The history of the revelations of the constituents of pectin
substances, while an interesting example of the difficulties

clzs Hg 04— CgHyy Og — l:<|:5 Hy; 04 (COOCH3)] 4

Pectin
CgHg 04 — Cg Hig 05 — [Cs Hy 04] , (COOH) 4-n (COOCH3) n
Pectinic Acid
C5 Hg04-Co Hio O -[C 5 H7 04 COOH] ¢

Pectic Acid
F1a. 109.

involved in the attempts to elucidate the structure of complex,
easily decomposable, and noncrystalline bodies, is too voluminous
to undertake here. Contenting ourselves with the final develop-
ments as now accepted, we shall presume the structure of pectin
and of pectic acid, regardless of the source, to be well known.
Based partially on the work of others (Fellenberg, Sucharipa,
Carré,* Schryver, and Haynes®), Nanji, Paton, and Ling*” con-
cluded that the pectic acid molecule is built up of four units of
galacturonic acid with one of arabinose and one of galactose,
as shown in Fig. 109.44 They further stated that pectin is the
tetramethoxy ester of pectic acid. Pectic acid, CasHsoOas,
according to the formula in Fig. 109, should yield 69.7 per cent
galacturonic anhydride, 14.25 per cent anhydroarabinose, 16.55
per cent anhydrogalactose, and approximately 19.5 per cent of
furfural from the arabinose and uronic acid groupings. These
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calculated values are in good agreement with the experimental
values obtained.4

The formula for pectin as given in the figure requires a methoxy
content of 11.76 per cent, and the pectinic acids: trimethoxy
pectinic 8.98 per cent, dimethoxy pectinic 6.04, and monomethoxy
pectinic 3.06 per cent, respectively. As high as 11.6 per cent
methyl alcohol has been recovered by hydrolysis of pectin®® and
11.3 per cent has been found often.? Lower methyl alcohol
yields as frequently reported in the literature indicate that the
observers had under examination mixtures of pectinic acids or
mixtures of pectin and pectic acid instead of pure pectin.

Pectin, pectinic and pectic acids are soluble in water from
which they may be precipitated by the addition of alcohol.
Pectic acid forms insoluble combinations with the alkaline earths.
An insoluble barium pectate containing 22.3 per cent Ba was
described by Fellenberg,*? while Carré*® found the insoluble
calcium pectate contained 7.6 per cent Ca. The theoretical
percentages of Ba and Ca for formation of pectates according to
Fig. 109 are 21.65 and 7.46, respectively. Carré has devised a
quantitative method for the determination of pectin by means
of weighing calcium pectate. This salt is precipitated from an
acetic acid solution of pectic:acid upon the addition of calcium
chloride. Upon being heated and washed with water, the calcium
pectate is freed from adhering calcium chloride without dissolu-
tion or decomposition.*

The alkali salts of pectic acid are very soluble in water. Con-
cerning heavy-metal salts, Fellenberg?? states that pectin can be
precipitated by copper sulfate, lead nitrate, and neutral and basic
lead acetate, while it cannot be precipitated by silver, cobalt,
nickel, ferrous, zine, manganese, alkaline-earth, or alkali salts.

The formation of jellies when pectin, sugar, and acid are mixed
together in certain proportions is well known to the jam and jelly
cook, but the proposed conditions for best results are not in
agreement. Since investigators upon this subject have worked
with either commercial or laboratory pectins whose methoxy
contents were not defined, one cannot expect the prescriptions
to agree. The matter is further complicated by the lack of an
exact experimental definition of what a satisfactory jelly is.
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It is unanimously agreed that pectin and sugar alone will
not form a jelly, an acid being required in addition.

Tarr,* using apple pectin, found that firm jellies (1.5 per cent
pectin per 100 cc.) contained about 67 per cent sucrose, which is
that of a saturated aqueous solution of sucrose at 20°. He noted
that the nature of the acid did not matter, but that jelly formation
was evident first at pH = 3.46, becoming optimum at pH 3.2
to 3.1. Higher acidities produced a syneresis, or a seeping out
of the aqueous phase. He found it impossible to form jellies with
concentrations of sugar below 64.1 per cent. The experience of
Ohn,* who used 0.4 per cent solutions of citrus pectin, is different
from that of Tarr. She found pH 2.60 and 62.5 per cent sucrose
as optima. At pH 3.4 to 3.6, a jelly was obtainable with 54.5
per cent sucrose.

The majority of investigators agree that from 0.2 to 1 per
cent pectin is the optimum range for jelly formation.

In jelly making, a certain art must be acquired owing partly
to the differing pectin contents of fruits. Too much sugar
relative to the pectin at a given pH produces ‘‘soft’’ jellies or
syrups, whereas too little sugar produces a ‘“tough” or stringy
consistency. According to Dore,"! at pH 3.37, if the proportion
of sugar to pectin is greater than 65:1, the resulting jelly is not
firm enough to stand alone. If the pH be increased to 3.1, it is
possible to increase the ratio of sugar to pectin to 85 or 90:1.

Nanji and Norman®? hold that the tetramethoxy and tri-
methoxy esters of pectic acid have the maximum and equal jellify-
ing powers, while the dimethoxy ester has none. It is generally
agreed that pectic acid is useless for jelly making. Consequently,
prolonged boiling of a fruit juice to concentrate it to the jellying
point may, owing to its acidity, if the original pectin content is
too low, fail to produce a jelly because of the hydrolysis of the
methoxy groups.

Sugars other than sucrose form jellies with acid solutions of
pectin and, in fact, other organic compounds serve instead of
sugars. Using a 0.8 per cent pectin solution, the pectin having
been isolated from lemon albedo, Gliickmann®? has measured the
jellifying action of various organic compounds (Table 67). The
pectin when dissolved in water at 0.5 to 1 per cent concentration
produced a pH of about 3.0.
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Table 67 shows that jellification is favored least by the organic
acids, more by polyatomic alcohols, still more by monatomic

TaBLE 67.—JELLIFYING AcTiON UPON 0.8 PER CENT SoLuTIONS OF PECTIN

Gram-moles of added substance

in 100 ce. of solution
Substance added

At first sign of | At complete

jellying jellification
Methyl acetate.. .......... 0.40
Sucrose................... 0.18
Methyl ethyl ketone. ....... 0.29 0.32
Acetone................... 0.32 0.41
Propyl aleohol............. 0.31 0.35
Ethyl alechol.............. 0.34 0.36
Methyl alcohol. .. .. ....... 0.48 0.56
Glycerol.................. 0.50 0.54
Ethylene glycol............ 0.65
Propionic acid............. 0.58 0.68
Aceticacid................ e 1.00

aleohols and ketones, and most by sucrose. In each homologous
series, increase in size of the radicals increases the jellifying power.
In the case of the alcohols, the increase in the number of hydroxy
groups lowers the influence of the alcohol in the jellification.

The order of the compounds in Table 67 is their internal-
pressure order as pointed out by Kurbatow.5t

Gliickmann views the setting to jelly as a process in which the
pectin particles deposit out of solution. In studies of the influ-
ence of added organic substances (4 per cent concentration) on
the viscosity of a 0.33 per cent aqueous solution of pectin, he
found the following relationship to hold: :

Npore = Mp " Morg

where 7,_,, = relative viscosity of a solution of pectin in water
plus the organic compound. ,
7, = relative viscosity of the aqueous pectin solution.
7. = relative viscosity of the aqueous solution of the
organic compound.
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He found the same relationship to hold for pectin solutions
containing up to 35 per cent glycerol. Hence since the addition
of the organic substance raised the viscosity of water to exactly
the same extent as it raised the viscosity of the pectin solution,
he concludes that the organic substances did not alter the pectin
chemically. The equation also shows that the total volume of the
pectin particles in the water and in a given solution remains
the same.
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Fiag. 110.—Influence of glucose upon the osmotic pressure of a pectin solution.

The theory of Gliickmann that jellification of pectin solutions
is the conversion of a dispersion of particles to a continuous
structure was anticipated by an experiment made by Lucia
Edson.? She filled a series of 25-ce. size nitrocellulose bags
with solutions each containing 1 g. pectin but with concentrations
of glucose varying from 25 to 50 g. per 100 cc. of solution. The
bags were attached to the manometer tubes and then immersed
in solutions (200 cc. volume) containing exactly the same concen-
trations of glucose as were in the respective nitrocellulose bags.
After standing for 48 hr., the solutions showed the osmotic rises
plotted in Fig. 110. The glucose concentrations were those of
the outer solutions, which also had been found to have remained
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the same in concentration as the original solutions used. This
experiment demonstrated that, as the sugar induced jellification,
the number of pectin particles diminished; 7.e., aggregation of
pectin particles took place; and since the glucose concentration
of the outer solution remained unaltered, it might be inferred that
the glucose did not combine with the pectin during its setting to
the jelly state.

The fact that pectin is unaltered by setting to a jelly under
the influence of sugar has been indicated by an experiment per-
formed by Sucharipa.®® He extracted the sugar and acid from a
jelly with alcohol. The pectin residue was found to redissolve
in water and reform a jelly upon addition of sugar and acid.

Gums.—The gums, oceurring as exudates on plants are saltlike
compounds (usually potassium, calcium, and magnesium salts)
of colloidal carbohydrate acidic bodies. Their acid nature
accounts for their anodic electrophoresis. They are apparently
not normal products of plant metabolism but are probably
pathological products produced by plants when injured mechani-
cally or by bacteria. It has been known® since 1861 that bacteria
can synthesize gumlike bodies and recently Heidelberger® has
shown that the immunological specificity of certain types of the
pneumococcus resides in the nature of the polysaccharide cap-
sules, and, in fact, a product capable of reacting with pneumonia
antisera has been prepared by the partial hydrolysis of gum
arabic.*

When dry, the gums are rather hard, translucent bodies.
Some dissolve in water, while others merely swell in water to form
gelatinous lumps or pastes. They are all precipitated from water
solution by alcohol or by basic lead acetate.

The reader should note that the word gum is properly used
only for the hydrophilic carbohydrate bodies discussed here; the
varnish maker’s “gums” being an improper application of the
term to resins.

Gum Arabic.—Commercial gum arabic (or acacia) is often a
mixture of gums from several species of trees and is therefore a
variable product. The best®® gum arabic is that obtained from
Acacia Senegal, known as ‘“Hashhab gum,” which comes from
Khordofan and the Blue Nile district.
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Gum arabic is usually completely soluble in water. The
earliest exudate does not form a limpid solution, yielding on the
contrary a mucus-like fluid. After two or three months’ storage,
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Fia. 111.—Titration of arabic acid with acid and alkali.

however, a change takes place, probably due to enzymes,® so
that it dissolves entirely.

The gum may be freed from its mineral matter in any one of
three ways. Since it is insoluble in an aqueous solution contain-
ing more than 60 per cent alcohol, its aqueous solution acidified
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with hydrochloric acid is treated with alcohol. The precipitate
is redissolved in water and reprecipitated several times until
ash free. This method is not so good as the following because
the demineralized gum becomes changed to a water-insoluble
product upon prolonged contact with alcohol. A better method®!
consists in the electrodialysis of the product obtained after two or
three alcohol precipitations of the acidified solution.
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F1a. 112.—Viscosity of arabate solutions as a function of pH (0—0) and of the
concentration of NaCl (¢—¢) at pH 7.85. Top abscissas = pH. Bottom
abscissas = salt concentration. Ordinates = relative viscosity; water being
taken = 100.

Thomas and Murray®! found that a product of “gum acid”
so obtained gave a strong acid titration curve as plotted in
Fig. 111. Inasmuch as they found that it had a combining
capacity of about 0.001 mole NaOH per gram, giving an equiva-
lent weight of about 1,000, its strong acid nature was unexpected.
The pH value of a 1 per cent solution of the pure “gum acid”
was 2.70, which is the same as that of a 0.02 N solution of hydro-
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chloric acid. The strongly acid nature of the gum acid was also
pointed out by Amy®? and by Taft and Malm .53
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‘The viscosity of the gum acid changes markedly with pH
(Fig. 1125'), the maximum viscosity lying in the range pH = 5
to 7. The viscosity is diminished by the addition of salts.51.63.64
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F1a. 114.—Conductivities of gum arabic solutions.%®

From the results gained from a study of the viscosity as a
function of concentration and temperature, the freezing point
(Fig. 113) and the conductivity (Fig. 114), made upon the gum,
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Taft and Malm® concluded that gum arabic is a strong elec-
trolyte, the Ca and Mg salt of a complex organic acid.

Recent investigations of the constitution of gum arabic have
been made by Norman® and by Butler and Cretcher.®® The
former from experience with more than one specimen concludes
that the gum acid is not a substance of a definite empirical
formula. He postulates that in its general composition there is a
nucleus acid composed of galactose and a uronic acid to which
arabinose is bound by glucosidic linkages.

Butler and Cretcher’s® analysis of a botanically authentic
sample of Khordofan gum arabic from Acacia Senegal (L.)
Willd showed the gum acid to be composed of 1 molecule of
galactose-glucuronic acid, 2 of galactose, 3 of arabinose, and 1 of
methyl pentose. The figures are only approximate. They
found an equivalent weight of 1,030 for the gum acid upon
titration with sodium hydroxide. The aldobionic acid was
isomeric with that isolated by Heidelberger and Goebel® from
the polysaccharides produced by certain pneumococcus types.

Other Gums.—Cholla gum, from the white cholla cactus
Opuntia fulgida, when mixed with ten times its weight of water
swells up to a gelatinous mass. About 50 per cent of its weight
dissolves in boiling water.® TUpon hydrolysis it has yielded®
galacturonic acid, arabinose, galactose, and rhamnose.

Mesquite gum, which is found on the mesquite tree Prosopis
juliflora, is completely soluble in cold water,® its aqueous solu-
tions being less viscous than those of gum arabic. It is believed
to be a salt of an organic compound consisting of 4 molecules of
arabinose, 3 molecules of galactose, and 1 molecule of meth-
oxyglucuronie acid.”™

Cherry gum collected from wild-cherry trees at Montezuma,
Indiana, has yielded arabinose, xylose, galactose, mannose, and
glucuronic acid upon hydrolysis.”* The acidic nucleus of this
gum appears to be different from that of other gums studied, in
that it contains two units of uronic acid combined with one sugar
group instead of one acid with one sugar residue as is found in
the aldobionic acids. The proportions of sugars found indicate
the molecular proportions to be arabinose 8, xylose 6, galactose 6,
mannose 3, and glucuronic acid 2. Upon hydrolysis in cold
18 per cent hydrochloric acid, a complex acid containing the
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molecular proportions galactose 6, mannose 3, and uronic acid 2
was obtained. The theoretical molecular weight, if 10 molecules
of water are assumed to be split from the sugar residues, is 1,828,
which agrees well with the value 1,791, found by titration with
alkali.”

Gum tragacanth, the product of various species of Astralagus,
consists of about two-thirds of a water-insoluble part called
bassorin and about one-third of a water-soluble part, recently
named tragacanthin.’> Norman believes the soluble constituent
to consist of a ring containing 3 molecules of glucuronic acid
and 1 molecule of arabinose, with a side chain of 2 molecules of
arabinose. :

Flax-seed mucilage yields on hydrolysis d-glucose, d-galactose,
l-xylose, and l-arabinose, together with an acid by-product.’
The aldobionic acid formed during the partial hydrolysis of
flax-seed mucilage has been identified™ as consisting of 1 molecule
of d-galacturonic acid and joined by glucosidic linkage through
its aldehyde group and the alcohol group of 1 molecule of
l-rhamnose.

‘Gum karaya, or Indian gum, or Bombay gum, which swells in
water and only part of which dissolves, has the interesting prop-
erty of slowly splitting off acetic acid. Bombay gum, the product
of a species of Sterculia, and the gum of Cochlospermum gossypium,
both found in India, are very similar in composition. They are
regarded as acetyl derivatives, 14 per cent of acetic acid having
been found upon distillation.”

Carob-seed gum from the seeds contained in the locust bean,
or the fruit of the carob tree (Ceratonia siliqua), yields upon
hydrolysis galactose, mannose, and pentoses.” This gum
appears on the market blessed with the following names, accord-
ing to Hart™: “locust-kernel, carob-bean gum, gum Hevo,
gum Gatto, gum Tragon, Janda gum, Lakoe gum, Lupo-gum,
Luposol, Rubigum, Tragarab, Tragasol, etc.!”* When dispersed
in hot water, carob-seed gum forms viscous liquids at 0.5 per cent
concentration and viscous pastes at 5 per cent. Solutions of
this gum have the remarkable property of turning to gels when
borax is added to their solutions.”” The gels are so compact

* A friend of the author’s has informed him of the additional names
“8t. John's bread,” ‘“honey bread,” and ‘‘algarroba.”
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that they can be lifted from the container and let stand
unsupported.

Seaweed Extracts.—Agar-agar is the name applied to the
colloidal carbohydrate substance extracted by boiling certain
species of red seaweed, the Gelidium, with water.”® These species
are native to California and to the shores bathed by the Japan
current. While agar-agar dissolves readily in hot water, its
solutions set to rigid jellies upon cooling below about 35° to 40°C.
With a good product, as little as 1 part agar to 500 parts of water
will form a jelly.

Agar formerly came exclusively from Japan, where it was
prepared in more or less primitive ways. A modern factory at
San Diego, California, now supplies a more uniform and high-
grade product.’®

Commercial specimens of agar may be contaminated with
diatoms, silica spicules, and other detritus. A method of
purification is as follows:™

One hundred grams of fine-cut agar is added to 3000 cc. of cold 0.5 per
cent acetic acid solution and allowed to stand 30 min. The supernatant
liquid is poured off and a fresh quantity of the acid solution added. After
30 min. this is poured off and then the swollen agar is soaked in six changes
of distilled water during 12 hr. In order to obtain the free agar acid, the
agar is then heated in 3,000 cc. of water and clectrodialyzed hot.”8° The
upper clear layer is siphoned off and centrifuged while hot in a continuous-

flow type of centrifuge. The efluent may upon cooling to a jelly be sliced
and dried.

A striking fact about agar is that it is the calcium salt of
the sulfonic ester of a colloidal carbohydrate complex.80:8182
A 1 per cent solution of the free agar acid has a pH value of
2.48 and is about 56 per cent ionized.®* The formula for this
acid may be written R - O - SO, - OH, where R represents the
colloidal carbohydrate part. While a 5 per cent solution does
not jellify upon cooling, it sets immediately upon neutralization
with any base, including aniline or alkaloids.® % The nature
of the carbohydrate is not yet known. It has generally been
called a galactan but this is seriously questioned by Liidtke,
who states that galactose does not constitute more than one-third
of the total carbohydrate matter.

The swelling of agar in water is a slow process and is greatly
influenced by its previous history. A typical curve?? is shown in
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Fig. 115. If in the purification the agar sol is kept hot for
prolonged periods, the final dried product swells less. Likewise,
prolonged storage of dry agar results in diminished swelling
capacity. Dried agar which swelled to 3,000 per cent in
distilled water has been found after standing in the dried state
for three years to swell to only 1,000 per cent in distilled water.

Clarke®® has shown a very curious effect of the degree of
desiccation of agar jelly upon the subsequent swelling in dis-
tilled water. He prepared a 2.5 per cent solution of agar in
boiling water and then allowed the solution to set. Two disks
were taken by means of a cork borer. One disk was analyzed
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Fia. 115—Rate of swelling of agar in water at 20°C.

for its water content and the other was placed in 35 cc. of water
at 15°C. until swelling equilibrium was reached (usually in
about ten days). The remaining mother batch of jelly was
meanwhile progressively dried in a current of air, then in the
oven at 70°C., and finally in a desiccator over phosphorus
pentoxide. Meanwhile disks were removed and treated as
above. Thus a series of disks of varying water content were
studied. The results are plotted in Fig. 116.

Clarke remarks that his agar gels were opaque when freshly
cast and, upon drying down to thin plates, he noticed that at a
certain point in the drying process the opacity changed rather
sharply to perfect transparency. This point of optical transition
coincided with the point indicated by the arrow in Fig. 116.

The swelling of a specimen of agar as a function of pH is given
in Fig. 11732 The conditions used were 20° for three days.
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The term ‘‘relative swelling’”’ means the amount of solution
relative to that taken up in distilled water, the latter amount
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F1a. 117.—Swelling of agar at 20°C. as a function of pH.
being taken as 100. The swelling in hydrochloric, sulfuric, phos-
phorie, acetic, and oxalic acids were the same when plotted as a
function of pH. The swellings in ammonium hydroxide were
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greater than in sodium hydroxide with a maximum at the same
pH value as for sodium hydroxide. Fairbrother and Mastin®?
believe that the effect of added acid is to produce a reversible
equilibrium of the type

(R-0-80;-0):Ca + 2HCl= 2R - O - 8O, - OH + CaCl,

the free acid swelling less in water than the calcium salt, its
ionization and swelling being further diminished by the presence
of acid.

The viscosity of agar solutions is decreased by salts; the
higher the valence of the cation of added salt, the greater is the
effect.®

The mucilaginous substance extracted by hot water from
carrageen, or Irish moss (Chondrus crispus), has been shown by
Haas®¥ to be the calcium salt of a sulfuric ester of a colloidal
carbohydrate complex. Haas ascribes to it the formula

0-80,-0
R/ >Ca.
\O -80,-0

He found that the calcium could be replaced by an equivalent
amount of sodium. He reported a difference between the nature
of the material extracted from this seaweed by cold and by hot
water. After extracting the dried seaweed with cold water, he
subjected the residue to the action of boiling water. Both dried
to similar-looking, transparent friable scales, which became
soft and pliable upon attainment of equilibrium with the humidity
of the air. When placed in cold water, both extracts swelled
considerably, the cold-water extract dissolving completely to
form a ‘‘gummy solution,” while the hot-water extract dissolved
only to a slight extent. Upon warming, the latter dissolved, a
2 per cent solution formed a thin jelly upon cooling, while 3 to
5 per cent solutions formed stiff jellies.

The extracts differed in another way. When “5 drops of a 20
per cent solution” of Rochelle salt were added to 5 cc. of a
0.75 per cent hot-water extract, the gum was thrown out in the
form of a clear gelatinous precipitate which remained suspended in
the aqueous medium, but on being boiled, and then allowed to
cool, the whole liquid set to a clear stiff jelly.
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Harwood® has measured the conductivities of carrageen
extract at 1.5 per cent concentration, finding at infinite dilution
about the same value as for calcium sulfate, thus showing that the
colloidal ion possesses a mobility very similar to that of the sulfate
ion. He found from his measurements that possibly Ca(O - SO, --
O - R); is more correct than the formulation made by Haas.

The alginic acid from Macrocystis pyrifera has recently been

shown to be a polymer of the anhydride of an aldehyde sugar acid
(probably mannuronic) in which all aldehyde groups are con-
jugated and all carboxyl groups free.® This acid is very slightly
soluble in water but absorbs remarkable amounts of water—two
hundred to three hundred times its own weight.
A fibrous material, proving to be the sodium salt of a galactan
sulfuric acid ester, has been isolated® from the marine alga Irideae
laminarioides. None of the sulfur is lost upon dialysis. Upon
acidification and removal of the sodium ion by dialysis, the
acid derivative is obtained. A 1 per cent aqueous solution of
this sulfuric acid ester has a pH value of 3.6.
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CHAPTER XIV
SOAP SOLUTIONS

The word soap is used as a general term for all metallic
salts of the fatty acids, but only those of the alkali metals
will be considered here. In Chap. I reference was made to the
work of Krafft! which showed that colloidality of aqueous soap
solutions increases with the molecular weights of the fatty acids
and with the concentration. It also increases with temperature
decrease. In alcohol, however, even sodium and potassium
oleate are dissolved in an unassociated state.?

An extensive series of studies on the nature of soap solutions
has been reported by McBain® and associates since 1910. Find-
ing that the boiling-point elevation method is unreliable and
that the freezing-point depression measurement is generally
inapplicable, a dew-point method was devised in order to investi-
gate the osmotic activity of soap solutions. In Fig.118,*the dew-
point lowering of a series of potassium soaps shows anomalous
behavior beginning with the laurate. The sodium soaps which
are not included in the figure gave similar results, being in each
case a little less colloidal than the corresponding potassium soaps.
The curves verify Krafft’s statement concerning the increase in
colloidality with increase in molecular weight and concentration.

It is to be noted that the measurements given in Fig. 118 were
made at 90°C. With drop in temperature, the solutions of the
higher molecular-weight soaps become more colloidal and, at
0°C., they are entirely colloidal at concentrations more than
0.4 N. DPotassium caprylate (Cs) in solution at 0° is a typical
crystalloidal electrolyte in dilute solutions, whereas at high
concentrations it is typically colloidal.

Measurements of the hydroxyl ion concentration of soap solu-
tions®¢ have shown that it is very slight varying from 0.0033 N to
0.00033 N. The soaps of higher molecular weight are the most
alkaline and the alkalinity is less at lower temperatures until the

390
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system becomes heterogeneous, when the alkalinity increases
several fold. In very concentrated soap solutions the hydrolysis
diminishes very markedly. McBain disagrees with the idea
that hydrolysis produces fatty acid and metallic hydroxide, but

00 T T T T

(A o

02 I~

Dew Point Lowering,°C.

05—

| 1 1
065 i 2 3 P 5

Dilution in Liters
Fis. 118.—Dew-point lowering by potassium salts at 90°C.

in view of the evidence for the existence of acid soaps he postulates
reactions of the type

2NaP + H,0 & NaHP,; + NaOH

where P signifies the palmitate or other soap radical.

Soap solutions, particularly when quite concentrated, all
exhibit a high conductivity. This conductivity must be a
property of the soap since there is so little free alkali present.
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TaBLE 68.—EQUIVALENT CONDUCTIVITIES OF AQUEOUS SOLUTIONS OF
Porassium PaLMiTATE AT 90°C.

Concentration KOH KP KP/KAc
1.0N 0.46 123.7 0.70
0.75 N 1.87 126.0 0.69
0.6N 3.8 123.2 0.63
0.2N 3.8 107.2 0.49
0.1N 7.5 99.5 0.42
0.05 N 12.1 98.7 0.40
0.02N 33.5 99.7 0.38
0.01 N 40.6 131.0 0.44

This is presented well by the data in Table 68% which gives the
equivalent conductivity of potassium palmitate solutions divided

270
w/
/ 4
CaprY wfe,/
210 A /;;/,/
ra
2 1o W
3 / WA
T 180
)
: /
S / /
150 / e /; ——
\/ Pa‘ml W
120 \\/ ///r
7% 20 40 %0 30 100
Liters
Fig. 119.—Equivalent conductivities of équeous solutions of potassium salts at
90°C.

into their two components: that due to free hydroxide and the
remainder which has to be ascribed to the soap itself. The ratios



SOAP SOLUTIONS 393

of the conductivity of the soap to that of potassium acetate are
given for comparison (under the heading KP/KAc).

The conductivities of a series of potassium soaps are shown in
Fig. 119.” The form of the conductivity curves for the laurate
and higher soaps is peculiar. The conductivity falls with con-
centration to a minimum value at about 0.1 N and thereafter,
instead of decreasing steadily with increasing concentration, the
conductivity rises to a pronounced maximum at 0.75 N (see
Table 68 cspecially). MecBain points out that this establishes
the fact that, when such soap solutions increase in concentration,
the palmitate ion is being replaced by some other much better
conductor of electricity. Some of the solutions were extremely
viscous, while others were quite liquid, and this enormous altera-
tion in viscosity exerted no appreciable effect on the conduectivity.
In fact McBain found no change in conductivity and vapor
pressure (at a given temperature and concentration) when a
soap solution set to a jelly.

The experiences of McBain have led him to believe that, as a
soap solution concentrates, hydrated aggregates of neutral
soap and fatty-acid ions such as (NaP),.(P~)..(H.O). arise,*
with (NaP). very small® in comparison with (P~),.. In very
dilute solutions, then, the conductivity is due principally to the
Na+ and P~ ions. Upon concentration the P~ ions aggregate
and hence the resistance to the motion of the ionic aggregates
(Stokes’slaw) will increase,*but this is more than counterbalanced
by the increase in charge of the growing particle. Such a highly
charged particle, however, will attract water molecules and
become heavily hydrated. This hydration would offset the
extra mobility expected and the result would be a colloidal ionic
micelle of somewhat less mobility than a rather slow ion. The
hydration accounts for the high viscosity observed in soap
solutions.

As the solution becomes more concentrated, the equivalent
conductivity drops until, at the minimum, the hydration
decreases, producing a rise in conductivity to a maximum (0.75 N
for potassium palmitate) above which the conduectivity falls

* This is the same as (NaP),.(HP)..(OH™),.(H:0)m—n, or (NaP);_m.(Na-
HP3)s.(OH)5.(H;0)m-s. McBain gave to such charged aggregates the
name ‘‘ionic micelle.”
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again, owing to the increase in ratio of z to n producing neutral
soap aggregates.

Aqueous soap solutions have surprising densities. Solutions
of the oleates, stearates, and palmitates of sodium and potassium
‘are less dense than either component.

Detergent Action of Soap Solunons.—Chevreul (1823)
ascribed the detergent value of soap solutions to their emulsifying
action upon fats. Fifty-six years later, G. Quincke® stated that
the emulsified droplets of oil are surrounded by thin layers of
soap which prevent toalescence and thereby stabilize the emul-
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Fi1a. 120.—Relative lowering of mineral-oil water interfacial tension by sodium
salts at 17°C.

sion. In 1903, Hillyer' showed that it was a function of the
lowering of the oil-water interfacial tension.

In Fig. 120! are plotted the relative interfacial tensions for
mineral-oil aqueous-soap-solution interfaces. The lowering of
this interfacial tension is not very marked up to and including
sodium caproate. Actually, pronounced emulsifying action in
this case was not observed with the soaps below sodium laurate.!!
It is very striking to observe how little of a higher soap is required
greatly to reduce the interfacial tension. This is shown in Fig.
1212 for benzene-water and air-water interfaces. In order to
accomplish emulsifying action it has been learned that, while a
small amount of soap serves well, a larger quantity may be useless.
This is illustrated by one of Donnan’s!! experiments given in
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Fig. 122, demonstrating a sharp optimum for emulsification as a
function of concentration of sodium laurate.

The same sort of relationship was found by Spring!® in the
suspending action of mixed soaps for soot, iron oxide, and other
insoluble powders. Optimum suspending power in water was
manifested best at about 0.5 to 1 per cent concentration of the
mixed soap which he used. In one experiment he was surprised
to learn that, while water containing 1 per cent soap kept soot
suspended for two months, the soot settled out of a 2 per cent
soap solution about as fast as from pure water. He noted also

/\
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F1a. 123.—Suspension of manganese dioxide particles by agueous sodium oleate
solutions.
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that a suspension of soot in 1 per cent or less aqueous soap solu-
tions passed through a filter paper without blackening it, while
more soap caused the soot to collect on and clog the paper.
Evidence was found in the foregoing experiments to the
effect that some soap is sorbed by the suspended particles. No
sorption by particles or stabilizing action was observed in alco-
holic soap solutions. Further, when alcoholic soap solutions
containing soot were filtered, all the soot was retained by the
filter paper. When alcohol is added to aqueous soap solutions,
it is observed that at 45 per cent concentration and higher of
alcohol the air-liquid interfacial tension is no longer lowered.
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A quantitative experiment on the influence of a soap in sus-
pending* solid particles is plotted in Fig. 1235 where colloid-
milled manganese dioxide was used. Added alkali increases the
suspending power, as demonstrated by Fig. 124, in which a
variety of carbon was employed as solid matter.

The optimum concentration of soap for the cleansing of
fabrics is generally given in the range of 0.2 to 0.4 per cent,15:17:18.19
Of course, this optimum will depend upon the conditions, such
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Fi1u. 124.—Influence of added alkali upon the suspending power of 0.0125 N,
(or 3.22 per cent) solutions of potassium myristate at 15°C.

as nature of soap and dirt, the temperature, and the mode
of quantitative estimation of detergent action. Several
methods!®16:1%.19 hayve been proposed for measuring cleansing
power of soaps, but as yet no one seems to be satisfied that the
problem has been solved. Optimum cleansing action where a
series of washings is carried out is obtained by lower concentra-
tions than above stated. For example, in a case where 0.25
per cent soap was optimal for one washing, about the same amount
of dirt was removed by solutions containing 0.05 and 0.1 per cent
soap in five washings.’® The detergent action of soap solutions
increases with lowering of temperature. Certainly all the facts
* Industrial chemists refer to such action as ‘“deflocculation.”
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point to cleansing action as a property of colloidal soap solutions.

Figure 124 showed that added alkaliimproves the deflocculating
action of soap solutions. The optimum alkalinity for cleansing
action of soap solutions has been given as pH = 10.5 or a little
higher.?

The cleansing action of soap solutions is not fully understood.
While lowering of interfacial tension, in the case of liquids, and
sorption producing ‘“deflocculation” of aggregates of solid
particles or loosening them from surfaces are very prominent
factors, there are others in which specific chemical affinities play
a role. Pickering?! stated his belief that the solution of oils in
soap itself is a factor. He showed, for example, that, when the
hands are smeared with paraffin oil and then 3 g. of soap are
applied, the soap at first slips about in the hands but suddenly
becomes stiff and adherent. A subsequent rinsing in 1 liter of
water then suffices to remove the oil from the hands, whereas
washing the greased hands in 1 liter of water containing 3 g. of
soap dissolved in it is ineffectual.

Interesting experiments on the germicidal action of soaps have
been performed by Walker.2? Sodium and potassium soaps of
the same fatty acid do not differ greatly in their effect. Only
the higher soaps (i.e., colloidal soaps) are germicidal. The
pneumococcus shows marked susceptibility to the action of
laurates, oleates, linoleates, and linolenates, being killed in
15 min. by a solution of 1 part of sodium laurate in 50,000 parts
of water. A 1 per cent solution of phenol is required to kill it
under the same conditions. The streptococcus requires higher
concentrations of soap, while Staphylococcus aureus is exceedingly
difficult to kill. Bacillus typhosus is killed in 15 min. in about
1 per cent solutions of the laurate to stearate, inclusive, although
it is markedly resistant to the soaps of the unsaturated acids.*
The colon, dysentery, and paratyphoid bacilli show the same
specificity toward the saturated and unsaturated soaps as
B. typhosus does. In general, Walker advises that lathering the
hands for 3 min. with a coconut-oil soap solution will kill bacteria
such as gonococei, pneumococei, meningicocei, streptococei, and
diphtheria, colon, typhoid, and paratyphoid bacilli.

* It has been shown that soaps of the highly unsaturated acids are poor
detergents.2?
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Detergents Other Than Soaps.—The sodium salts of sulfonated
fatty alcohols* (particularly of the alcohols produced by the
hydrogenation method of reduction of coconut- and palm-
kernel-oil fatty acids) have recently appeared in commerce.?
They possess excellent lathering and detergent properties and
unlike soaps are unaffected by dilute acid solutions and alkaline-
earth cations. Reychler?> demonstrated that cetyl sulfonic
acid forms colloidal solutions which possess excellent lathering
and detergent properties.

A vast number of ‘“‘wetting agents” have been patented and
promoted as detergents and emulsifiers.?® They are too numer-
ous even to be mentioned here.

Frequently the alkalies, alkali carbonates, and alkali secondary
and tertiary phosphates are referred to as ‘‘detergents.”” They
are not detergents per se; but when they come in contact with
fatty acids, soaps are formed. Sodium carbonate and sodium
phosphate solutions are used in hotel dish washing and in the
removal of grease from metals,?”” etec. Solutions of the sodium
silicates are likewise used in cleansing and their action is similar.
Inasmuch as added OH~ ion increases the detergent action of
soaps, it is obvious that any of these compounds are good ““ addi-
tion agents” to soap solutions. Phosphate is an efficacious
addition agent to soap solutions in the removal of grease con-
taining calcium compounds, probably because it precipitates the
latter.®
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CHAPTER XV
FOAMS

Foams are dispersed systems of globular liquid films enclosing
vapors or gases. They are of great practical importance in ore
flotation and in soap lathering as well as a source of annoyance
in the evaporation of liquids. As stated by Foulk,! ‘“ Even man’s
social nature is influenced by foams; to such an extent, indeed,
that it sometimes demands a stable foam as in beer and soda
water and sometimes an instable one as in champagne and ginger
ale.”

Obviously, owing to effort of the surface energy to approach
its minimum level and to the vapor pressure of the liquid, foams
cannot be everlasting. Chemically homogeneous liquids do not
foam at all. It is agreed that foams will arise only in liquid
systems where a difference in concentration may arise between
the film and the bulk of the liquid.!-23

Foams produced in noncolloidal liquid systems last only a
few seconds, while colloidal forms may exist for many minutes.*

Foam Production in Noncolloidal Solutions.—Experiments
upon the stability of foams produced by shaking air in aqueous
solutions of alcohols, fatty acids, and certain ring-structure
organic compounds show that the solutions producing the most
stable foams are those where the concentration of the surface-
tension lowering substance is somewhat less than (or not exceed-
ing) the concentration which produces the greatest lowering of
the surface tension.®*® Table 69 gives the optimal concentra-
tions of some surface-tension lowering substances for foam
formation by shaking aqueous solutions and air in closed con-
tainers* at 18°C.

As regards foam stability, surface-tension lowering substances
are divided into two classes. Insoluble substances show a very

* By careful regulation of conditions, Dewar® preserved a soap foam for

several months.
401
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TABLE 69.—OpTiMAL CONCENTRATIONS FOR FoaM FORMATION

Optimum  {Maximum life
Aqueous solution of concentration, of foam,
moles per liter seconds
Ethyl alcohol................ 0.28 5
Propyl alcohol............... 0.34 11
+-Butyl aleohol .. ............ 0.09 12
t-Amyl alcohol............... 0.036 17
Tertiary amyl alcohol.. .. .. .. 0.034 10
Heptyl aleohol............... 0.0007 8
Octyl alcobhol.............. .. 0.0003 5
Formic acid................. 0.45 4
Aceticacid.................. 0.20 8
Propionic acid............... 0.25 11
Butyric acid................. 1.00 18
Valeric acid................. 0.015 9
Caproic acid................. 0.0075 13
Heptylic acid................ 0.0015 16
Caprylic acid................ 0.00025 12
Nonylicacid................ 0.00007 5
Ethylamine. ................| 0.40 12
Aniline. .. .................. 0.10 11
p-Toluidine................. 0.04 6
Phenol...................... 0.10 12
Benzyl alcohol............... 0.10 10
m-Cresol.................... 0.025 9
Nitrobenzene................ 0.005 6
Acetaldoxime................ 0.37 10
Paraldehyde................. 0.03 9
Acetone..................... 0.50 2.5
Methyl propyl ketone. .. ..... 0.05 3
Ethyl propionate............. 0.01 2.5

sharp optimal concentration as typified by ethyl oleate in Fig.
125, while the stability range for soluble substances is much
broader as illustrated by the curve for aniline in Fig. 126. Sur-
face-tension raising solutes, such as inorganic electrolytes, give
a stability-concentration curve in which stability rises to a plateau
with increase in concentration. Figure 127 is illustrative and
shows also that the foam stability is raised if the evaporation of
the solvent from the bubble wall is not impeded.

Recently Talmud?® has suggested the following mechanism for
bubble stability:
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An air bubble initially formed in the bulk of the solution is
not surrounded by an adsorbed film. Such a bubble as it rises
is surrounded by an aqueous shell of the same concentration as

the bulk of the solution. The
gaseous pressure (p) in such a
bubble is greater than the
atmospheric pressure by

_ 2
p==

where 4 = air-water interfa-
cial tension.
radius of the bub-
ble.

This excess pressure of the
enclosed air is balanced by the
capillary pressure arising from
the surface tension of the
water. When the rising
bubble touches the surface film
of surface-active substance, at
the point of contact the surface
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tension decreases and the following pressure difference arises
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Fia. 126.—Influence of concentration of aniline upon bubble stability.

where Ay = the decrease in surface tension.

Owing to this

pressure difference the bubble bursts.
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A stabilization of the bubble under such a pressure difference
can arise only where the tensile strength of the bubble film is
greater than the pressure differential.

The strength or tenacity of the film is believed to be a function
" of the degree of hydration of its polar groups.? When its mole-

cules are not closely oriented, .e., lying scattered over the
surface (slight changes in concentration do not alter the surface
_tension), the hydration of the polar groups is slight because the
nonpolar chains lying on the surface inhibit the hydration of the
polar groups. In a saturated adsorption envelope where the sur-
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Fia. 127.—Influence of concentration of salts upon bubble stability.
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face tension is at a minimum and the adsorbed molccules are
in the state of closest packing, the degree of hydration of the
molecules of the surface-active substance again approaches a
minimum.

Thus the maximum hydration of the polar groups of the mole-
cules or micelles of the surface-active substance lies between two
minima of hydration. In the range of maximal hydration of the
polar groups, the molecules of the surface-active substance are
partly oriented; i.e., they are inclined at various angles to the
surface and form a mutually interlacing structure, reminding one
of a gel structure. At the state of minimal hydration, the layer
consists of pure surface-active substance whose surface strength
or tenacity (in the case of a liquid) must be, like pure water,
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equal to zero. Based on this conception, Talmud assumed that
the tenacity of the surface film is proportional to the degree of
hydration of the molecules or micelles in the interface. Upon
approach to complete orientation of the molecules, the strength
of the film diminishes. Thus the bubble again inclines to burst
when its strength can no longer exceed the effect of the pressure
difference at its point of contact with the surface film.

If this theory is carried to solutions of inorganic electrolytes
which raise the surface tension, it is evident that, as the rising
bubble arrives at the surface, it comes in contact with a surface
layer of water molecules. Thus at the point of contact Ay = 0
and hence Ap = 0. Hence increase in concentration of the
negatively adsorbed substance should increase the stability of the
bubble to a constant level.

There is another factor in foam stability: the mobility of water
layers with respect to the adsorbed film of the bubble wall.
This is the greater, the longer the chain of the polar molecule in
the adsorbed film and also the lower the solubility of the surface-
active substance. The reason for this is that the polar molecules
in the unsaturated film, 7.e., in the state of incomplete orienta-
tion, have not only their polar groups but also the entire chain in
contact with water. It follows that highly soluble molecules,
or polar molecules with short chains, are more hydrated and
consequently in closer combination with the deeper layers of
water in the bubble wall. - Difficultly soluble polar molecules
(long chains) are less hydrated and consequently offer less resist-
ance to the motion of the deeper layers of water. The adsorbed
layer of long, insoluble polar molecules may be considered as a
definitc phase which is separated from the contiguous water
layer by an interface. In the case of very soluble polar mole-
cules, on the other hand, the adsorbed layer may be regarded as
a concentrated solution which is not separated from the lower
layers of less concentrated surface-active solution by an
interface.

These postulates of the ease of motion of the water layers in
the bubble wall explain the interesting fact that surface-active
substances with long chains which are difficultly soluble form
bubbles with a relatively strong adsorption film but of short
life, while readily soluble short-chain surface-active substances
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form longer lived bubbles with relatively delicate adsorption
films.

Although the strength of the maximally hydrated adsorption
film of the bubble effected by the aid of a relatively insoluble
surface-active substance is great, the maximal hydration is dis-
~ turbed by the mobility of the underlying layers of water (forma-
tion of a black spot) and the strength of the film diminishes
(for an insoluble surface-active liquid it drops to zero) to a value
below the pressure differential at the point of contact of the
bubble with the surface layer of the liquid. In the case where
the adsorbed film of the bubble consists of soluble surface-active
molecules, the maximal hydration is disturbed very slowly owing
to the slight mobility of the underlying water layers. The
stability of the bubble is, as a consequence, rather great, although
the strength or tenacity of the bubble’s liquid adsorbed layer of a
dissolved surface-active substance is small in comparison with
the strength of films of insoluble adsorbed substances. In this
case the black spot forms very slowly.

What has been said is illustrated by the stability curves of
bubbles formed by soluble and insoluble surface-active sub-
stances. The curves for the latter show an exceedingly narrow
zone of stability since the rapid draining away of the water layers
under the adsorption film quickly disturbs the maximal hydra-
tion. The stability curves of bubbles formed by soluble surface-
active substances are flatter. This points to a slow destruction
of maximal hydration of the adsorbed layer, i.e., for slow draining
off of the underlying layers of water.

The argument above applies only to cases where evaporation
of the bubble is prevented. Evaporation influences the stability.
According to whether the solvent or the solute evaporates the
faster, the stability rises or falls.

Foam Production in Colloidal Solutions.—Hydrophilic colloidal
solutions readily form foams. Aqueous soap solutions are
excellent for the production of copious and long-lived foams.
Johlin? states that a 0.019 N sodium oleate solution, which is the
concentration for greatest lowering of the surface tension of
sodium oleate solutions, gives the longest lived foam, while
below 0.00006 N no foam at all is obtained. The soap in the
bubble films has been shown to be predominantly acid soap® and
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the permanence of the bubbles is generally ascribed to the semi-
solid nature of the concentrated colloidal matter.®® The last-
stated theory has been disputed, however,” and apparently
surface adsorption and its attendant increase in the film viscosity
are not the only factors involved.!!

The volume of lather produced by aqueous solutions of the
alkali salts of the C;; fatty acids increases with increase in the
number of double bonds but the stability of the lather shows a
reverse tendency.!?

Aqueous saponin solutions produce quite stable froths owing
to the rigidity of the bubble walls. When saponin bubbles are
blown by a pipe, unlike the elastic soap bubbles, they collapse
like empty sacks upon suction, unfolding and opening out to a
smooth bubble upon reinflation. The addition of glycerol to
saponin solutions causes the blown bubbles to become more
elastic, approaching soap bubbles in elasticity.

Saponins are used in the carbon dioxide generating type of fire
extinguisher. This is the type which, upon inverting, delivers
the fire-suffocating gas resulting from the mixing of a solution of
sodium bicarbonate with an acid solution containing aluminum
ion. The saponin bubbles stabilize the carbon dioxide foam and
the aluminum compounds add to the foam stability.

Much attention has been paid to the thickness of soap-bubble
films and, from the interference colors, the thickness can now be
calculated. These colors arise from the interference of the light
reflected from the upper laminae of the bubble film. The original
colorless bubble film gradually changes through greenish blue,
red, and yellow as its thickness diminishes. Finally a black spot
appears on the bubble. This is believed to be due to absence
of solution between the outer and inner laminae, the spot consist-
ing of the micelles of acid soap. This hypothesis is supported
by the fact that the electrical conductivity is greater through the
black area and that the passage of an electrie current through the
film causing water to electroosmose through the black area
results in the disappearance of the latter. The black area is
5 to 15 mu thick and the transition from it to the surrounding film
is very abrupt, the film bordering it being at least 100 my thick.

Protein solutions produce rather stiff and permanent foams as
is well-known in the preparation of “marshmallow’ whips from
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solutions of gelatin and sugar and of meringues irom egg white.
The foaming power is greatly influenced by the pH of the solution
as shown by an experiment upon gelatin plotted in Fig. 128.1%
The greatest amount of foam is obtained in this instance at the
isoelectric point where the gelatin is least soluble and thin films
of it would be expected to be the most h:terogeneous. According
to drop-weight and capillary-rise measurements,* the surface
tension of protein solutions is at a minimum at or near the iso-
electric point."* The meringues produced by the whipping of
egg white certainly are excellent cxamples of durability being a

Foaming Power
T

I S T N NN NS RO B
2 3 4 5 6 7 8 9 10
pH

Fia. 128.—Foaming power of gelatin solutions as a function of pH.

function of the solidity of the bubble walls because egg albumin
denatures when concentrated in films, thus producing water-
insoluble films.

Very finely divided particles which are but poorly wetted by
the liquid phase serve as foam stabilizers. Such foams consist
of small bubbles coated with the finely divided insoluble matter
and are inelastic. The shaking of soot in a dilute aqueous solu-
tion results in a rather persistent foam. Hydrophilic or protec-
tive colloids prevent the foam-stabilizing action of such powdery
matter. A pinch of clay added to a sodium oleate solution, which
is too dilute in itself to lather, results in the formation of a per-
sistent lather upon shaking.’®* Aqueous solutions of the acetates
of metals froth readily.”” Here, apparently, the froth stability
is promoted by the colloidal metallic oxyacetate present. '

Breaking of Foams.—From Gibbs’s surface-concentration
law, it follows that substance 4, which lowers the surface tension

* When measured by the Sugden maximum bubble-pressure method, the
surface tension of protein solutions shows decidedly different results.®
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more than substance B does, will displace B from the interface.
The nature of a foam stabilized by B may be altered by the addi-
tion of A. For example, the addition of a little soap solution to a
saponin solution results in the production of bubbles which are
elastic, characteristic of soap bubbles as contrasted with inelastic
saponin bubbles. Soaps lower the surface tension much more
than saponins do.

If substance B produces rigid films while A produces low
viscosity and delicate films, then the addition of A should shorten
the life of the foam. Quincke!® discovered that traces of ethyl
ether quickly destroy foams. In fact, it is stated that the open-
ing of a bottle of ether near a glass of beer is sufficient to cause the
foam to fall. Ether is used as a foam destroyer in sugar analysis.
The protein and gummy substances in raw sugar produce per-
sistent foams when the solution of sugar is shaken. A drop of
ether causes the foam to eollapse and permits adjustment of the
solution in the flask to quantitative volume.

The higher alcohols, especially caprylie, heptylic, and nonylic
alcohols, are employed as foam annihilators in laboratory work.
A tiny drop effectively breaks and prevents foaming of protein
and of tannin solutions in the bubbling-type hydrogen-ion cell.
Isoamyl valerate! and mixtures of it with isoamyl alcohol are
excellent foam inhibitors. Cheaper foam breakers may be pre-
pared by dissolving rosin (20 per cent) in turpentine® or by
mixing equal volumes of kerosene and caprylic alcohol.?

The foaming of boiling liquids is subdued by blowing a current
of air or inert gas over the surface. The action is attributed to
sudden condensation of the vapor filling the bubbles.?? This
method has been applied to the suppression of foams in yeast-
fermentation vats.?? Foaming in evaporators has also been
suppressed by spraying a small amount of nonvolatile oil over the
surface.2t This recalls a previous statement that bubble life
in certain cases is shortened by prevention of evaporation
(Fig. 127).

Inorganic salts promote the foaming of solutions containing
traces of surface-tension lowering solutes. It appears that the
foaming troubles experienced at times in the evaporation of
brines is due to the presence of traces of surface-active organic
matter which is rendered more active upon concentration of the
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salt solution. Troublesome foaming in the evaporation of potash
brines at Deep Springs Valley, California, was overcome by
tacking strips of lead to the steel shell of the evaporator so that
they hung in the brine. The effect was attributed to the oxida-
tion of organic matter by hypochlorous acid produced by the
electrolytic action between the lead and iron.?® A patent® on
the prevention of foaming of brines specifies the electrolytic
generation of chlorin in the liquid.

Foaming (‘“‘priming’’) in steam boilers is not due to the pres-
ence of surface-tension lowering substances according to Millard
and Mattson.¥ Foaming in locomotive boilers has been traced
to the presence of suspended matter and sludge. Filtration of
the water and frequent blowing off of the calcium carbonate
sludge have been found remedial.® This is an example of unde-
sirable foam stabilization by finely divided solid matter.
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CHAPTER XVI
EMULSIONS

An emulsion is a heterogeneous system consisting of drops of
one liquid dispersed in the bulk of a second liquid. In general,
such a dispersion may be formed either by mechanical disintegra-
tion of bulk material into the droplets forming the dispersed
phase or by condensation of molecules of the dispersed phase to
larger particles. As fast as a dispersion forms, however, the
dispersed particles will coalesce when they touch each other,
thus reducing the surface energy of the dispersed system, unless
the process of coalescence is inhibited or stopped. To accom-
plish the latter, a third substance called an ‘“‘emulsifying agent”
must be present. This may be a substance which is much more
soluble in one liquid than in the other, or it may be insoluble in
both liquids; in this case the more finely pulverized it is, the
better it functions.

Hence three components are essential for the formation of an
emulsion: two liquids which are immiscible, or nearly so, and an
emulsifying agent. The common types of emulsion are those
wherein one of the liquids is water. The water may be dis-
persed in an organic liquid (WO)* and thus be the discontinuous
phase, or it may be the continuous phase owing to the dispersion
of the organic liquid in it (OW).* The factors governing the OW
or WO distribution will be discussed throughout this chapter.

Theory of Emulsions.—Until the beginning of this century,
there was no organized fundamental knowledge which might be
said to constitute a general theory of emulsions. In the first
twenty years of this century there appeared certain generaliza-
tions which were attractive, but the experimental data accumu-
lated in recent years demonstrate that emulsions are very-
complicated systems and it seems that no one simple theory will
apply to all emulsions.

* OW will be used to signify emulsions of organic liquid in water, and

WO to signify emulsions of water in organic liquid.
412



EMULSIONS 413-

One of the theories states that emulsions are formed if the
emulsifying agent lowers the interfacial tension between the two
liquids"? and thus is concentrated at the interface. The liquid
having the lower surface tension constitutes the dispersion
medium,® or the liquid wetting best the emulsifying agent
becomes the dispersion medium.® This is called the “surface-
tension theory.”

Another holds that the emulsifying agent deposits in the
interface in a monomolecular layer in such a manner that the
group which has an affinity for water is buried therein, while
the organophile group is submerged in the organic liquid.*®
This is known as the “oriented-wedge theory.”

Yet another ascribes emulsification to the envelopment of the
dispersed droplets by viscous or more or less plastic films of the
emulsifying agent, surface tension not being significant.”

Quincke! prepared emulsions of various fatty oils in aqueous
solutions of sodium hydroxide or of gum arabic and showed that
the interfacial tensions between the oils and these solutions were
lower than those between the oils and pure water. Previous to

~Quincke’s work it had been found that rancid or acidic fatty oils
yielded better emulsions in dilute alkaline aqueous solutions than
pure oils did.

Donnan’s investigation showed that the emulsifying powers
of alkali were really due to the soap formed by interaction with
the small amount of free fatty acid that is generally present in
fatty oils. He proved this by means of the drop-number method
and stated that those fatty-acid salts which greatly 'lower the
surface tension are good emulsifiers, and that since they lower the
surface tension they must concentrate in the surface layers about
the droplets of oil, and since the soap layer is still more concen-
trated at the points of contact, where bubbles might happen to
come together, capillary forces tend to separate them.

In a later work, Donnan and Potts? measured the drop numbers
of aqueous solutions of the sodium salts of the saturated fatty
acids from acetic to lauric in which it was found that all lowered
surface tension—the lowering effect increasing with the higher
molecular weights—but that it is strongly evident first with
sodium caprylate (Fig. 120).
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While pronounced lowering of oil-water interfacial tension is
evidenced first by sodium caprylate, suitable emulsifying power
is not afforded, however, until sodium laurate is reached. This
points to an additional factor. Sodium salts of the lower fatty
acids form true solutions, while, starting with sodium caprylate,
evidence of colloidal solution is first noted which becomes more
pronounced with sodium laurate.! Donnan and Potts concluded
therefore that, while lowering of interfacial tension accounts for
the concentrated films of the salts at the interface, very viscous
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F1a. 129.—Decrease in the molecular area of sodium oleate in emulsion.

or possibly gelatinous films which offer resistance to the coales-
cence of the globules are essential for stability of emulsions.

According to the surface-tension theory, the amount of soap
taken from the aqueous phase and deposited at the oil-water
interface should increase with the degree of dispersion of the oil
in water. This has been experimentally verified (benzene-in-
water emulsions).?

It is to be expected that, when the emulsifying agent lowers
the interfacial tension, the mechanical disintegration of the liquids
will be materially aided. Harkins!® showed this for the benzene-
water interface where the interfacial tension (35.0 dynes per
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centimeter at 20°) is reduced to 1419 of this value by the presence
of sodium hydroxide in the water and oleic acid in the benzene
to the extent of 0.1 N. He observed that when the interfacial
tension was below 10 dynes the benzene emulsified easily in the
water, while when below 1 dyne it emulsified spontaneously.

It has been mentioned previously that some investigators
believe that a monomolecular layer of the emulsifying agent
deposits in the interface. Experimental work here has been
confined to the soaps as emulsifying agents. Recently Harkins!!
has made careful measurements of the amount of soap concen-
" trated in the interfacial film surrounding paraffin-oil globules

“Hydlrocarkon chain

F1a. 130.—A drop of oil emulsified in water by an alkali soap according to the
oriented-wedge theory.

emulsified in 0.02 M aqueous sodium oleate solution. The
initial molecular area of soap in the film was 44.5 A? and this
decreased gradually until the area fell to about 20 Az, at which
value it remained constant, corresponding to a “condensed”
or closest packed film. The time effect is shown in Fig. 129 and
it is stated that increasing the concentration of soap in the aque-
ous phase produces the closest packed film more rapidly.!
An illustration of this idea is given in Fig. 130.

If this picture represents the true state of affairs, then if the
group soluble in the water occupies more space than is necessary
for the closest packing of the hydrocarbon chain, the latter can
be packed more closely if the film is convex on the water side,
as illustrated in the figure, and hence the name “oriented
wedge.”
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The size of the drops and the stability of the emulsions should
vary with the dimensions of the polar head of the soap molecules.
This was once thought to be true®® but the original experimental
evidence has been disproved.!*!* Since the radii of the droplets
in such emulsions are at least 250 times greater than the lengths
of the soap molecules, it is improbable that the latter can affect
the size of the emulsified drops. In solutions as complicated
as those of soaps, it is doubtful also whether simple molecular
orientation is general.

Inasmuch as soaps of the di- and trivalent metals show a
tendency to make WO emulsions, the ‘“oriented-wedge’’ theory
was extended in the following manner.®! The direction as well

F1ag. 131.—A drop of water held in o0il by a heavy-metal soap according to the
oriented-wedge theory.

as the degree of curvature should vary, first, with the atomic
volume of the metal, being more convex the larger this volume,
and, second, with the number of hydrocarbon chains attached to
a single metallic atom, according to its valence. Zinc soap,
for example, would correspond to Fig. 131, making the interface
convex toward the oil side, while an aluminum soap should give
still more curvature and more stable emulsions of water in oil.
Where the cross section of the hydrocarbon chain and that of the
metallic end are of the same magnitude, there would be no tend-
ency to curvature, and no very stable emulsion, in spite of the
high adsorption of soap at the interface which is still possible.
According to this theory, then, the relative emulsifying nowers
of a series of soaps should be predictable, if the atomic volumes
of the metallic ends are known. From the work of Hull,4
Bragg,!® and Richards!® the data in Table 70 were made available.
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TABLE 70.—RELATIVE SIZES OF ATOMS

Atomic diameters

Element In halides Atomic
In metal volumes

(Hull)

Bragg Richards

Cs..ooviiii 4.75 |3.8 70.6
Koo 4.15 |3.46 (in KCl) 45.3
Na.............o.oo. .. 3.72 3.55 |2.85(inNaCl)| 22.9
Ag. ... 2.87 3.55 10.3
Ca......ooooviii . 3.93 3.40 12.6
Mg....ooo oo 3.22 2.85 7.0
In...................... 2.67 2.65 4.6
Al 2.86 2.70 3.4
Fe...................... 2.48 2.80 2.3

According to Hildebrand,®

. . . these figures would indicate that the ability of soaps of caesium,
potassium, sodium, and silver to emulsify oil in water would decrease in
* the order given; or, viewed from the other angle, their ability to emulsify
water in oil should increase in this order; that the soaps of the divalent
metals calcium, magnesium, and zinc should have much less ability to
emulsify oil in water or much greater ability to emulsify water in oil, and
further, that they should vary in these respects in the order given. . . .
The soaps of the trivalent metals aluminum and iron should exhibit the
greatest tendency to emulsify ‘water in oil.

Criticism of this theory has been made!® on the basis of the
improbability of the existence of simple molecules of soaps of the
polyvalent metals. The same critics also doubt the formation
of simple and regular monomolecular films.

Tartar and associates,'+!® working with various organic liquids
and water, using several soaps as emulsifying agents, have shown
how complicated these systems may be. Shaking 12 ce. of
benzene with 4 cc. of 1 per cent aqueous solution of sodium oleate
or of sodium stearate, they obtained OW emulsions as expected;
but when a certain amount of sodium chloride was present, WO
emulsions were formed. Addition of sodium hydroxide also
favored WO emulsions. With sodium laurate the emulsions were
never WO in the presence of sodium chloride, or in the presence
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of potassium chloride when potassium laurate, stearate, or oleate
was used as emulsifying agent. On reversing the volume ratios
of benzene to water, they obtained similar results, although
increase of the ratio of benzene to water favored the WO type.
The latter type was likewise favored by increasing the concen-
tration of soap. Further, it was found that elevation of tem-
perature favored the OW type. A WO emulsion (sodium stearate
as emulsifier), on being warmed and shaken, inverted to the OW
type and reversed again on cooling.

T I = ——
557 Na Stearate” .
45%- , Na Palmitate .
g
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F1a. 132.—Effect of temperature and of concentration of soap upon inversion of
benzene-water emulsions.

Investigation revealed the fact that these unexpected forma-
tions of WO emulsions took place when soap was extracted from
the aqueous phase by the benzene. One would not have expected
this in the case of sodium soaps, but it was demonstrated that
under the conditions which produced WO emulsions the soap had
moved into the benzene, forming a transparent benzenogel.
Sodium laurate and the potassium soaps which never formed WO
emulsions did not transfer from the water to the benzene.

Owing to an accidental discovery of the influence of tempera-
ture, the investigators studied the effect of temperature and of
soap concentration upon this phenomenon, producing the infor-
mation plotted in Fig. 132. Five cubic centimeters of benzene
were added to 5 ce. of the hot aqueous soap solution. The con-
tainer was stoppered and allowed to cool to 5° and shaken
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vigorously for 5 min. After being tested for type, the emulsion
was kept at 2.5° higher temperature for 20 min., again shaken,
examined for type, and so on.

To the left and above each curve, the soap was unable to
stabilize WO emulsions, whereas the area under the curve repre-
sents the conditions for WO emulsions. The greater water solu-
bility of the palmitate over that of the stearate is reflected in the
lower limiting temperature of inversion, 7.e., where the curves
flatten out.

Near the temperature of inversion dual systems were obtained,
consisting of large water drops in which organic globules were
suspended.

Weichherz! obtained analogous results using tetralin, paraffin
oil, and xylene. Dry sodium oleate was dispersed in the hot
organic liquid which gelled upon cooling. Then shaking with
water produced WO emulsions which upon addition of water
inverted to OW at a critical concentration (irrespective of the
phase-volume ratio).

When Tartar used nitrobenzene instead of benzene, the
emulsions were always OW with all’ of the soaps mentioned,
although toluene, xylene, carbon tetrachloride, and chloroform
acted qualitatively like benzene. In comparing the results
obtained with the soaps with respect to ease of emulsifiability,
the addition of —CH; groups to the benzene ring was beneficial; -
—NH, seemed to exert an inhibitory influence, while the further
addition of 2CH; groups seemed to overcome this as revealed by
experiments with dimethylaniline. A nitro group, as in nitro-
benzene, favored emulsification.

The influence of the chemical nature of one of the liquids upon
phase distribution is shown in experiments upon lecithin and
water. When oleic acid was the other liquid, the emulsions were
always WO, but always OW when aniline and other basic organic
liquids were used.?

Ordinarily bivalent metallic soaps are considered to serve as
WO emulsifiers, but Tartar and his associates found that dilute
aqueous solutions of magnesium heptylate, caprylate, and
caproate and calcium valerate formed OW emulsions when shaken
with benzene. These emulsions were stable for only 2 to 4 hr.,
however. The WO emulsions formed when the aqueous soap
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solutions were sufficiently concentrated as to contain ‘colloidal
soap’’ or suspended solid particles. When benzene solutions of
calcium and of magnesium oleates were shaken with water, the
influence of the phase-volume ratio became marked, the phase of
greater volume usually becoming the continuous one.

When equal volumes of the systems just mentioned were
shaken gently, WO emulsions were produced, while violent shak-
ing produced the OW type.* The latter were the more stable,
persisting for several hours, while the WO usually broke in 10 to
15 min. ; temperature and concentration of the soap in the benzene
did not seem to have any influence.

Holmes claims that an optimum viscosity of the interfacial
film is more important than lowered surface tension, as a result
of studies of kerosene-oil-water emulsions, using gelatin?' and
pyroxylin?? as emulsifying agents.

A substance which lowers the interfacial tension will deposit at
the interface and thus give rise to an emulsion, but in the words of
Ramsden?® the ‘persistence of many emulsions is determined
largely, among other factors, by the presence of solid or highly
viscous matter at the interfaces of the two liquids.”

The optimum amount of gelatin for emulsification was found
to be one that gives the aqueous solution a viscosity slightly
greater than that of water. This can be accomplished by using
a small amount of gelatin in pure water (0.1 to 0.3 per cent) or,
better, by using an excessive amount in the presence of a salt
which liquefies gelatin, such as sodium iodide. For example,
a 2.4 per cent aqueous solution of gelatin did not yield a stable
emulsion of kerosene in water, but upon the addition of sodium
iodide it gave a very stable emulsion. Salts which solidify
gelatin, such as sulfates, produced the opposite effect.

The influence of density and viscosity of one of the liquids
upon the distribution of phases shows up in some of Seifriz’s?*
experiments upon mineral oil-casein-water emulsification (Table
71).

-The casein was dissolved in dilute potassium hydroxide solu-
tion and brought to ‘‘the neutral point’’ with acetic acid, yielding
a fine colloidal suspension of casein which was dialyzed to remove

* The same phenomenon has been reported for the case of toluene-lecithin-
water.20



EMULSIONS 421

TaABLE 71.—INFLUENCE oF DENsITY OF OIL ON EMULsION TYPE

Specific gravity of oil | Type of emulsion | Texture Stability
0.664¢ ow Fines Stable?
0.726° ow Fine Stable
0.803 ow Fine Stable
0.818 ow Fine Stable
0.820¢ ow Medium Moderately stable
0.828 ow Coarse Unstable
0.839 | ... | ... Separates immediately
0.849 P Separates immediately
0.856 B P Separates immediately
10w Coarse Unstable
0.857 or WO/ Fine Stable
2 WO Medium Moderately stable
0.869¢ wo Medium Stable
0.874 wo Fine Stable
0.884 wo Fine Stable
0.895° WO Fine Stable

a Isohexane (boiling point = 77°C.).

b Isooctane (boiling point = 118°C.).

¢ Boiling range = 130 to 150°C. at 67 mm. Hg pressure.

4 Boiling range = 210 to 230°C. at 67 mm. Hg pressure.

¢ Boiling range = over 270°C. at 67 mm, Hg pressure.

7 Both types coexist in the same emulsion.

v A fine texture is one in which the oil or water droplets average 0.02 mm. or less: in an
emulsion of medium texture the globules vary from 0.02 to 0.5 mm.: and a coarse emulsion
is one in which the dispersed oil or water drops are over 0.5 mm. in diameter.

A Stability is purely a relative term here. Since most emulsions were treated with elec-
trolytes, they were not allowed to stand, except in s few instances, for more than 15 min.
An emulsion which showed little or no sign of separating during that time was recorded as
‘““stable.”” A ‘‘moderately stable” emulsion was stable for several minutes only. An
‘‘unstable’ emulsion separated in less than a minute.

the electrolytes. The concentration of casein was 0.2 per cent
of the aqueous phase. Equal volumes of oil and water were
shaken together by the Briggs’s intermittent method.

From Seifriz’s data it seems that when petroleum distillates
are emulsified with water and “neutral” casein and are (1) of
less than 0.820 specific gravity, they form fine, stable OW emul-
sions; (2) of 0.820 to 0.828 specific gravity, they form coarse and
poorly stable OW emulsions; (3) of 0.828 to 0.857 specific gravity,
which constitutes a zone of instability, no emulsion at all is
formed; (4) of 0.857 to 0.869 specific gravity, the oils form coarse
to medium, poorly to moderately stable WO emulsions; and (5)
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of 0.869 to 0.895 specific gravity and above, fine and stable WO
emulsions are produced.

When sodium or barium hydroxide was added to these emul-
sions, the OW emulsions became more stable, while the WO ones
were reversed. Thorium nitrate and aluminum sulfate exhibited
the same effect although much less readily.

Fia. 133.—Some of Seifriz’s emulsions,

The behavior of a similar casein emulsion of olive oil in water was
different.?* Neutral casein emulsified water in olive oil. The
addition of sodium hydroxide reversed it to OW, while the subse-
quent addition of barium chloride or barium hydroxide reversed
it back again to WO. Olive oil-in-water emulsions emulsified
by gliadin or cholesterol behaved similarly.

It is difficult indeed to crystallize any general rule of behavior
from such confusion. Part of the conflict in behavior may be
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cleared up by a more exact definition of an emulsion. The writer
is inclined to think this from an examination of one of Seifriz’s
experiments on ‘double reversal of emulsions’’ which he describes
as follows:

A mixture of 25 cc. of a petroleum distillate of 0.834 specific gravity
and 25 ce. of an aqueous casein dispersion cannot be emulsified by
repeated shaking. The two phases separate immediately. The addi-
tion of 0.03 cc. of 0.2 M barium hydroxide causes, after shaking, the
production of a coarse but moderately stable water-in-oil emulsion, in
the large water globules of which are a few scattered oil droplets. These
latter are the forerunners of the future oil-in-water emulsions (A).*
One drop more of 0.2 M Ba(OH): (0.66 cc. of hydroxide in 50 cc. of
emulsion) leaves the coarse water-in-oil emulsion unchanged but
increases the amount of dispersed oil in the water globules (B). One
cc. of 0.2 M Ba(OH), reverses the entire emulsion into a stable oil-in-
water system (C). . . .

While the above description is the usual effect of barium hydroxide
and of sodium hydroxide on the petroleum distillates which lic in the
zone of instability (specific gravity 0.828 to 0.857), some surprising
~ variations of this behavior often occur. Two samples of an unstable
mixture of a hydrocarbon oil of 0.828 specific gravity behaved quite
differently as follows. One sample practically duplicated in behavior
the emulsion described above. It gradually became a fine stable water-
in-oil system on the addition of 0.2 cc. of 0.2 M NaOH. Further addi-
tion of alkali coarsened the water-in-oil emulsion until at a concentration
of 5 ce. of 0.2 M NaOH the two phases separated. One more cc. of
hydroxide produced a fine stable oil-in-water emulsion. A second
sample of this same originally unstable mixture became immediately a
fine and stable oil-in-water emulsion on the addition of barium hydrox-
ide, thus omitting altogether the preliminary water-in-oil stage through
which its sister sample went. . . .

Still another unstable emulsion of a petroleum distillate of 0.852
specific gravity passed through the preliminary stages of establishing a
water-in-oil emulsion but instead of this emulsion subsequently reversing
into an oil-in-water one at a moderate concentration of hydroxide, it
became so thoroughly established that at 25 cc. of 0.2 M Ba(OH): the
system was still a fine water-in-oil one with no indication of reversal
into the opposite type (D). Ten more cc. (total 35 cc.) of hydroxide
reversed the system into a fine stable oil-in-water emulsion (E). The

* The author is indebted to Dr. William Seifriz for the photographs
A, B, C, D, and E in Fig. 133.
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firm establishing of this water-in-oil emulsion is possibly in part
accounted for by the fact that the oil (specific gravity 0.852), though
within the unemulsifiable zone of instability, is very near the upper limit
of the zone (specific gravity 0.857) at which point petroleum oils form
stable water-in-oil emulsions without the addition of any electrolyte.
The first oil discussed (specific gravity 0.834) which became at the outset
& water-in-oil emulsion and later reversed with a low (1 cc.) concen-
tration of hydroxide, is near the other end of the unstable zone below
which point (specific gravity 0.828) the petroleum distillations form
stable oil-in-water emulsions without the addition of an electrolyte. .

These double reversals of petroleum oil emulsions with the same
electrolyte take place only on the addition of a hydroxide, and more
frequently with barium than sodium hydroxide; and only with petroleum
distillates which lie in the zone of instability.

The emulsion of large drops of water in oil, as depicted in 4
of Fig. 133 with the small oil drops emulsified in each large
globule of water, should be called a ‘pseudo-emulsion”; 7.e.,
the shaking up of equal volumes of oil and water with casein
(which is on the edge of precipitation) results in breaking up the
water phase as well as the oil phase, the former being held broken
up by the viscous films of deposited casein and the viscosity of the
magma generally. The whole changes to a real OW emulsion
when the casein has been dissolved to a clear solution of barium or
sodium caseinate.

Emulsifying Agents.—There are three groups of emulsifying
agents: crystalloid, colloid, and insoluble solids. It will be con-
venient to apply to the first two the term hydrotropic agents which
was suggested by Neuberg? to designate wetting, detergent, and
emulsifying agents. -

The crystalloidal hydrotropic agents® are generally salts
either of carboxyl groups (-COOM), of sulfonic (-SOsM), of
sulfinic (-SO;M), of ethereal sulfuric radicals (-O - SOsM) or
of phenolic groups (-OM). The compounds may be straight
chains or rings. So long as the salt-forming group is not altered,
there may be many substituents (halogen, amino, nitro, or
hydroxyl groups) without spoiling the hydrotropic properties.
The number of groups and their position play a leading réle.
There are hydrotropes which are active in a dilution of as high
as one in a thousand.
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Neuberg has shown that they peptize water-insoluble proteins
and prevent the precipitation of proteins by alcohols and heat.
They also inhibit the precipitation of water-insoluble inorganic
compounds.

As detergents they are valuable owing to their stability in
presence of acids and lime salts. Here high molecular sulfoacids,
joined to insoluble alcohols (such as cyclohexanol and benzyl-
alcohol) or to simple and chlorinated hydrocarbons, or hydro-
genated naphthalenes are used either alone or mixed with soaps.

Of a large number of compounds studied by Neuberg, the
following were found to be hydrotropic: benzoic acid, benzenesul-
fonic acid, their homologues and substitution products, naphthoic
acids and decrivatives, naphthalene sulfonic acids, thiophene
carboxylic acid, pyromucic acid, phenylacetic acid and homo-
logues, aliphatic-aromatic acids, further the benzene- and toluene-
sulfinic acids, nitrobenzoic acid, the amino, halogen, oxy, and
methoxy derivatives of benzoic, mandelic and cinnamic acids,
as well as a large number of acids of the naphthalene series.
Hydrotropic properties are especially marked with acids and their
derivatives in the hydroaromatic series.

Neuberg’s method of investigation was to add the hydrotropic
agent to water and then add a substance to be stabilized such as
amyl aleohol, cyclohexanol or benzyl alcohol, noting how much
water could be present without rendering the homogeneous-
looking, clear solution turbid. He found the following to be very
good hydrotropes: anthranilic acid, hippuric acid, sodium
phenolate, and salicylic acid.

On the other hand m-oxybenzoic acid was only weakly hydro-
tropic and p-oxybenzoic acid was practically inert.

Other very good hydrotropes were the alkali salts of cresotinic,
anisic, phenylacetic, hydrocinnamie, a-phenylpropionic, pyro-
mucie, and oxynaphthoic acid.

Good hydrotropic action was shown by the alkali salts of
abietic acid and cyclohexane carboxylic acids, benzenesulfonic,
toluenesulfonie, naphthalene sulfonic, and of amyl sulfonic acids.

The hydrotropic properties of phenylacetic acid are eclipsed
by phenylglycine and by phenylglycine-o-carboxylic acid. A
further increase in hydrotropic nature is obtained by introduction
of a benzyl group on a nitrogen atom as in n-benzyl phenyl



426 COLLOID CHEMISTRY

glycine. A corresponding substitution product of phenyl glycine-
o-carboxylic acid with greater activity is n-benzylphenylglycine-o-
carboxylic acid, CeH4(COOH).N (CHz.CoHﬁ).CHz.COOH.

In a similar manner more active derivatives of anthranilic
acid are prepared, e.g., monobenzyl anthranilic acid and dibenzyl
anthranilic acid, the latter being more active than the former.

A powerful nitrogenous hydrotrope is the sodium salt of
2-phenylquinoline-4-carboxylic acid.

The simple compounds methyl and ethyl alcohols, phenol, and
resorcinol have been shown to emulsify benzene in water.?

The colloidally dissolving emulsifying agents which are com-
monly used are soaps, resinates, proteins (such as casein, gelatin,
albumin, hemoglobin, gliadin), protein hydrolysis products (such
as peptones, gelatoses), water-soluble gums and mucilages (such
as arabie, tragacanth, Irish moss), colloidal carbohydrates
(such as starches, dextrins), egg yolk, lanolin, cholesterol, lecithin,
saponin, sulfonated oils, gum resins (such as dammar, elemi),
amylene, triethanolamine soaps, and trihydroxy ethylamine
stearate. They produce more stable emulsions undoubtedly
owing to the semisolid interfacial films formed by them.?

This statement is supported by the fact that gelatin yields
the most stable emulsions of benzene in water when the pH value
of the aqueous phase is at the isoelectric point of gelatin.?® The
pH value of the solution is undoubtedly significant for other
colloidal emulsifiers; OW emulsions of fatty oils are the most
stable at pH = 4.1 to 4.3 with gum arabic and at pH = 2.5 with
gum tragacanth.3!

The distribution of the phases (i.e., OW or WO) has been
believed to be unerringly predictable on the criterion of wetting
or solubility, the liquid best wetting or dissolving the emulsifying
agent being the dispersing liquid. In the light of recent work,
however, this rule has been found to fail in certain cases, since
the distribution of the phases is influenced by the volume ratios
of the two liquids, the manner of mixing and agitating, and their
chemical nature, as well as by the nature of the emulsifying
agents. Only as a first approximation can the rule of wetting or
solubility be used. For example, we have seen that WO emul-
sions can be formed with alkali soaps or OW with higher valence
metallic soaps, although they may not, however, be so stable as
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the form predictable by the idea of preferential wetting or
solubility. While proteins invariably give OW emulsions, yet
we have seen that Seifriz obtained WO emulsions in certain cases,
using casein. In his case, the highly viscous liquid entrapped the
low-viscosity water. Had he used a larger ratio of water to oil,
he might have obtained OW emulsions. The superior volume of
one phase may make it the continuous phase,3>33 regardless of
the wetting of the emulsifier, although if the continuous liquid is
not viscous the emulsion may not be very stable. That this may
happen is obvious from a purely mechanical aspect of the disin-
tegration of the liquid particles.

This is in fact illustrated by one of Seifriz’s experiments,
wherein the volumes of water and of heavy petroleum were varied,
and “neutral’ casein was used as emulsifying agent. With 25
volumes of oil and 10 volumes of water, a WO system resulted,
while 25 volumes of oil and 35 volumes of water gave an OW
emulsion. Further, WO systems of equal volumes of heavy
mineral oil and water, when allowed to stand 20 min., yielded
OW emulsions upon reshaking. -

Further evidence of the influence of volume relationships on
distribution of phases has been given in the emulsification of
water-oleic acid mixtures in a colloid mill.’¥ For volume com-
positions from 5 to 40 per cent oleic acid, the oleic acid was the
dispersed phase; while with mixtures containing greater volumes
of oleic acid, water was the dispersed phase. No emulsifying
agent was used. An experiment where ‘“Stanolax” (a heavy
mineral oil) was used gave a similar effect.’®* With 50 per cent
by volume of oil, water was the dispersed phase, but with 40
per cent of oil, the oil was the dispersed phase.

A similar behavior has been observed in the emulsification of
water-cresylic acid mixtures, using gelatin as stabilizing agent,
and the “shake’ method of disintegration.?* Other factors, such
as the mode of shaking and the age of the gelatin solution, also
affected the phase distribution, a fresh aqueous gelatin solution
giving the WO type, an old one the OW type; gentle shaking
favored the OW type, while vigorous shaking favored the reverse
type. :

An excellent example of the effect of the mode of emulsifying
is referred to by Clayton, viz., in margarin manufacture, where
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about 80 volumes of oil are emulsified with 20 volumes of water
and milk, which should promote the oil-in-water type of emulsion.
If the oils are slowly run in the milk at about 30°C. with constant
agitation, a thick and quite stable emulsion of oil-in-milk results.
If, however, both phases are placed in bulk in a churn and then
agitated, an emulsion of milk in oil is obtained, but of poor
stability. The latter result is obtained if the milk is slowly
added to the total volume of oils in the churn with constant
agitation.3®

The use of an insoluble solid as emulsifying agent seems to
have been reported first by Tfol* who found that an argillaceous
earth readily emulsified oils in water. His interest was aroused
by the knowledge that Arabs in Northern Africa used this earth
as a substitute for soap in washing linen.

Pickering® was probably the first to study the efficacy of cer-
tain solids as emulsification agents, finding that basic copper
sulfate made by adding 1 part of CaO to 7 parts CuS0,..5H.0
in solution in water is an excellent emulsifier. At least 1 part
of CuS04.5H;0 converted to the basic salt is needed to emulsify
120 parts of paraffin oil. Immediate and stable emulsification
results by a few strokes of a syringe and the product is said to be
efficient as a germicidal spray in agriculture.

Kaolin, fuller’s earth, and colloidal clay have been found
to act as satisfactory emulsifiers of mineral oil in water for
insecticidal sprays and ‘have been found less likely to ‘“burn”
the foliage than when soap is used.3®

Pickering’s experiments with other solid substances showed
the following emulsifying action of solids: Basic ferrous sulfate,
basic copper sulfate, and basic nickel sulfate are the best. Fer-
rous and ferric hydroxides are good. Basic zinc and basic
aluminum sulfates give good emulsions temporarily. The pre-
cipitate formed by adding sodium carbonate to copper sulfate
is good. Calcium carbonate and arsenate are good when freshly
precipitated but they soon become crystalline and deemulsifi-
cation follows. Lead arsenate and some unheated fine clays are
good. Iron sulfide is good for small amounts of oil and zine
oxychloride is fair.

Silver dichromate has been used to emulsify chloroform in
water.®®
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Pickering pointed out that, for an insoluble solid to form an
emulsion of oil in water, its particles must be exceedingly fine,
it must be readily wetted by water and preferably amorphous.
It would follow from Pickering’s work that a finely divided
solid which is wetted better by an oil than by water should
emulsify water in oil. It has been found that soot will emulsify
water in kerosene, turpentine, benzene, or toluene.® With 60 cc.
kerosene, 240 cc. water, and 1.5 g. soot an almost solid water-in-
oil emulsion is obtained. Aqueous ammonium chloride solutions
can be emulsified in kerosene by the aid of lamp black.4* Highly
calcined lamp black and petroleum coke are not satisfactory
emulsifying agents.

If the angles of contact between liquids and insoluble solids
were known, it would be possible to predict which liquid of the

Ligquida 1

Liguid 2 &

Fig. 134.

two would be the internal phase in an emulsion with a given
insoluble powder.
If S in Fig. 134 is a small solid sphere, the condition for equi-
librium is )
Yie = Y26 + Y1,s COS

where v = interfacial tension. When y;, > Y2,5, then cos « is
plus and e is less than 90°. The solid will tend to be drawn
into liquid 2. When v, < 73, €08 « is minus and o > 90°
and the solid will be drawn into liquid 1. In order that a powder
may serve as an efficient emulsifying agent, it must be wetted to
a certain extent by both liquids.

If there are enough particles to fill the interface, the tendency
of the interface to contract will cause it to bend, as shown in
Fig. 135, in the direction of the more poorly wetting liquid, which
makes it easy for the latter to become the dispersed phase.!®
The solid, in order to behave in this way, must be easily dis-
persed in the outer liquid, its particles not tending to agglomerate
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therein or to stick together when serving as a protective coating
for the emulsified drops. If a solid is wetted equally well by
both liquids, emulsification obviously cannot be obtained.
Emulsions with solid emulsifiers may arise when a hydrosol is
shaken with an oil, provided some precipitating factor is present,
as illustrated by the experiments made by Briggs.? Ferric
oxide hydrosol was shaken in a bottle with benzene (or kerosene),
but no emulsion was produced, the benzene and water separating
into two continuous layers shortly after shaking ceased. When,
however, some sodium chloride was added to the ferric oxide
hydrosol and the latter was shaken anew with benzene, a coarse

——— —— —— Ouferlgud —
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Fia. 135.—Particles of a finely divided solid acting as emulsifying agent.

unstable OW emulsion was produced. As the concentration of
salt was increased, the stability and the degree of dispersion of
the emulsified benzene were greatly enhanced, fairly permanent
emulsions being ultimately obtained. In time the emulsified
benzene in water floated to the top of the water layer in the form
of a brownish-yellow cream and carried with it a large proportion
of the iron oxide originally suspended in the aqueous phase.

These experiments indicate that sodium chloride, a weak
flocculating agent, drives ferric oxide out of colloidal solution
and forces it into the interface. By doing so, it causes the finely
precipitated oxide to act as an emulsifying agent. Barium
chloride, also a weak precipitating agent toward ferric oxide sol,
behaved like sodium chloride in bringing about emulsification.
But when sodium sulfate was added, no emulsions were produced
because the ferric oxide was precipitated in flocculi which were
too coarse.
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Arsenious sulfide sol acted like ferric oxide sol when treated
with sodium chloride but was precipitated in too large flocculi by
barium chloride.

The emulsifying efficiency of an insoluble powder is affected
by the presence of a suitable solute in one of the liquids. For
example, while pure benzene is not emulsified in pure water by
clay powder, an emulsion will result upon addition of a drop of
pyridine, nitrobenzene, amyl alcohol, alcohol, acetic acid, sodium
hydroxide, barium chloride, or sodium nitrate.4* These adjuncts
must effect a change in the wetting powers of the two liquids
toward the powder.

Determination of Phase Distribution.—An emulsion can be
diluted with its dispersion medium, as might be expected. Con-
sequently, an OW emulsion will be freely miscible with water,
while a portion of a WO emulsion will float on water like a piece
of grease, whereas an OW emulsion will not disperse in some of
its organic liquid phase. It is perhaps better to make the tests
upon drops on a microscope slide and a warning has been pub-
lished against making the tests on emulsions too soon after their
preparation.*t

Addition of a dye soluble in the oil phase has been proposed®
as a test. Sudan III is soluble in oil but not in water. If, after
such a dye is dusted over the surface of an emulsion, a series of
discontinuous dots is seen, the emulsion is OW. A water-
soluble colored substance such as potassium permanganate has
been used to show the same discontinuities with WO emulsions.
Iodin has been employed to determine phase distribution in
benzene-water emulsions.* The dye method is said to be less
trustworthy than the dilution test.

In following the distribution of phases in a given series of
experiments, electrical conductivity has been suggested as a tool*
and successfully utilized.®® The conductivity drops abruptly
when an OW emulsion inverts to the WO type.

Preparation of Emulsions.—If one shakes together benzene
and an aqueous solution of sodium oleate, carrying out the process
steadily and without interruption, the time required for complete
emulsification of the benzene in the water increases very rapidly
as the ratio of benzene to water becomes larger.’! Table 72
illustrates this fact.52
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TasLE 72.—TiMB REQUIRED FOR EMULSIFICATION wiTH CONTINUOUS
AgGrTaTION *

Benzene and 1 per cent aqueous sodium oleate

Volume benzene Volume benzene

. Time, minutes . Time, minutes
in 100 volumes ! in 100 volumes !

30 <1 80 15
40 1 90 22
50 3 95 40
60 7 96 125
70 10 99 480

* Performed in a machine providing 400 oscillations per minute, so that the time in
minutes multiplied by 400 = number of shakes.

When benzene is slowly added to the aqueous solution with
agitation, an emulsion of 96 to 99 volumes of it is effected more
easily.

If benzene is shaken infermittently with an aqueous sodium
oleate solution, complete emulsification is effected with much
less agitation. An example is given in Table 73, where the

TABLE 73.—EMULSIFICATION BY INTERMITTENT SHAKING
Benzene in 1 per cent aqueous sodium oleate solution

Volume benzene | Time required to | Number of
in 100 volumes |emulsify, minutes| shakes

80 3.5 7

84 6.5 13

86 7. 14

88 9. 18

90 12.5 25

92 15.5 31

94 22.5 45

96 40. 80

shaking was done by hand and between each shake the mixture
was allowed to stand quietly for 30 sec.; in this rest interval
the unemulsified benzene floated to the surface of the incomplete
emulsion,

When emulsions are prepared by the method of slowly running
the liquid to be dispersed into the dispersing liquid, such as
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benzene into a soap solution, the volume of the soap solution plus
emulsified benzene is large in comparison with the unemulsified
layer of benzene. Under these conditions, for a given mode of
shaking, the ease of emulsification increases with the volume of
the soap solution and the emulsified benzene. Briggs’s experi-
ence with intermittent shaking reveals, however, that there is an
additional factor involved. The formation of a complete emul-
sion is facilitated by allowing the emulsion mixture and the
benzene phase to form two distinct layers before each shake.
This probably means that emulsions are formed most readily
when relatively little benzene is agitated briefly while in contact
with a large and continuous volume of the dispersing liquid.

Continuous shaking disintegrates the aqueous phase as well
as the benzene. Any process tending to break up the continuous
phase must retard emulsification just as any process which breaks
up the phase to be dispersed aids emulsification. It should be
more difficult to break up the soap solution into droplets than
the benzene when the volume of the former is large and hence in
such a case the formation of an emulsion of benzene in water
should be easy. When benzene drops are formed in a soap
solution, the soap films prevent the coalescence of the drops.
There is nothing, however, to prevent the rapid coalescence of
water drops in benzene. Consequently, the best method is to
break up the benzene particles without keeping the water phase
broken up, which explains why intermittent shaking produces
the result more efficiently. A method by which benzene may be
disintegrated under conditions unfavorable to the simultaneous
disintegration of the soap solution consists in rolling the mixture
in a bottle. Briggs effected complete emulsification of 90 vol-
umes of benzene in 100 volumes of mixture in 2 min, continuous
rolling.

It seems to be a general idea in emulsification practice that
the oil and aqueous phases should be agitated as violently as
possible in order that small globules be formed. Excessive
agitation may, however, increase the size of the emulsifying
globules.’¥ In a study of the resistance of lubricating oils to
emulsification in water, Herschel® found for a given time that
increasing the speed of paddling produced an increase in emulsi-
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fication up to 1,500 r.p.m.; above this speed the efficiency of
emulsification decreased with certain oils (Fig. 136).

Agitation at a given intensity for too long a time may be
inadvisable as shown by Moore’s*! results with water-in-kerosene
oil emulsions using lamp black as emulsifier (Fig. 137).
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F1e. 136.—Influence of speed of paddling upon emulsification. A4, B, C, D,
and E represent five different lubricating oils studied. Although the efficiency
of emulsification of oils D and E is constant within the limits of the speeds tried,
and although nothing is gained in agitating oil C faster than 1,500 r.p.m., a loss
of efficiency is noted above this speed in the cases A and B.

Sheppard® found that nitrobenzene is emulsified in sulfuric
acid by gentle and rapid shaking. Slow shaking or in some cases
a single vibration, however, resulted in deemulsification.

Sometimes the vibration involved in shipment of emulsions
by truck or railroad will incite breakdown of emulsions. This is
well known in commercial mayonnaise practice where trucks
equipped with special springs to reduce shock are frequently
used for transportation. Ayres® mentions a case of an oil-field
emulsion, so stable as to resist separation in a centrifuge, but
which separated into water and oil after transit in an express
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train. Nugent¥ found that a very stable emulsion of benzene
in aqueous gelatin solution broke when a tube containing the
emulsion was attached to the spoke of a wheel which rotated in a
vertical plane at a rate of 3 r.p.m. This happened only when
an air space was present, probably owing to the deposition of the
emulsifying agent at the air-water interface.

The process of homogenization, wherein the mixture of two
liquids is forced under high pressure through small tubes against
a solid surface, is used in large-scale operations, particularly for

10 cc. Kerosene and
30 cc. N NH,Cl Solution

Average Diameter in Microns —

15 30 45 60 75
Time in Minutes—>~

Fi1a. 137.—Influence of time at constant speed of paddling upon efficiency of
emulsification.
breaking up the globules of emulsions already formed into finer
drops, as, for example, in cream. Homogenized milk and cream
are, as might be expected, much more stable emulsions than the
raw product. With the increase in oil-water interfacial area,
there is a greater protein interfacial deposition, resulting in an
increased viscosity. The fat globules of milk (ordinarily 2 to
10 » in diameter) and of cream (3 to 5 u) are reduced one-tenth®.5
to one-hundredth of their original size. Homogenized cream
cannot be ‘“whipped.” Ice cream made from it is a much
smoother product and it is said that a 15 per-cent cream, after
homogenization, is a good substitute for a 25 per cent cream
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in culinary operations.® Battleships carry skim-milk powder
and sweet butter instead of milk. When milk or cream is desired,
the butter fat is emulsified by means of an homogenizer in a
solution of milk powder. The product is quite palatable, differ-
ing from milk by its “cooked-milk” taste.

A simple laboratory homogenizer has been devised by Briggs.5!
It consists of three flasks. The mixture of liquids is drawn from
the first flask into the second flask, which has been evacuated.
The liquid mixture enters the second flask through a tube bent
at right angles so that it impinges forcibly against the wall of
the flask. The mixture is returned to the first flask and the oper-
ation is repeated until emulsification is complete. The third
flask serves as a suction trap. Stopcocks are inserted between
the flasks.

When a mixture of liquids has been agitated sufficiently with
a colloidal emulsifying agent to form an emulsion, it should be
allowed to stand quietly for about an hour before moving or
subjecting it to shocks. It has been found that benzene-in-
water emulsions, emulsified by gelatin,’ require from 5 to 75
min. standing to attain maximum stability. This is well known
in commercial mayonnaise practice. Evidently the time is
required for the complete diffusion of the emulsifying agent to the
interface to complete the viscous film essential to stability.

In small-scale pharmaceutical practice, emulsions of oil in
water are prepared by triturating oil and a gum in a mortar
followed by addition of water.8262 The best proportions are
oil 4 parts, gum arabic 2 parts, and water 3 parts. The gum is
ground to a pasty mass with the oil in a large mortar. The
water is then added all at once while being triturated, whereupon
a creamy emulsion nucleus arises almost immediately which
can then be diluted as desired with water. This is known as the
“Continental” method. For success, the gum must be dry
and well ground in the oil, and the water must be added all at
once. If the water is added gradually, the gum particles coalesce
to sticky masses which adhere to the mortar. Sometimes gum
tragacanth is used instead of acacia in preparing these emulsions.

Briggs’s study® of the Continental method has yielded a
plausible explanation which follows. He found that a finely
ground powder such as silica or glass served as well as gum
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arabic for the nucleus emulsification, and hence the presence of
the same or of gum assists the formation of the emulsion by
increasing the interface between oil and water. Since the gum
particles (which are ground in the oil) are more readily wetted
by water than by oil, the subsequently added water displaces
the oil from the gum particles so that each particle becomes
coated with an aqueous film. The interface between water and
oil thus becomes very great. The gum soon dissolves, leaving
drops of aqueous gum solution scattered momentarily throughout
theoil. Thetriturating action flattens out these drops, and in the
process, oil is disintegrated and emulsified in the solution. The
drops of gum solution, as they are stirred around in the mixture,
exert an interfacial tearing effect upon the oil and help its dis-
persion, and the large drops of gum solution with their emulsified
oil particles coalesce to form the emulsion nucleus. Sodium
oleate may be used to form emulsions in a similar manner.

It has been suggested®* that, if a colloidal suspension of a
hydrophilie colloid were prepared in a dispersion medium such as
benzene, an emulsion would form practically spontaneously
upon addition of water.

A WO emulsion can be prepared by the Continental method
if a substance more readily wetted by oil is ground in water and
the oil subsequently added.

Heavy mineral oils give rise to dilute OW emulsions when
dissolved in alcohol and poured into water where precipitation of
fine droplets ensues, or upon boiling with water under a reflux
condenser.?® These are similar to the unwelcome emulsions
obtained in engine-room practice. The precipitating effect of
electrolytes upon these emulsions is identical with the behavior
of electrolytes upon anodic colloids.®® The emulsifying agent
must be some polar compound originally in the oil which
pushes its polar end into the water.* These emulsions are
rendered more stable by sodium hydroxide which leads one
to suspect that the polar group is a phenolic —OH, or a —COOH
group.

If the solubility of one liquid in another is increased by tem-
perature, an emulsion can be formed by allowing a warm satu-
rated solution to cool, as, for example, aniline in water. Such

* The experiments by Holmes and Williams?? offer evidence for this.
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emulsions are encountered in steam distillation of organic
substances.

Attention to the cleanliness of the apparatus employed in
making emulsions is required. For example, it has been found
that in the making of an OW emulsion, the process is inhibited if

the walls and agitators are covered by a film of oil, and vice versa.”’
The reason is, in the first case, that the oil particles arising
through the disruptive forces fuse with the oil film on the appara-
tus as they touch it before they are completely enveloped by the
emulsifer film.

Inversion of Phases.—When calcium chloride (or other di- or
trivalent metallic salt) is added to an emulsion of a fatty oil in
water, emulsified by alkali soap, the emulsion will break when the
ratio of calecium chloride to alkali soap is 1 mole: 4 moles, or
where the calcium and sodium soaps are present in equivalent
proportions. When caleium chloride is added in excess of this
ratio, the emulsion inverts to one of water in oil. This behavior
was first quantitatively exposed by Clowes.®

The metathetic inversion of olive oil-water emulsions has
been found to hold for medium-body mineral oils and water.8:7
Sodium oleate mineral oil-in-water emulsions were reversed by
salts of Al*++, Crt++, Fet++, Fet+, Nitt, Pbtt, Batt, Srtt, and
Mg+t. Just as Clowes found, the inversion with the divalent
salts was effected when the equivalent concentration exceeded
that of sodium oleate. The inversion by magnesium chloride
yielded the most stable inverted emulsion.

When mineral oil containing dissolved magnesium oleate is
agitated with water containing sodium oleate, the effect has been
reported to be entirely different.®® A large number of emulsions
of equal volumes of oil and water have been studied, in which the
ratio of equivalent concentrations of magnesium oleate to sodium
oleate was varied from 25 to 0.5. In all cases the resulting
emulsions settled out in three layers, oil on top, water on the
bottom, and varying amounts of emulsion between. In many
cases both types of emulsion were found in this middle layer,
WO in the upper portion and OW in the lower portion, between
which, after standing for several days, a distinct line of demarca-
tion was shown.
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This phenomenon was noticed in six emulsions in a series
where the ratio of magnesium oleate to sodium oleate varied
from 1.0 to 10. It appeared that an equilibrium was set up
between the two types of emulsions and that, on standing, the
less stable WO emulsion, which was much coarser grained than
the OW, apparently underwent gradual breaking, with the
separation of oil. In these experiments the systems were
prepared in several different ways. In some cases an OW
emulsion was made and then treated with magnesium oleate; in
others the WO was prepared and treated with sodium oleate; in
others a solution of sodium oleate in water and of magnesium
oleate in oil were mixed simultaneously, all of the foregoing series
being put through the homogenizer. The presence of both types
of emulsion was independent of the method of preparation.

Similar results have been obtained with antagonistic solid
emulsifiers.”! Since among solid emulsifiers carbon black is
known to emulsify water in oil, while finely divided silica emulsi-
fies oil in water, one should expect to find a similar antagonistic
action between these two solids when they are used together.
"This was shown to be true in the following manner by Briggs:

To 15 ce. of kerosene was added 0.8 g. of carbon black, which
formed a black and fairly stable suspension in the oil. To
this suspension in a bottle 25 cc. of water were introduced slowly
and with shaking. In this way an emulsion of water in oil was
formed. Finely pulverized silica (350 mesh) was added to a
second bottle containing the above-mentioned quantities of
kerosene and carbon black, and water was introduced as before.
It was found that the silica exerted a marked antagonistic effect
on the carbon black and rendered it much more difficult to emul-
sify the water. When the amount of silica exceeded 0.1 g.,
it was found impossible to emulsify any water at all, the mixture
in the bottle separating after shaking into two sharply defined
layers, an upper one of kerosene and carbon black and a lower
one of water containing some silica in suspension. Likewise
no emulsion was formed when equal parts of silica and carbon
black were mixed. _

On adding 15 cc. of kerosene to 25 cc. of water containing
only pulverized silica, the oil was completely emulsified on shaking.
Water was now the outside phase, for the emulsion mixed freely
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with water but not with oil. A small amount of carbon black
added to the silica, however, sufficed to keep the oil from being
emulsified. In a similar experiment with kerosene, water, silica,
and powdered mercuric iodide (the last, like carbon black,
being readily wetted by oil), it was found that approximately
1 part of mercuric iodide in 20 parts of silica was enough to
prevent the silica from emulsifying 25 cc. of kerosene in 25 ce. of
water.

Reversal of kerosene oil-water emulsions with solid emulsifying
agent can be effected by certain electrolytes.’”? Carbon, freshly
precipitated zinc hydroxide, and lead oxide produce WO emul-
sions which are reversed by hydroxyl ion. Freshly precipitated
aluminum hydroxide produces an unstable pseudo-emulsion of
WO which is reversed to a stable emulsion by alkali. The
alkaline zinc hydroxide oil-in-water emulsion is reversed by
Al++ Tht+++, and H+,

Breaking of Emulsions.—In general, deemulsification can be
accomplished by:

1. Addition of excess of dispersed phase followed by agitation.

2. Addition of a liquid in which the two liquid phases are soluble.

3. Destruction of the emulsifying agent.

4. Addition of a substance which will reverse the emulsion or of an emul-
sifying agent which emulsifies in the reverse direction.

5. Filtration.

6. Heating or plunging a hot blade into the emulsion.

7. Freezing.

8. Electrolyzing.

9. Centrifuging.

10. Mechanical action such as churning.

Methods 1 and 2 require no further discussion. The method
of destroying the emulsifying agent depends upon the chemical
nature of the same and is obvious when the nature of it is known. -
In the addition of substances which tend to reverse the emulsion,
care must be observed not to add too much since an overdose
will result in a stable emulsion of the reverse type.

Filtration of engine-room emulsions is advocated by Hat-
schek.”” He found that filter beds of amorphous calcium or
magnesium carbonate (causticizing mud) completely broke such
emulsions, as well as oil-in-water soap and saponin emulsions.
On a 4.5 sq. ft. filtering surface covered 0.125 in. thick with
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amorphous calcium carbonate he was able to filter 30 cu. ft. per
hour under 10 lb. per square inch pressure. The adhering oil
broke loose from the filtering surface and floated to the surface.
The permeability of the filter was but slightly diminished after
6 hr. filtration. He advises using the calcium carbonate in a
filter press at not higher than 50 lb. pressure because higher
pressures squeeze the emulsified oil drops between the interstices
in the filter bed.

Heat treatment, either direct or by steam, has been found
efficacious in the breaking of certain petroleum-oil emulsions.™

Fra. 138.

When emulsions are frozen, the “break’ is generally perfect.

Electrolysis has been found useful for breaking engine-room
or petroleum emulsions.”

Centrifuging is not always efficacious. It works best where
the phases differ considerably in density and on pseudo- or viscous
emulsions.

A well-known example of method 10 is the churning of milk
to make butter. '

Creaming and ‘“‘Closest Packing Ratio.”—If the globules of an
emulsion are uniform in size, then according as the spheres are
packed together as in Fig. 1384 or in Fig. 138B the ratio of
volumes of internal to external phase will be 52:48 or 74:26.

Since emulsions seldom contain uniform particles, the closest
packing ratio of 74:26 is rarely encountered. It was once
thought that the closest packing ratio defined the volumes in a
stable emulsion. Obviously, however, smaller particles can
fill the interstices between the larger ones and, further, the
globules hardly remain spherical but become polyhedral owing
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to the squeezing together. The emulsifying agent also takes
up space not allowed for in the calculation of the closest packing
ratio.

Emulsions of 99 volumes of paraffin 0il¥ or of benzene’
in 1 volume of aqueous soap solution have been prepared, the
latter emulsion being stable for six weeks when protected against
evaporation of the water. Both these emulsions were, as might
be expected, exceedingly stiff.

Upon long standing, dilute emulsions will frequently “cream”’;
1.e., a concentrated emulsion will rise to the surface, leaving water
behind, and the volume ratio of dispersed phase to dispersion
medium will approximate the closest packingratio. For example,
a series of volumes of paraffin oil emulsified in water by various
amounts of soap (by Pickering) creamed out on 12 weeks sta,nd-
ing; thé oil volumes in the creams were 72 to 82 per cent.

If the oil particles were all of the same size and if the soap
films occupied but slight volume, such creams would be expected
to approach closely the 74-0il to 26-water volume ratio. Careful
manipulation with a very weakly alkaline aqueous solution,
yielding emulsions of olive oil in water of uniform particle size,
has given creams containing 74 volumes of oil to 26 volumes of
water.”

Petroleum-field Emulsions.—Oil-field emulsions belong to
the water-in-oil type and as such must be formed by an oil-
soluble colloid or a solid material more easily wetted by oil
acting as emulsifier. The character of this emulsifier may most
easily be shown by the actions of the emulsions under certain
conditions of test.

Certain water-soluble colloids, such as sodium oleate and the
sodium salts of certain sulfonic acids, render these emulsions
unstable and precipitate the water if added in proper proportion.

The action of certain organic solvents upon these emulsions
probably throws more light on the nature of the emulsifying
agent present than any of the other reactions. A standard
method for determining the percentage of water in an emulsion
consists in adding light gasoline to the emulsion and centrifuging
the mixture when the amount of water in the sample can be read
~off from the graduated centrifuge tube. It has been found that
ether serves even better than gasoline for this test.
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The effect of these organic solvents in breaking the emulsions
was thought to be due to the fact that the solvent mixing with the
oil phase increased the difference in density of the two phases to
such an extent that the emulsifier was no longer powerful enough
to hold the emulsion. It was found, however, that a mixture of
ether and carbon bisulfide of the same density as the emulsion
served to break the emulsion more easily even than the light
liquid ether.

The substances, other than water and oil, present in these
emulsions are the following:

Electrolytes in solution in the water phase.

Hydrated earthy material.

Heavy hydrocarbons, such as asphalt and asphaltenes, probably present
in colloidal solution in the oil.

It seems entirely probable, then, that the hydrated earthy mate-
rial, sorbing the heavy asphalt-like bodies of the crude oil becomes
an oil-soluble colloid and as such forms tough elastic membranes
about the drops of water. Richardson™ has found such an oil-
soluble colloid in Trinidad asphalt and has even reproduced such a
colloid by mixing a water solution of colloidal clay with asphalts
and asphalt oils and driving off most of the water with heat.
It is probable that some such process took place during the forma-
tion of the crude petroleums, leaving them charged with such an
oil-soluble colloid which later served as an emulsifier when the
oils came in contact with water under conditions favorable for
emulsion formation. Since the earthy material is an oil-soluble
colloid by virtue of the fact that it carries sorbed asphalt, when
such asphalt is removed by organic solvents, the earthy matter
is no longer oil soluble and cannot therefore protect a WO
emulsion.”

Methods used in treating oil-field emulsions in addition to
those mentioned above are steaming, centrifuging, and ‘‘ topping”’.
or direct heating at 350 to 500°F.%

Similar emulsions are formed sometimes in the oil tanks of
oil-burning steamships. As the oil is used up, sea water is run
into the tanks and, as a result of the rolling and splashing, thick
WO emulsions arise.

Transparent and Chromatic Emulsions.—Emulsions exhibiting
a wide range of structural colors were first prepared by Bodroux,®!
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who, however, neglected to use an emulsifying agent. Con-
sequently, his emulsions quickly separated into two layers.

Holmes and Cameron,?? in an attempt to prepare transparent
emulsions, found by a selection of liquids with cellulose nitrate as
emulsifying agent that remarkably beautiful emulsions, stable for
several weeks, can be made. The results of their experiments
follow:

Ordinarily, when two transparent liquids are emulsified, a
milky-white mixture results. For example, kerosene shaken
with water gives such an emulsion. If both phases have
the same refractive index, there will be neither reflection
nor refraction and the system will appear homogeneous and
entirely transparent.

Glycerol and olive oil are mutually insoluble and emulsify
on shaking, forming a rather transparent emulsion. A more
transparent mixture is obtained by dispersing glycerol in carbon
tetrachloride, with calcium oleate (previously dissolved in the
carbon tetrachloride) as the emulsifying agent.

Glycerol and amyl acetate are mutually insoluble and yield
an excellent creamy emulsion on shaking. The same is true of
water and amyl acetate. Yet when a mixture of water and
glycerol having the same index of refraction as amyl acetate
was shaken with the latter liquid, a transparent emulsion was
obtained. Cellulose nitrate dissolved in the amyl acetate served
as emulsifying agent.

The refractive indices of these liquids were as follows:

N® N%
Oliveoil.................. 1.4690 Water.. ceeeeeees.... 1.3330
Glycerol. . ceereeee... 1.4660 Glycerol-water ............. 1.4028
Carbon tetrachlonde ....... 1.4600 Amyl acetate containing 6

per cent of cellulose nitrate 1.4045

With the pyroxylin dissolved in amyl acetate the glycerol-
water becomes the dispersed phase but with sodium oleate as the
emulsifying agent dissolved in the water the phases are reversed—
without loss of transparency.

“Nujol”’ containing 2 per cent of créperubber, when shaken with
an equal volume of glycerol, yields a very good transparent emul-
sion. Here the rubber is the emulsifying agent and the glycerol
the dispersed phase.
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In attempting to disperse glycerol in an acetone solution
of cellulose nitrate Holmes and Cameron®? failed to get
transparency. Since the index of refraction of the acetone
(1.35886) was lower than that of the glycerol (1.4660), they
added benzene (1.50144) cautiously to the milky emulsion in
order to equalize the indices of the two liquid phases, benzene
diluting the acetone, thus becoming a part of the continuous
phase. With cautious additions, and shaking, increased trans-
parency was secured but accomplished by a startling develop-
ment of colors. At first the emulsion became yellow, as viewed
from the side, and a soft blue when held between the eye and the
source of light. With further addition of benzene the yellow
changed to a beautiful pink, while the blue became green. More
benzene changed the pink to lavender and later to a peacock blue.
Finally, the emulsion lost color and became milky. The colors
were restored, in reverse order, by cautious additions of acetone.

The explanation of this phenomenon as given by Christiansen*
and Bodrouxt was verified by an examination of the Landolt-
Bérnstein tables of optical dispersive power of liquids. Benzene
has more than twice the dispersive power of acetone. Optical
dispersion is measured as the difference in the indices of refraction
for light of two different wave lengths. In other words, a prism
filled with benzene spreads light into a broader spectrum than
does a prism filled with acetone. Consequently, drops of one
liquid in another of very different optical dispersive power
must give the effect of a great number of lenses or prisms with
inevitable prismatic color effects. Transparency is essential in
chromatic emulsions, for light of some" color must pass directly
through the emulsion. Yet transparency alone is not sufficient
as shown by such emulsions as glycerol in carbon tetrachloride.
The selection of liquids for chromatic or structural color emul-
sions involves two factors: equality of mean indices of refraction

* Christiansen, Wied. Ann., 28, 289 (1884), shook fragments of glass with
a mixture of benzene and carbon disulfide.

t Bodroux shook a saturated aqueous solution of sodium chloride with
ethyl acetate and at a definite temperature found this transient emulsion
transparent for light of a definite color. Holmes and Cameron secure their
color change by carefully changing the proportions of the two miscible
liquids in the continuous phase. Furthermore, their use of an emulsifying
agent stabilizes the emulsions.
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and the greatest possible difference in optical dispersive power.
From such values as those in Table 74 they were able to substitute
other liquids for those first used.

TABLE 74.—REFRACTION OF LiQUIDS

Index of Optical
refraction dispersive power
np °C. | (nr—nc) | °C.
Dispersed phase:
Glycerol...................... 1.466 20 0.007 20
Continuous phase:
Acetone....................... 1.35886 | 19.4 | 0.00684 | 19.4
Amyl acetate. . ................ 1.40170 | 17.9 | 0.007 17.9
Carbon disulfide................ 1.61847 | 20 0.03210 | 20
Benzene................o.oo... 1.50144 | 20 0.01664 | 20
Toluene. .. ....oovveuveennnenn. 1.4992 | 18.7 | 0.0160 | 14.7
Brombenzene. . ................ 1.55977 | 20 0.01923 | 20
Ethyl bromide. ................| 1.53806 | 20 0.01422 | 20
Benzyl acetate.................| 1.50682 | 17.3 | 0.01660 | 17.3

Water may be substituted for glycerol, but the high viscosity
of the latter adds to the stability of the emulsions and also to
their beauty.

It is necessary to have two mutually soluble liquids for the
continuous phase, one of them of high refractive index and high
optical dispersive power. On careful addition of this liquid to a
milky emulsion already prepared, it is possible to change gradu-
ally both the refractive index and the optical dispersive power.
This insures the chromatic range of colors. Carbon disulfide
is an excellent liquid to use because it stands high in both the
essential physical properties. The colors change somewhat
with change in temperature since there is an unequal temperature
effect on the optical dispersive power of the two phases. As
Bodroux used only two liquids in each emulsion, he was forced to
secure his color effects by temperature change.

Cellulose nitrate is an excellent emulsifying agent since it
dissolves readily in acetone, amyl acetate, and some other liquids,
thus forcing the glycerol to become the dispersed phase, as
desired. Raw crépe rubber may be substituted for the cellulose
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ester. For example, a 2 per cent solution of rubber in toluene
may be shaken with water which has been saturated with cane
sugar to give it high optical dispersive power and high refractive
index. Emulsions with a beautiful play of colors are secured. A
trace of gasoline lowers the refractive index of toluene to a suitable
point.

Potassium iodide gives water high optical dispersive power
and a high index of refraction. ‘“Nujol”” may be dispersed in
such a saturated solution by using sodium oleate in water as the
emulsifying agent. Prismatic colors are secured.

As a specific experiment, Holmes and Cameron suggest the
following:

Shake together 4 volumes of glycerol and 4 volumes of a 2 to 4 per cent
solution of cellulose nitrate in amyl acetate. To this 5 to 10 volumes of
benzene are added, then more glycerol until rather viscous, and finally more
benzene in small additions, with shaking, until colors appear.

The final emulsion may contain over 30 per cent of glycerol.
To view it best a 4-0z. oil-specimen bottle is used as container
-and held some distance from the source of light. A single source
is best. On standing, these emulsions ‘“cream” downward but
vigorous shaking restores much of their beauty.

References

1. QUINCKE: Wied. Ann. 36, 571 (1888).

2. DoNNAN: Z. physik. Chem., 31, 42 (1899); DonNNAN and Ports: Kolloid-
Z., 7,208 (1910).

3. Bancrorr: J. Phys. Chem., 17, 501 (1913); BancroFT and TUCKER:
J. Phys. Chem., 31, 1681 (1927).

4. Lanamuir: J. Am. Chem. Soc., 89, 1848 (1917).

6. Harkins, Davies, and Cuark: J. Am. Chem. Soc., 89, 541 (1917).

6. FINKLE, DRAPER, and HiLDEBRAND: J. Am. Chem. Soc., 45, 2780 (1923).

7. Homes and Cameron: J. Am. Chem. Soc., 42, 2049 (1920); 44, 66
(1922).

8. MAYER, SCHAEFFER, and TERROINE: Compt. rend., 146, 484 (1908).

9. Briaas: J. Phys. Chem., 19, 210 (1915).

10. HarkiNS and ZoLLMAN: J. Am. Chem. Soc., 48, 69 (1926).

11. Fiscuer and HArkiNS: J. Phys. Chem., 38, 98 (1932); see also in this
connection HARKINS and BEEMAN: J. Am. Chem. Soc., 51, 1674
(1929); GRIFFIN: J. Am. Chem. Soc., 46, 1648 (1923); VAN DER
MEevuLEN and Rieman: J. Am. Chem. Soc., 46, 876 (1924).

12. HarkINS and BEEMAN: Proc. Nat. Acad. Sci., 11, 631 (1925).

13. Stamm and KRAEMER: J. Phys. Chem., 30, 992 (1926).



448 COLLOID CHEMISTRY

14.

Hurv: Proc. Am. Inst. Elec. Eng., 38, 1171 (1919); Science, 52, 227
(1920).

. Braaa: Phil. Mayg., (6) 40, 169 (1920).
. RicuarDs: J. Am. Chem. Soc., 46, 422 (1923).
. TARTAR, DUNcCAN, SHEA, and FERRIER: J. Phys. Chem., 88, 435 (1929);

TarTar, Lotrop, and PETTENGILL: J. Phys. Chem., 84, 373 (1930).

. WeLLMAN and TARTAR: J. Phys. Chem., 59, 1061 (1927).
. WeicHHERzZ: Kolloid-Z., 47, 133 (1929).

. Woobpman: J. Soc. Chem. Ind., 61, 95T (1932).

. Houmes and CHiLD: J. Am. Chem. Soc., 42, 2049 (1920).
. HoLmEs and CaMERON: J. Am. Chem. Soc., 44, 66 (1921).
. RAMSDEN: Proc. Roy. Soc. (London) T2A, 156 (1903).

SeiFriz: J. Phys. Chem., 29, 587, 738, 834 (1925).

. SE1FR1z: Am. J. Physiol., 66, 124 (1923).

. NEUBERG: Biochem. Z., 18, 107 (1916).

. WiLHELMI: Chem. Umschau, 36, 198, 213 (1929).

. HoLMeEs and WiLLiams: Second Colloid Symposium Monograph,

p. 138, Chemical Catalog Company, New York, 1925.

. SERRALLACH, JoNES, and OWEN: Ind. Eng. Chem., 26, 816 (1933).
. Zuukov and BusHMAKIN: J. Russ. Phys.-Chem. Soc., 69, 1061 (1927);

through Chem. Abs., 22, 3303 (1928).

. KranTz and Gorpon: Colloid Symposium Monograph, Vol. 6, p. 173,

Chemical Catalog Co., New York, 1928; J. Am. Pharm. Assoc., 18,
463 (1929).

. CrayTon: J. Soc. Chem. Ind., 46, 288T (1926).

. SaNYAL and JosHi: J. Phys. Chem., 26, 481 (1922).

. WoobpmaN: J. Phys. Chem., 80, 658 (1926).

. CrayToN: Trans. Faraday Soc., 16, Appendix 23 (1921).

. Trou: Pharm. J., (4) 8, 1228 (1898).

. PickeriNG: J. Chem. Soc., 91, 2001 (1907).

. YorHERS and WiNsTON: J. Agr. Research, 81, 59 (1925).

. HoFMANN: Z. Biol., 68, 395 (1914).

. SCHLAEPFER: J. Chem. Soc., 118, 522 (1918).

. Moore: J. Am. Chem. Soc., 41, 940 (1919).

. Briaas: J. Ind. Eng. Chem., 18, 1008 (1921).

. Becanorp, DeDE, and REINER: Kolloid-Z., 28, 6 (1921).

. WoopMAN: Chem. News, 144, 225 (1932); see also Ref. 20.
. RoBERTSON: Kolloid-Z., T, 7 (1910).

. NEwMAN: J. Phys. Chem., 18, 34 (1914).

. Hawn: J. Phys. Chem., 21, 616 (1917).

. CrLayToN: Brit. Assoc. Advancement Sci., Second Report on Colloid

Chemistry, 114 (1918).

. SHERRICK: J. Ind. Eng. Chem., 13, 135 (1920).

. BHATNAGAR: J. Chem. Soc., 117, 542 (1920).

. Briaas and ScamipT: J. Phys. Chem., 19, 478 (1915).
. Briaas: J. Phys. Chem., 24, 120 (1920).

. AYRES: Chem. Met. Eng., 22, 1059 (1920).



FITER

EMULSIONS 449

. HerscueL: U. 8. Bur. Standards Tech. Paper 86 (1917).

. SHEPPARD: J. Phys. Chem., 28, 634 (1919).

. Ayres: J. Soc. Chem. Ind., 86, 678 (1916).

. NuGENT: Trans. Faraday Soc., 17, 703 (1922).

. WIEGENER: Kolloid-Z., 16, 105 (1914).

. BaLpwiN: Am. J. Public Health, 6, 8362 (1916).

. CrayToN: “Theory of Emulsions and Emulsification,” p. 121, P.

Blakiston’s Son & Co., Philadelphia, 1923.

. Brigas: J. Phys. Chem., 19, 210 (1915).

. RoonN and OrspERr: J. Ind. Eng. Chem., 9, 156 (1917).

. Crockert and OespER: J. Ind. Eng. Chem., 9, 966 (1917).

. Briaas, DuCasst, and Crark: J. Phys. Chem., 24, 147 (1920).
. Lewis: Kolloid-Z., 4, 211 (1909).

. Powis: Z. physik. Chem., 89, 91 (1914).

. WaLTHER OstwALDp: Kolloid-Z., 6, 103 (1910).

. Crowes: J. Phys. Chem., 20, 407 (1916).

. Parsons and WiLson: J. Ind. Eng. Chem., 18, 1116 (1921).

. BHATNAGAR: J. Chem. Soc., 119, 1760 (1921).

. Brigas: J. Ind. Eng. Chem., 13, 1008 (1921).

. BHATNAGAR: J. Chem. Soc., 119, 1760 (1921).

. Harscuek: J. Soc. Chem. Ind., 29, 125 (1910).

. PiLaT and Protrowski: Petroleum Z., 18, 1045 (1918); KOETSCHAU:

Z. angew. Chem., 32, 45 (1919); BorN: J. Ind. Eng. Chem., 18, 1013
(1921).

. Duxaoom: Papier, 22, 53 (1919); Harris: U. 8. Patent No. 1,281,952

(1919).

. NEwmMmaN: J. Phys. Chem., 18, 34 (1912).

. BEATNAGAR: J. Chem. Soc., 117, 542 (1920).

. RicHarDsON: J. Phys. Chem., 19, 241 (1915).

. SHERRICK: J. Ind. Eng. Chem., 1, 133 (1920); 18, 1010 (1921).

. Born: Ref. 74.

. Boproux: Compt. rend., 166, 772 (1913).

. Houmes and CamgeroN: J. Am. Chem. Soc., 44, 71 (1922); see also

BrALLA, BHATNAGAR, and YaiNik: Kolloid-Z., 48, 366 (1927).



CHAPTER XVII
MUTUAL REACTIONS

When colloidal solutions are mixed, decrease in stability
leading to precipitation may result. If one of the components
of the mixture is a very stable colloid (hydrophilic) and is added
in excess,* while the other is rather unstable (hydrophobic), no
visible change may take place and the dispersion will be found to
show the stability and properties of the hydrophilic colloid.

The latter phenomenon is called protective action. The former
case—mutual precipitation of colloids—will be considered first.

Mutual Precipitation.—The phenomenon of mutual precipita-
tion of certain colloids was noted by Thomas Graham.! Linder
and Picton? showed that mutually precipitating sols migrated
oppositely in an electrical field. A sequence of confirmations®
of this fact led to the generalization that oppositely charged
micelles precipitate each other. Biltz* sought a stoichiometrical
equivalence but failed, owing to the complexity of the sols as
we now know them and to his consideration of them only, e.g.,
as Fe;0s, SbySs, ete.  Billitzer® suggested that the equivalence is
electrical, since at maximum precipitation there is no migration
in an electrical field, and on either side of this equivalence the
migration is in the direction of the sol in excess. He thought
the equivalence would not be exact because of variations in the
size and numbers of particles and in the concentration of the
sols.

The data in Table 75 are typical of his results. Billitzer noted
also that, when two colloids of like charge are mixed, the less
stable one becomes more stable, acquiring the properties of the
more stable sol.

* An excess of the hydrophilic colloid is required for stabilization if the
charge of its micelles is of opposite sign to that of the hydrophobic micelles.
When like charged, a very small amount of the hydrophilic micelles pro-
duces a marked increase in stability.

450
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It is noted that, in the presence of a very large excess of one
sol, no change in appearance of the system takes place. The
lack of precipitation in such cases is ascribed to the fact that,
while a neutralization of charges takes place, flocculation of the
particles does not ensue, owing to the fact that they are sorbed
or protected by the colloid in excess. That mixture which
results in complete precipitation is frequently called the iso-
electric mixture.

TaBLE 75.—ARSENIOUS SULFIDE Son Mixep witeE Ferric Oxme Sor

The As,S; sol contained 2.07 mg. As.:S; per cubic centimeter, and the Fe;0,
sol, 3.036 mg. Fe;O; per cubic centimeter

Cubic centimeters Migration in
in 10 ce. of mixture ) electrical field
Appearance of unprecipi-
Fe;0; s0l| As,S; sol tated portion
9.0 1.0 No change, clear To cathode
8.0 2.0 Slight turbidity To cathode
7.0 3.0 Immediate turbidity, then precipita- | To cathode
tion
5.0 5.0 Immediate precipitation To cathode
3.0 7.0 Nearly complete precipitation
2.0 8.0 Immediate precipitation To anode
1.0 9.0 Immediate precipitation To anode
0.2 9.8 Turbidity To anode
10 ce. of 20
times diluted p 10 No change, clear To anode
solution ‘

The theory of mutual precipitation which arose from the
foregoing experiments is that when oppositely charged colloidal
particles are brought together an electrical neutralization ensues,
resulting in agglomeration of the particles; there being no elec-
trical repulsive forces left, the particles must settle out of solution.

In 1910, Lottermoser® suggested that the equivalence may
be that of the small amounts of stabilizing electrolyte in the sol,
and that the precipitation may be due to a chemical reaction
between the crystalloid ions. To test this, he mixed positive
silver iodide sols stabilized by silver nitrate and negative silver
iodide sols stabilized by potassium iodide. The results sum-
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marized in Table 76 indicate that the explanation holds for this
precipitation at least. The quantities given are millimoles at
maximum precipitation and obviously they point to a simple
chemical reaction between the stabilizing electrolytes of the
colloidal complexes in the precipitation.

TasLe 76.—MvurtuaL PrecreitaTioN OF xAgl-AgNO; aAnp xAgl-IK

Hyprosors*
Experiment Positive sol Negative sol

number Agl AgNO, KI Agl
1 0.210 0.052 0.055 0.220

2 0.220 0.055 0.050 0.200

3 0.225 0.009 0.010 0.245

4 0.245 0.010 0.017 0.180

5 0.270 0.009 0.010 0.040

6 0.240 0.010 0.007 0.033

7 0.038 0.007 0.010 0.240

8 0.040 0.010 0.008 0.196

9 0.115 0.010 0.010 0.240

10 0.115 0.010 0.007 0.170
11 0.225 0.009 0.010 0.115
12 0.240 0.010 0.008 0.088

* Lottermoser.

Freundlich and Nathansohn? have shown that the mixing of
pairs of certain like-charged colloids may result in mutual precip-
itation. For example, they found that arsenic trisulfide
hydrosol precipitates Odén’s sulfur hydrosol, the micelles of
both of which migrate to the anode in an electrical field. The
electrical-charge neutralization theory fails in this instance.
Since Odén’s sulfur sol contains polythionic acids, these would
be expected to react with the hydrogen sulfide of the arsenious
sulfide sol in the following manner, using pentathionic acid as
typical:

5H,S + H.S;0 — 108 + 6H.0

The soluble parts of both sols having been destroyed, the inert
parts precipitate.
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It was shown further by these investigators that the following
combinations of negatively charged hydrosols result in coagula-
tion: Odén’s sulfur and Carey Lea’s silver; von Veimarn’s sulfur
(made by pouring an alcoholic solution of sulfur into water) and
Carey Lea’s silver; Odén’s sulfur and Kruyt’s selenium. When
Carey Lea’s silver sol is mixed with arsenious sulfide hydrosol, a
series of color changes is noted, different in the dark from those
exposed to light. One of the products of the reaction seems to
be silver thioarsenite® The reaction does not take place if
gelatin is added to the sols before they are brought together.®

Vanadium pentoxide and uranyl oxide hydrosols, both con-
taining negatively charged micelles, react when mixed together
to form the soluble complex UQ32V:0:° The reaction has
been shown to take place betwcen the portions which are in
crystalloid solution, until, owing to the decomposition of the
colloid portion of each sol to restore the equilibrium, all is used
up.

Experiments by Thomas and Johnson! on the mutual pre-
cipitation of certain oppositely charged micelles show that con-
sideration of the chemical reactions between the associated ions
is more illuminating than the older idea of simple charge neu-
tralization. Truly, there is a charge neutralization in so far
as the micelles are concerned, but, since the charges are carried
by ions or by ionic micelles, the simple charge-neutralization
theory is rather superficial. -

In one serics of experiments they studied the mutual effects
of ferricoxychloride and silica-sodium-silicate hydrosols. These
were selected for convenience and feasibility of complete quanti-
tative analysis. The optimal precipitation mixtures of a series
of both sols were found to be such that the total possible hydro-
chloric acid from hydrolysis of the ferricoxychloride sol was
chemically equivalent to the maximal possible sodium hydroxide
of the “silicate” sol. The supernatant solution for this optimum
was neutral, while in the cases of incomplete precipitation it was
acid or alkaline, depending upon whether the ferricoxychloride
or silicate sol was slightly in excess. Such a direct stoichiometric
relationship was not found in all of their experiments. Where
one (or both) of the sols was either of “low purity” or rather
concentrated it failed. This might be expected owing to occlu-
gion of unreacted material in the coagulum.
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From their studies of the mutual precipitation of ferric-
oxychloride and arsenious sulfide sols, the same investigators™
assumed it a result of the reaction

2Fett++ 4 8= — 80 4- 2Fet+

for the reason that sulfur was found in the coagulum.

Wintgen!! has submitted evidence in favor of the view that
mutual precipitation takes place through reactions between the
crystalloid-ion parts of the micelles, although he doubts that it
involves so much of the crystalloid ions as stated above for ferric-
oxychloride and silicate sols.*

Hydrophilic colloids, such as the proteins, precipitate each
other under certain conditions. It has long been known that
the protamines and histones precipitate other proteins.’* Mutual
precipitations between clupein, thymushistone, casein, and
hemoglobin have been reported by Beth af Ugglas.* The
protamine precipitates hemoglobin, the coagulum being peptized
by excess of hemoglobin and by acid. The coagula obtained
always had the composition of 95 per cent hemoglobin and 5
per cent protamine. Histone acts like the protamine on hemo-
globin, the coagulum consisting of 1 part histone to 2 parts of
hemoglobin. In both cases the dissolution of the coagulum by
acid was reversed upon addition of ammonia.

The precipitation of casein by protamine as shown by Hunter!?
was also studied by af Ugglas, who found that a ‘‘neutral”
protamine precipitated a ‘““neutral” caseinate. The coagulum is
insoluble in cold water, but soluble in warm water and in satu-
rated sodium chloride solution. It is also peptized by excess of
casein. The composition of the coagulum was about 94 per
cent casein and 6 per cent protamine. Histone was found to
act upon casein just like the protamine, the precipitate dissolving
in dilute alkali and in excess of casein. When dissolved in
alkali and reprecipitated by acid, the coagulum showed no altera-
tion in composition from the ratio of 71 per cent casein and 29 per
cent histone.

Hemoglobin and casein were found not to react in slightly
alkaline solution but precipitated each other in ‘‘neutral’” solu-

* The chemical interaction point of view, despite the evidence offered by
reactions between like-charged micelles, still has its opponents.!?
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tion, the coagulum dissolving in dilute alkaline solution and
reprecipitating upon acidification. Af Ugglas found the coag-
ulum to be composed of 2 parts of hemoglobin to 1 of casein.
In the experiments reported by af Ugglas the significance of the
hydrogen ion activities of the solutions in the precipitations is evi-
dent, although unfortunately not measured by the investigator.

The significance of the hydrogen ion concentration of the
solution in the mutual precipitation of proteins was demonstrated
by Michaelis and Davidsohn.!®* They stated that, when two
amphoteric colloids, such as proteins, are brought together in
solution, a complex compound may precipitate, the condition for
most complete precipitation being a hydrogen ion concentration
between those of the isoelectric points of the reacting ampholytes.
Thus, when one protein is present as a cation and the other as an
anion, a union is to be expected; whereas when both proteins are
on the same side of their isoelectric points, interreaction would
not be expected. The combination between pairs of proteins
has resulted in insoluble complexes in practically all cases tried,
~ but, since a great deal of work has yet to be done on this subject,
it is not safe at present to state that proteins always precipitate
one another if mixed together at a pH value between their
isoelectric points. Michaelis and Davidsohn found also that the
optimum pH for the mutual precipitation of proteins varies with
the relative amounts of the proteins reacting; when a large excess
of one component is present, the pH optimum for precipitation
will shift toward the isoelectric point of this component.

The precipitation optimum for a mixture of aqueous dispersions
of nucleic acid and serum albumin was found to be at pH 4.05
to 4.22, which is between the isoelectric points of the components,
while a mixture of nucleic acid and heat-denatured serum
albumin precipitated best at pH 3.8. When the ratio of nucleic
acid to the albumin was increased, the optimum reaction for
precipitation shifted toward the acid side, 7.e., toward the
isoelectrie point of nucleic acid.

Casein and nucleic acid precipitated each other in a pH
range of 4.05 to 2.52, depending upon whether casein or nucleic
acid was present in excess. Mixtures of casein with both genuine
and denatured serum albumin were found to result in precipita-
tion. Variation in the mass relationships made no difference,
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owing to the fact that the isoelectric points of these proteins
are so close together.

De Jong,'® in a recent study of gluten, finds that gliadin and
glutenin mutually combine when brought together at a pH value
between 5 and 7. Thus, gluten may owe its peculiar properties to
the fact that gliadin and glutenin chemically combine.

Michaelis and Davidsohn' investigated the influence of
pH in specific precipitations. Using as precipitin the serum of
a rabbit that had been previously sensitized with sheep serum,
flocculation of this precipitin and sheep serum was obtained
equally as well at pH 9 as at pH 5, thus showing no dependence
upon the hydrogen ion concentration. This sort of reaction is
then different from protein mutual precipitation. De Xruif
and Northrop®® have shown the same to be true for the agglutina-
tion of Bacillus typhosus by immune serum. They found that
the amount of immune body combined with the organisms
is constant from pH 9 to pH 3.7, and that the combination is not
caused by a difference in sign of the charge carried by the immune
body and the organism.

The flocculation of bacteria by proteins, however, has been
found to be similar to protein mutual precipitations. Eggerth
and Bellows® found that a suspension of Bacterium colz is aggluti-
nated by gelatin, crystallized egg albumin, proteoses, edestin,
and oxyhemoglobin at pH values between the isoelectric point
of the protein and the acid flocculation zone of the bacterial
suspensions, the latter having been found to lie between pH
1.6 and 3.0. Table 77 is typical of a series reported by these
investigators.. A second strain of the organism was agglutinated
at pH 4.7 by an albumin concentration of 1:150. It is seen that,
as the ratio of albumin to bacteria increases, the optimum
flocculation point shifts toward the isoelectric point of the
albumin.

The proteins of blood serum are precipitated by lecithin
suspensions at pH values between the isoelectric points of the
reacting substances. The isoelectric points of lecithins have
been found to vary from pH 2 to 4, depending upon the source.?
As the proportion of blood serum to lecithin is increased, the
optimum precipitation tends to shift toward the reaction of the
isoelectric point of the blood-serum proteins.
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An interesting example of the mutual precipitation of hydro-
philic or ““protective” colloids is that of gelatin with gum arabic.
One would expect a precipitation of gelatin by gum arabic in solu-
tions on the acid side of pH 4.7 (the isoelectric point of gelatin),
if gelatin ‘“arabate” is an insoluble complex. Thomas Graham
(1861) showed that gelatin is precipitated by “ gummic acid,” the
-coagulum settling out to form a jelly-like mass. This reaction

TaBLE 77.—FroccuraTioN oF B. Cori SuspENsiON wiTH Eaa
ALBUMIN
1.0 cc. buffer mixture + 0.5 cc. albumin solution + 0.5 ce. B. coli suspension

Concentration
of albumin

0 — - -
1:400,000 - - -
1:40,000 - - -
1:4,000 - X X
1:400 - X X

I
|
|
|

[ |

I X+

| M+ ++

I+ +
!

pH = 4.7 | 44| 41|38 |35)|33|30]|27

Temperature = 40°C. X = agglutination within 1 hr. + = agglutination within
4 hr.

has been rediscovered by Tiebackx,?! whose attention to it was
aroused by the fact that oil-in-water emulsions ‘“broke” upon
mixing if one was emulsified with gum arabic and if gelatin was
the emulsifying agent in the other. He found that gelatin and
gum arabic mutually precipitate in a solution sufficiently acid to
insure the presence of gelatin cations, the coagulum setting to a
jelly when warmed. In the presence of an excess of gelatin this
precipitation does not occur. This is an example of the ‘pro-
tective”” effect of an excess of one component as seen in the
mutual precipitation of inorganic colloids discussed earlier in this
chapter and will be referred to again later. Tiebackx noted also
that gum tragacanth precipitates gelatin.

Other organic colloidal mutual precipitations reported in the
literature are: albumin combines with a-amylose?? at pH values
lower than 4.7; albumin precipitates cholesterol hydrosol;?
gelatin and hemoglobin precipitate gum benzoin hydrosol?* if
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the pH value is less than that of the protein’s isoelectric point;
tannin precipitates gelatin?® at pH values less than 4.7 and tannin
precipitates starch and gum tragacanth? in acid solutions.

In all cases where one attempts to effect a mutual precipitation
between two hydrophiles or between a hydrophile and a less
stable dispersion, rigorous adherence to the minutiae of detail
is essential. A slight excess of one hydrophile may fail to pro-
duce precipitation for the reason that, although chemical reaction
producing insoluble particles has taken place, yet before these
can coalesce to form large flocks, they become coated by the
hydrophile in excess and are thus held in suspension, or “pro-
tected.” In many instances (always with proteins) the pH
value of the mixture is important.

An illustration may be useful here. When 1 volume of an -
ordinary gum benzoin hydrosol?* is mixed with 1 volume of a
gelatin solution containing 2 X 10-% g. of gelatin, and the result-
ing pH is less than 4.7, a mutual coagulation ensues. If three
times this much gelatin at pH less than 4.7 is added, there is
no precipitation, the gelatinated benzoin particles being cathodic
in electromigration. If the pH value of the mixture is greater
than 4.7, there is no precipitation at any concentration of gelatin
because the resin is acidic in nature.

The foregoing facts explain why mutual precipitations involv-
ing hydrophiles have been so generally overlooked.

Protective Action.—When a solution of a hydrophilic colloid
is added to a less stable colloidal dispersion, or suspension,
generally there is no change in appearance of the system and the
less stable dispersion is found to have become more stable; i.e.,
it is no longer so sensitive toward either the addition of electro-
lytes or evaporation to dryness. The less stable dispersion is
said to have been protected by the hydrophilic colloid; hence the
term protective colloid which is commonly applied to the hydro-
philic colloids, such as gelatin, gum arabic, soap.

The discovery of protective action may be attributed to
Michael Faraday, who noted that the addition of gelatin to his
colloidal gold dispersions rendered them so stable that it was
possible to evaporate them to dryness without change in color.?”

Since there appears to be a general tendency to regard ““pro-
tective” colloids as a class that always confers increased stability
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upon hydrophobic colloids, it would be well to stop for a moment
in order to show that protective colloids do not differ so radically
from others in their behavior in mutual reactions. It is more a
difference in degree than in kind. For example, hydrophilic
colloids may precipitate other dispersions.

The precipitation of alumina hydrosol by gelatin was observed
by Thomas Graham, who also described the mutual precipitation
of colloidal silica by gelatin,?® finding that ‘“‘in the humid state
the gelatin of this compound does not putrefy.”

This appears to have been overlooked, since in modern colloid
literature one frequently notes reports of the discovery that some-
times protective colloids do not protect. One such report is
that of Brossa and Freundlich.?? These authors found that the
addition of a small amount of well-dialyzed albumin solution to
“ferric oxide’’ hydrosol rendered the latter more sensitive toward
the precipitating influence of electrolytes, rather than more stable.
The explanation for this is simple and will be returned to later.

Protective colloids may protect less stable dispersions or may
render them still less stable, even resulting in mutual precipita-
tion, depending upon the signs of the charges of the protector
and hydrophobe and upon the relative proportions of the two sols
brought together. The significance of the signs of the charges
carried by the two colloids interacting was shown by Billitzer.5
"He pointed out that, when a negative charge is conferred upon the
gelatin by addition of a very small amount of ammonium hydrox-
ide, it will then mutually precipitate with ferric oxide sol. If,
however, a slightly positive gelatin is mixed with the ferric oxide
sol, protection takes place. The latter complex is not precipi-
tated by the addition of a slight amount of ammonium hydroxide,
but the sign of the charge of the complex is changed from positive
to negative.

In view of the modern chemistry of protein solutions, and the
envelope theory of protection enunciated by Bechhold,3® an
explanation is available. The solution of gelatin in dilute
ammonium hydroxide contains not only ammonium and gelati-
nate ions but also hydroxide ion. When this mixture is added to
the acidic dispersion of ferricoxychloride micelles, the effect of the
former on the latter is obvious. These micelles are converted to
insoluble hydrous ferric oxide as well as, perhaps, to insoluble
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basic ferric gelatinates. Likewise, the H* ion of the ferric-
oxychloride solution tends to bring the gelatin to its isoelectric
point where it is least stable. Now, when slightly acid gelatin
is added to the ferricoxychloride sol and later rendered slightly
alkaline, no precipitate is obtained because the gelatin micelles
envelop the inorganic colloid particles. Further, when an excess
of alkaline gelatin solution is added to the ferricoxychloride
hydrosol, no precipitation ensues because the insoluble inorganic
particles become enveloped by gelatin micelles (are thus pro-
tected) before they can coalesce. Billitzer, likewise, found that
judicious additions of acidified gelatin solutions to an arsenious
sulfide hydrosol produced a mutual precipitation.

The sensitizing action of well-dialyzed albumin® upon ferrie
oxide hydrosol can be explained as above, since in pure aqueous
solution this protein is on the alkaline side of its isoelectric point
and will therefore promote hydrolysis of the ferricoxychloride
complexes.

Several instances of flocculations of diverse inorganic micelles
by proteins have been published.3!

Gold Number.—Various hydrophilic colloids show different
protective effects. Zsigmondy?? devised the gold-number method
as a means of defining the protective power of a given protective
colloid. The gold number of a protective colloid is defined by
Zsigmondy as the number of milligrams of the protective colloid
which just fails to prevent the change of color of 10 cc. of red-gold
hydrosol to blue upon the addition of 1 ee. of a 10 per cent sodium
chloride solution. Zsigmondy prescribes the use of a gold
hydrosol that shows a weak brownish opalescence to reflected
light and a clear bright-red color to transmitted light. It must
not show even a trace of violet or blue. Such a sol was prepared
by his formaldehyde-reduction method.

Zsigmondy’s technique is as follows:

Into three beakers, 0.01, 0.1, and 1 ce. of the protective colloid solution
are pipetted and 10 cc. of gold hydrosol are added to each, followed by
vigorous agitation for 3 min. Then 1 cc. of 10 per cent sodium chloride
solution is run into each beaker while it is stirred. If it is assumed that
change of color takes place in the first beaker and not in the others, the gold
number is between the values represented by the amounts of protective

colloid in 0.01 and 0.1 cc. For a more exact determination, the procedure
is repeated on amounts between these limits.
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The very different protective powers of the hydrophiles
are seen in Table 78. In addition to Zsigmondy’s values,?? recent
determinations by Gortner®* are given.

TaBLE 78.—GoLp NUMBERS

Gold number
Colloid

Zsigmondy Gortner
Gelatin........................ 0.005 to 0.01 0.005 to 0.0125
Isinglass....................... 0.01 to 0.02
Casein...........ccovvvivnen . 0.01
Egg albumin. ..................|....................| 0.08t00.10
“Protalbinic acid”*.......... ... 0.03 t0 0.08 (Na salt) | 0.15t0 0.20
“Lysalbinic acid”*..............[0.02 t0 0.60 (Na salt) | 0.10 to 0.125
Gum arabic.................... 0.15t00.5 0.10 to0 0.125
Gum tragacanth.......... . About 2
Dextrins....................... 6 to 20
Dextrin (British gum)...........[.. ... . ... ... ... 125 to 150
Soluble starch.............. ... | .. ..o ... 10 to 15
Potato starch................... About 25 B
‘Sodium oleate.................. 0.4to1 T 2t04

* These are protein degradation products so named by Paal [Ber., 88, 2195 (1902)}
prepared by heating egg albumin in alkaline solution and precipitating by acetic acid. He
uses these products in the preparation of protected metallic dispersions.

. These numbers are useful as rough indices of relative pro-
tective powers only. Probably the concentration and degree of
dispersion of the gold sol influence the result. The pH of the
solution used certainly affects the values.?® If the protective
colloid solution is slightly acid, it will show a poorer protective
action than one which is neutral or slightly alkaline. One sample
of gelatin tested by the author precipitated the gold sol.*

The protective effect is not instantaneous. Some time must
elapse after mixing for the optimum effect; 3 min. is usually
sufficient. Dilution is also a factor. In a certain case, Zsig-
mondy found that 0.015 mg. of gelatin in 23 cc. of water did
not protect 10 cc. of a gold hydrosol, but, when added in 3 ce.

* Data such as these are given by Ogiu and Pauli.3* Zsigmondy,3® noting
that acid gold sols are precipitated by proteins, invented the method of
measuring the Umschlag Zahl or literally the *“upset number” of the sub-
stance. It is of little, if any, value.
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volume and then diluted with 20 cc. of water, it did protect the
sol. Apparently, when protection has taken place, dilution does
not affect it.

The degree of dispersion of the protecting colloid also affects
its gold number, as shown for gelatin® by Elliott and Sheppard.
This is demonstrated clearly by experiments in which solutions of
gelatin were prepared as follows:

1. By making up the solutions directly without subsequent dilution, as
1 g. gelatin to 100 cc. solution for a 1 per cent solution, to be heated for 4 hr.
at 50°C. to establish equilibrium and cooled in a water bath at 20°, at which
temperature all gold numbers were determined.

2. By making an original solution of 1 per cent, heating at 50° for 4 hr.,
cooling, and diluting to 0.01 and 0.001 per cent at 20°.

3. By making the original solution of 1 per cent at 50°, heating for 4 hr.,
and making further dilutions of 0.01 and 0.001 per cent at 50°, with a further
2-hr. heating to equilibrium and cooling at 20°.

The results shown in Table 79 under “original”’ clearly indicate
that the gold number decreases with decreasing concentration.

TABLE 79.—SoME FAcTORsS INFLUENCING THE GOLD NUMBER OF GELATIN

Strength of Solution, Gold Number
per cent
Original
1.0 0.15
0.01 0.02
0.001 about 0.015
Diluted at 50°
0.01 0.0075
0.001 0.02
Diluted at 20°
0.01 0.0075
0.001 0.02

The protective action itself- is not increased by a decrease
in the quantity of gelatin, but, as the concentration is lowered, the
state of dispersion of the gelatin present is altered. At high
concentrations there is a majority of large particles with some
smaller particles also; at low concentrations, a majority of very
fine particles and very few of the larger particles. The larger
jelly particles exert very little, if any, protective action. It is
evident that gelatin must be completely in solution to show its
maximum protective effect.
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Elliott and Sheppard® also found that the gold number of
gelatin solutions increases upon standing, which is concomitant
with decrease in degree of dispersion of thegelatin.* After deter-
mining the gold numbers of 17 different gelatins of all grades and
methods of manufacture, they concluded that this method is of
little or no value in the grading of gelatins. The gold numbers
differed but little and the classification thus made possible was
too rough, bearing no simple relation to those properties which
are of chief interest to users of gelatins.

- Heubner and Jacobs® have tried to determine the gold numbers
of purified blood proteins but found that the gold number of a
given protein varied with the method of preparation. Some of
their samples caused the gold sol to turn violet in color. Reit-
stotter® claims that the gold numbers of the various fractions of
sera from a number of animals, both normal and diseased, are
characteristic in most cases, the pathological condition of the
animal influencing the same. It is interesting to note that he
finds that the relative protective action, expressed as gold num-
ber, is altered by the acidity of the medium.
~ The gold numbers of a series of protein degradation prod-
ucts, such as proteoses and peptones, have been determined.*!
Attempts have been made to apply the gold-number method to
analysis of urines. The presence of protective substances in
urines has been found,*? but it is doubtful whether the method
can have any diagnostic value, for reasons already shown in other
instances. Furthermore, Ottenstein*® has been unable to find
characteristic gold numbers in urines from certain pathological
cases. He finds that the gold numbers of the well-dialyzed solids
of normal urines range from 3.5 to 7.0, while, in disease, fluctuat-
ing values are found both above and below the normal values
and are not at all characteristic for any one pathological condition.

Protective colloids inhibit the decomposition of hydrogen
peroxide by platinum hydrosol. Determinations* of the effect
of gelatin, gum arabic, and dextrin are shown in Table 80. The
time for 50 per cent decomposition of a given amount of hydrogen
peroxide by a fixed quantity of platinum hydrosol was deter-

* This is illustrated in Table 79 by the values for 0.001 per cent gelatin
diluted at 20° and at 50°. These solutions had stood 2 days after having
been made and doubtless had time to agglomerate.
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mined in both the absence and presence of varying amounts of
protective colloid by means of permanganate titrations of samples
of the mixture withdrawn at given intervals.

TaBLE 80.—INHIBITION OF DEcCoMPOsITION OF HYDROGEN PEROXIDE BY
CoLLOIDAL PLATINUM

Time for Time for
50 per cent 50 per cent
Protective colloid decompo- Protective colloid decompo-
sition, sition,
minutes minutes
None................. 20
; Gelatin. ........ 265 Gelatin......... 103
0.1%¢< Gum arabic. . ... 86 [0.001%< Gum arabic. . .. 21
Dextrin......... 66 Dextrin. .... ... 23
Gelatin. ....... 150
0.01%3Gum arabic. ... 39 ]0.00019% gelatin......... 71
Dextrin........ 28

The order of effectiveness in inhibition of the catalysis is seen
to be the same as that of protective powers shown by the Zsig-
mondy gold numbers. Confirmation of these results is found in
a paper by Iredale** where the inhibition number, i.e., that
percentage of protective colloid which is just insufficient to inhibit
the catalytic action of eolloidal platinum upon hydrogen peroxide,
is found to run parallel to the gold number (Table 81).

TasLe 81.—ComparisoN OF INHIBITION AND GoLp NUMBERS

s Gold- Inhibition-

Colloid Gold Inhibition number number
number number . .

ratios ratios
Gelatin.................. 0.02 2 X 10— 100. 100.
Eggalbumin.............| 0.1 1 X 106 20. 20.
Dextrin.................. 3. 2 X 104 0.66 1.

Starch................... 5. 6 X 104 0.40 0.33

Iredale explains the inhibitory effects of the protective col-
loids “on the ground of selective adsorption resulting in a
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decreased concentration of hydrogen peroxide at the platinum
surface. . . . ”

The envelope theory of protective action has been supported
by Loeb.*® He prepared nitrocellulose suspensions by dissolving
dried nitrocellulose in pure acetone, adding water to appearance
of turbidity, and distilling off the acetone under reduced pres-
sure, whereupon a creamy suspension of nitrocellulose particles
was obtained.¥ The preparation of protein-coated collodion
particles was suggested by his previous experience with collodion
membranes,*® where he found:

When collodion membranes are filled with a 1 per cent solution of a
protein, such as gelatin, crystalline egg albumin, casein, or oxyhemo-
globin, there is formed overnight inside the membrane a durable film of
solid protein which cannot be washed away, even if the interior is rinsed
out as often as ten or twenty times with warm water. This film betrays
itself by its color in the case of oxyhemoglobin. The forces which make
the film adhere to the collodion must be very strong, but they do not
depend upon the ionization of the protein, since the films are formed no
‘matter whether the protein is at the isoelectric point, or whether it is
on the alkaline or on the acid side of the isoelectric point. The forces
which cause the film formation must be those forces of secondary
valency responsible for phenomena of adhesion and cohesion in general.*

Loeb allowed a small quantity of collodion suspension to remain
overnight in an aqueous solution of a protein. The next morning
the particles were centrifuged from the protein solution and
made up to a creamy suspension in water at a desired pH. This
suspension of protein-coated particles was added to various salt
solutions to note the behavior. The effects of various salts were
followed by electrophoresis measurements and observation of
the concentrations of a given electrolyte which caused precipi-
tation. It was found that the behavior of the protein-coated
particles is identical with that of a solution of the protein. The
concentrations of different salts required to precipitate suspen-
sions of gelatin-coated collodion particles in water are practically
identical with the concentrations of the same salts required to

* This conduct is like that of gold foil in gelatin solutions observed by
Zsigmondy as early as 1900 (Zsigmondy-Spear, p. 112). Gold foil covered

itself with a film of gelatin that could not be removed by boiling water.
This layer prevented the amalgamation of the gold with mercury.
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‘“salt out” gelatin from aqueous solutions. Furthermore, Loeb
found that, just as the stability of gelatin at its isoelectric point
(pH 4.7) is increased by the addition of certain kinds and amounts
of salts, so are gelatin-coated collodion particles rendered more
stable when protected by isoelectric gelatin.

Loeb noted a peculiar behavior in the case of egg albumin.
He found that it is not a good protective colloid for collodion
suspensions.. Investigation of the properties of albumin-coated
collodion particles showed them to be practically identical in
stability with that of suspensions of denatured albumin particles.
He believed that, when egg albumin forms a film of its solution
around collodion particles, the albumin molecule undergoes a
rearrangement or orientation to render its water-soluble groups
ineffective. He recalled the observation of Ramsden on the
films of certain proteins which form in aqueous solutions, owing
to the lowering of the surface tension of water. Ramsden said
that some of these films undergo coagulation. It is likewise
well to recall that mechanical grinding of a dry powder of soluble
blood albumin renders the albumin insoluble.*

Loeb also found casein and edestin to be poor protectors for
collodion particles.

Beans and Beaver® have performed an experiment which shows
that the protection of colloidal gold by gelatin is due to sorp-
tion of the gelatin by the gold particles. They found that the
gold particles of a red-gold hydrosol (Bredig) were completely
precipitated by centrifuging for 3 min. at a force equivalent to
32,000 times gravity. The precipitate was black and irreversible.
Centrifuging a mixture of 5 cc. of a 0.1 per cent gelatin solution
and 50 cc. of the gold sol resulted in deposition of the gold parti-
cles in 16 min., but the precipitate was red in this instance and
could be redispersed to a red sol upon shaking with water. On
heating some of this precipitate, it evidenced a slight charring,
indicating the presence of gelatin. The same concentration of
pure gelatin showed no precipitation of gelatin even after 30 min.
centrifuging at 32,000 times gravity.

The majority of the investigations on protective colloids have
been made upon aqueous dispersions, as is to be expected, but
it is well to bear in mind that their usefulness is not restricted to
water solutions. Bancroft®! points out that aniline dyes which
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are insoluble in benzene can be dispersed therein by the aid of a
benzenophilic colloid, such as zinc or magnesium resinate, and
thus be used in lacquers.

A practical use of protective colloids is shown by Wegelin,®2
who found that the adhesion of metallic particles in grinding
could be overcome by the presence of an aqueous gelatin solution.

Protective colloids have been found useful in the manufacture
of ice cream, their presence preventing the formation of large
ice crystals and thus insuring smoothness. Gelatin, egg albumin,
and karaya gum are the most popular colloids for this purpose.
A discussion of the effect of gelatin in ice cream is given by
Alexander.®®* The latter has also observed that the presence of
protective colloids in milk prevents the formation of lumpy
curd when the milk is acidified.?

The presence of protective colloids is avoided in analytical
chemistry, since it has been known, long before they were recog-
nized as such, that their presence prevented the precipitation of
insoluble compounds.

Protective action is not restricted to the hydrophiles. Inor-
ganic dispersions frequently act as stabilizing agents. The fact
that no precipitation is observed when an excess of one inorganic
dispersion is added to another is evidence of the stabilizing action
of the excess upon the precipitated particles. The protective
power of hydrophobes is practically nil, of course, while that of
the intermediates is quite noticeable.

Lange Test of Cerebrospinal Fluid.—In 1912, Lange® made
some observations upon the reaction of Zsigmondy formol gold
hydrosol with diluted cerebrospinal fluid which has proved of
great value in the diagnosis of certain diseases. When the
cerebrospinal fluid of a healthy person is diluted with 0.4 per cent
aqueous sodium chloride solution, the diluted specimens do not
alter the color of a red-gold hydrosol. Pathological fluids at
certain dilutions produce coagulative effects, evidenced by the
change in color of the gold sol; 7.e., in these cases the protective
action of the hydrophiles of the normal fluid is lacking at certain
dilutions of pathological fluids.

The Lange test is carried out as follows:5

Cerebrospinal fluid, free from blood, is diluted with 0.4 per cent sterile
sodium chloride solution in the ratio of 1:10. Then in the first of a series
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of 12 tubes, there is placed 1 cec. of this diluted solution, in the second, 1 cc.
diluted 1:20, and so on, to the twelfth tube in which 1 cc. of a 1:25,000
dilution is placed. Then 5 ce. of the gold hydrosol is quickly added to each
and shaken. The colors are noted and graphed empirically as shown in
Fig. 13997

Vorious types |Numbers used Dil of spinal filuid with 04 per cent NoiCL

of color Yo designate
reactions color regcﬁon _9,; § ?_ § % % § ? § :ﬁi,
Complete 5
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Red- blue | y ,/( R

pa XY e
Brilliont 0 — - N==g=ml=—N
reol-orange

s No reaction~normal spinal fluiol
===== Faretic reaction type

===== lvetic reaction fype

o= “Verschiebung Noich Oben”

Fre. 139.—Graphs of the Lange test of cerebrospinal fluids.

The graphs are characteristic for certain diseases.

Large quantities of formol gold hydrosol are made in hospitals,
for use in the Lange test. The Gettler and Jackson method for
its preparation has been deseribed in Chap. VI. Bredig gold
sol® and phosphorus-reduced gold sol® are said to serve as well
as the formol-reduced gold. Apparently the gold sol should be
neutral or slightly alkaline.®

Pathologic cerebrospinal fluid reacts characteristically with
hydrophobie dispersions of certain gum resins; mastic,%! benzoin,52
and myrrh® having been employed. The systems are too compli-
cated to theorize about.
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CHAPTER XVIII
GELS AND JELLIES

The term gel which has been so widely used and so little
understood is gradually becoming restricted in use to denote
transparent or translucent bodies containing a considerable
proportion of liquid, but maintaining shape and exhibiting
rigidity.* The word jelly is applied to those gels which are heat
reversible, as, for example, aqueous gelatin or agar-agar, or
cellulose acetate benzyl alcohol systems.

If a classification of gels is wanted, perhaps Hatschek’s system!
will serve: First, one is reminded of the heat-reversible type,
of which gelatin is a well-known example. Dry gelatin when
placed in water swells to several times its original volume. On
warming to over 30° it forms a sol and scts to a gel upon cooling,.
The ““melting” and “setting” temperatures are not sharp, but
when measured by some conventional method the setting
point”’ is always found to be a few degrees (generally 5 to 10)
lower than the ‘“melting point’’; i.e., there is a hysteresis range
in which the system may exist either as a sol or as a gel. For
agar-agar this range is much larger, its hydrogel is transformed
to a sol on heating to about 95°, and it sets upon cooling to below
35%

A second type of gel is formed by the irreversible transfor-
mation of a sol at ordinary temperatures. The best known gel
of this type is silicic acid. It is conveniently formed by pour-
ing ‘“water glass” of about 1.15 specific gravity into an equal
volume of 6 M hydrochloric acid. The resulting clear sol of
silicic acid assumes a bluish opalescence and sets to a gel in
about an hour at room temperature.?

A third type, which is unstable, is formed on cooling solutions
of suitable concentration of substances which occur in definite

* In this book, the term gel.is not applied to dry amorphous bodies. If
a name is desired for these, then Freundlich’s suggestion of ‘‘xerogel” is
recommended.
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crystals, or on producing such substances by a suitable reaction.
As examples of the former there are ‘‘azomethine”? (5-dimethyl-
amino-anilino-3-4-diphenyl cyclopentene-1-2-dione), dibenzoyl-I-
cystine,* and camphoryl phenyl thiosemicarbazide.® These
dissolve in certain hot solvents and form clear gels on cooling,
which after a few minutes to several months, depending upon the
solvent and the concentration, become opaque, segregating sol-
vent and crystals. Manganous arsenate,® formed by the reaction
between potassium dihydrogen arsenate and manganous chloride,
is an instance of the second kind. The reaction mixture sets
to a clear gel which after standing deposits spherical aggregates of
crystals.*

A fourth type of gel is that formed by the gradual replacement
of a solvent liquid by a nonsolvent liquid, as, for example,
in the preparation of nitrocellulose membranes. This gel which
is remarkable for its tenacity dries irreversibly; 7.e., it will not
reimbibe the nonsolvent liquid after it has been dried.

Some Physical Properties.—The third and fourth types have
not been studied as gels to any appreciable extent.

The most extensively studied example of the first type is
gelatin gel.  (Agar has received but a small amount of attention.)
While upon cooling a gelatin sol there is a continuous increase in
viscosity finally to the extent where viscosity measurements fail,
it has been established that certain physical properties, such as
refractive index,” do not change more than can be accounted for
by the change in temperature or volume. Some writers hold
that the principal difference between the sol and gel is the elastic
properties of the latter.?

Investigations of the elastic constants of gelatin gels were
started about fifty years ago by physicists interested in a trans-
parent isotropic material permitting considerable deformation.
The results of these investigations have produced the following
information: Gelatin gels are perfectly elastic for small stresses
applied for short times, The volume remains unchanged even

* The formation of such gels has been extensively discussed by von Vei-
marn (see Ref. 6, Chap. I), who has attempted to formulate general laws
governing their formation. For a criticism of von Veimarn’s generaliza-
tions see Weiser, ‘“The Colloidal Salts,” Chap. I, McGraw-Hill Book
Company, Inc., New York, 1928.
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for considerable deformation.!® The stress required to maintain
a given deformation decreases with the duration of application
but does not become zero; 7.e., the gel shows relaxation which
does not become complete.!* The optical anisotropy produced
by the stress does not decrease with it but remains at the value
corresponding to the first application of the stress.!?

Gels of silicic acid possess marked rigidity when of suitable
concentration. They vibrate audibly when the tubes containing
them are tapped!? and have for that reason been called *“ musical ”’
gels. The frequency of vibration of cylinders of the gel set in
glass test tubes is, beyond a certain minimum, independent of the
length but decreases with increasing diameter. The frequency
rises with the silica content and varies in the presence of different
acids at a constant silica content. The fresh gel which adheres
tenaciously to the glass walls is under tension. If a gel is cast
in a vaseline-coated tube to which it does not adhere, it shortens
and when tapped vibrates at a lower frequency than one of the
same diameter adhering to the clean glass walls. The difference
in frequency of vibration shows that the one formed in the
greased tube is under less tension. Hatschek! has searched for
double refraction in silicic acid gels and found none. '

Structure of Gels.—The majority of workers assume that
gels are two-phase systems. Wilhelm Ostwald’s idea of two
liquid phases has been shown to be untenable,!* and the honey-
comb structure postulated by Biitschli and so often referred to in
general scientific literature has been discarded. A part of the
evidence arrayed against the conception of a network in gels
was the lenticular shape of gas bubbles generated in gels. These
bubbles place themselves at a right angle to pressure and parallel
to tension applied to the gel.15

At present, the accepted structure, at least for gels formed
by hydrophilic colloids, is a mass of long intertwined fibrils,
enmeshing solvent or dilute solution,* as well as binding liquid
of solvation, the filaments being composed of adhering par-
ticles.®»® Thus one has a two-phase, solid-liquid structure where
both phases are continuous. - X-ray examination of gelatin and of

* When gels are protected against evaporation, the process of contraction
results in the exudation of some of this liquid phase. Graham (1864)
named this process synerests.
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agar gels has revealed crystal interference rings, from which
Katz!" concludes that gelation is a crystallization phenomenon.
This confirms Bradford’s'® belief and is a return to the earliest of
theories of gel structure.!8

Thixotropy.—Gels exist which upon mechanical manipulation
such as gentle shaking or stirring reverse to sols and, when then
allowed to stand quictly, jellify again. These are known as
thizotropic gels and were so named by Peterfi,”® who found that
the stiff consistency of a living cell broke down to limpid fluidity
when the cell was probed and stirred by a micromanipulator, the
cell contents becoming stiff again upon subsequent quiet standing.
Thixotropic behavior of ‘‘iron oxide” sols which had gelled upon
the addition of a salt insufficient to precipitate the sol was
reported in 1923.2 Since then numerous reports have been
made upon this behavior for a variety of systems.?! Onc can
imagine the fibrils orienting in an entangled meshwork which
upon agitation are disentangled. Ultrasonic vibrations convert
thixotropic iron oxide and alumina gels to sol consistency.??

Drying of Gels.—The classical studies made by van Bemmelen
upon the vapor pressures of inorganic gels, especially his detailed
measurements upon aqueous silicic acid gel® and their inter-
pretation by Zsigmondy,?* contribute to the present-day theory
of gel structure, showing that capillary forces play a prominent
part in the process. First, there is a rapid fall in vapor pressure
with shrinkage of the gel as it loses water to a point beyond which
the loss of water takes place at almost constant vapor pressure,
to a second point from which the vapor pressure drops fairly
abruptly. If the capillary spaces are assumed to be spherical,
a shape which is rather doubtful,?® calculations of their diameters
have been made® yielding values less than 6 mu. Except for
““dried’’ gels of rather low water content, reimbibition to a given
water content can be effected only at higher vapor pressures;
the partially dried capillary spaces are not so readily rewetted
and apparently do not expand to their original volume.

The drying of the heat-reversible gels is different. The
vapor pressure of these jellies is about the same as that of pure
water.?” As they dry, they shrink to compact hard masses.
Cubes of gelatin jelly become remarkably distorted upon drying,
shrinking in at the face centers, producing sharp knifelike edges.?
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As a film of gelatin jelly dries on a clean glass surface, its shrinkage
causes layers of glass to be torn away, owing to its strong adhe-
sion to the glass.

While the silicic acid type of gel will, after loss of water,
reimbibe any solvent, the first type of gel (the heat reversible)
will not reimbibe a solvent in which it does not dissolve. This
is due to the cementing together of the intermicellar spaces
brought about by the deposition of solute in the drying process.
Once a gelatin gel has been “hardened” or tanned,® it will act
like a silicic acid gel on drying and then will also reimbibe any
liquid much as silicic acid gel does.

Imbibition and Swelling.—When certain xerogels* are placed
in liquids for which they have an affinity, or in the vapors of
such liquids, they swell. The sticking of wooden doors and
drawers in damp weather is a well-known example of this increase
in volume with imbibition of vapor or liquid. The swelling
ocecurs even against high pressure.f The historical experiment
by Reinke,* who measured the degree of imbibition of water by
pieces of seaweed called Laminaria is tabulated in Table 82.

If the converse of the facts cited in Table 82 is considered, it
is obvious that squeezing is not a promising method for the
removal of water from certain gels.

Although the gel expands, the volume of gel plus liquid
decreases during swelling.3! The contraction is greatest for
the first small amount of liquid imbibed by the dry solid. Con-
sequently, heat should be liberated during swelling, and this
has been found to be the case.?? Hence, in preparing a solution

* High molecular-weight substances such as polysaccharides, proteins,
or polymerized substances (rubber, polystyrols, etc.).

1 In the New York Evening Post of July 29, 1926, there appeared the follow-
ing item:

“HuymsLE BeEaN DEsTrROYS SHIP

“ Hankow, July 28, (AP).—The power of the humble bean has been
forcibly illustrated on the Yangtse River. The Hamburg Amerika motor-
ship Rhineland, filled with beans, collided with the Japanese steamship
Mqtsuki Maru about forty miles below Hankow.

“The Rhineland sprang a leak, the beans began to swell, decks to bulge,
and seams to open. Salvage craft came to the rescue, but the beans had
all the best of it. The Rhineland was an almost total loss.”
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of a hydrophile, it should be permitted to swell in the cold solvent
before heat is applied.

TaBLE 82.—IMBIBITION OF WATER BY LAMINARIAS®

Applied Pressure, Percentage Increase
Atmospheres in Volume
41.2 16
31.2 23
21.2 35
11.2 89
7.2 97
3.2 205
1.2 318
1.0 330
70 Jm‘m ntrate
K » frichloracetafe
65 ——=—»  chlorrde +—
4 = »  phosphate
60 oxalate
£ 55
-
< °
o 50
°
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o
0
% 40 \{\t
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® 95 /
£ a
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Fia. 140.—The influence of acids upon the swelling of gelatin.

The swelling of gelatin in water is markedly influenced by
electrolytes and nonelectrolytes. The influence of pH upon
swelling of gelatin is illustrated by Figs. 140 and 141.33% A
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quantitative explanation for these volume changes as a function
of pH was provided by Procter and Wilson.?¢ The investigations
culminating in the Procter-Wilson theory were begun by Procter
(in 1897) who, while attempting to arrive at a rational explanation
of the molecular mechanism of tanning, was continually con-
fronted by the necessity of first explaining the mechanism of
swelling. Quantitative development of his theory of swelling, .
however, had to await the appearance of Donnan’s theory of
membranc equilibria.
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Fia. 141.—The influence of bases upon the swelling of gelatin.

The Procter-Wilson theory states that H* of the interdiffusing
acid combines with the protein, thus converting the latter
to a cationic micelle, its charge being balanced by the free anion
of the acid. The intermicellar liquid contains H* and anions,
just as the liquid outside the jelly does, and at equilibrium the
following Donnan product holds for a monobasic acid:

[H* - [A7]. = [HY]; - [A7]; 0
where the subscripts s and j refer to outer solution and jelly

phase, respectively. Expressing Eq. (1) in the familiar values of
Chap. V,
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z? = y(y + 2) ©))

where z = [Ht] = [A-] in the outer solution.
y = [H*] free in the intermicellar liquid.
z = [A-] balanced by the positive charges on the protein.
Hence y + 2z = total [A] in the intermicellar liquid.
Thus since

2+ 2> 2z 3)
2y +z=2c+e 4)

where e = excess concentration of the diffusible ions in the
jelly phase over that of the external solution.

Since the concentration of diffusible ions is greater in the
jelly, water will osmose into the jelly capillary spaces and produce
swelling. Or, as Wilson puts it, the anions of the protein com-
pound will tend to diffuse outward into the external solution,
but this they cannot do without dragging their protein cations
with them. These protein cations, however, form part of an
elastic structure which resists the pull of the anions. The
quantitative measure of this outward pull is represented by the
value e and, according to Hooke’s law,

e=CV (5)

where C is a constant corresponding to the bulk modulus of
the gelatin and V is the increase in volume. By combination of
the equations given, Procter and Wilson were able to show that
the results predicted by them were quantitatively verified by
laboratory measurements. This was the first application of the
Donnan equilibrium to a protein system. Some scientists have
expressed doubt over the validity of the application of the
Donnan equilibrium to the swelling of protein jellies, but as yet
1n0 better mechanism has been offered.
The Donnan equilibrium does not account for the swelling of
. isoelectric gelatin in pure water and the influence of neutral
substances thereon, or, for that matter, for the swelling of
organophiles in organic liquids. Northrop and Kunitz3® offer an
‘explanation for the former. Having found that gelatin consists
of at least two substances, one of which is insoluble in cold water
and another more soluble component, they attribute the swelling
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of isoelectric gelatin in water to the osmotic pressure of the
soluble part of the gelatin in the fibrillar network. Water
therefore enters the network and thereby puts it under elastic
strain, the process continuing until the elastic force is equal to
the osmotic pressure. Their papers describe a simple spparatus
for measuring the swelling pressure. Further, they find that
electrolytes (such as thiocyanates) which promote the swelling
of the isoelectric gelatin also raise the osmotic pressure of
gelatin solutions.

Many organic substances, such as thiourea, chloralhydrate,
resorcinol, benzene sulfonates, enhance the swelling of poly-
saccharides and proteins just as thiocyanates and iodides do.
Organic compounds containing halogens give pronounced swell-
ing; in one series the order is trichlor- > dichlor- > monochlor-
acetate. The reason is not clear, although Katz?! suggests that
the nonpolar groups are attached to the micellar structure
leaving the hydrophile groups free to bind water. Strangely
enough, small amounts of propyl and of butyl alcohol promote the
swelling of gelatin and of casein in water, although in larger pro-
portions they dehydrate these gels.

Diffusion in Gels.—Inasmuch as Graham found that sodium
chloride diffused as readily through gelatin jellies as through
water—which was subsequently confirmed for a few other salts
and through agar jellies as well**—it has been generally stated
that the diffusion of crystalloids is not impeded by the gel struc-
ture. More recent measurements prove this statement to be
incorrect.?”3 The diffusion of electrolytes and of nonelectrolytes
is impeded by gelatin and by agar jellies in proportion to the
concentration of the solid matter in the jelly. Gelatin jellies
which were set at low temperatures have been found more
permeable than those that were jellified at higher temperature®
although of identical concentration. Calculation of the ‘pore
radii” based on the diffusion of nonelectrolytes shows them to
vary from less than 1 mu to about 6 mu for agar and for
gelatin, the pores in agar gels being smaller than those in gelatin
gels of the same concentration.® These magnitudes reveal
why gels prevent the diffusion of colloidal particles.

The mobility (in electric field) of particles of zinc dust and of
quartz particles through a 1 per cent gelatin jelly has been
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reported to be the same as that through the sol before it had set to
the jelly state.*

Liesegang Rings.—Liesegang, in 1896, called attention to a
curious rhythmically banded structure of silver chromate which
formed when a crystal of silver nitrate was placed on a sheet of
gelatin impregnated with a small amount of potassium dichromate.
A typical repetition of Liesegang’s original structure is shown in
Fig. 142, Since then a voluminous literature has accumulated
and such banded structures resulting from reactions in gels

Fia. 142.—Liesegang rings of silver chromate on a flat surface of gelatin jelly.

are called Liesegang rings. Hepburn® states, however, that Ord
prepared stratified precipitates of calcium oxalate in 1869.

A recipe for the formation of silver chromate rings is as follows:
To 50 cc. of a hot aqueous 10 per cent solution of gelatin add
about 25 mg. of potassium dichromate and pour on to a glass
plate. When it has set to a jelly, place a crystal of silver nitrate
(or & drop of a saturated solution) upon the center of the sheet of
jelly. Cover with an inverted beaker to retard evaporation and,
after letting it stand overnight, note the effect.

If the hot gelatin solution is allowed to set in & test tube
and silver nitrate solution is placed on top of the jelly, an effect
as seen in Fig. 143 is obtained.
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Any gel and any combination of
reactants producing a precipitate may be
used for the production of these banded
precipitates, some of the effects obtained
being rather beautiful,*! even deposition
of glistening metallic crystals having
been produced.

The bands become spaced farther
apart as they form farther away from
the source of the concentrated spot of
the one diffusing reactant. Sometimes
the bands form spirals.® The reader
who anticipates an explanation will be
disappointed, inasmuch as the four
outstanding theories* have been found
untenable.4® This ‘“colloid” phenom-
enon has been found to occur in the
absence of colloids.

Rhythmie rings of ammonium chloride
form when ammonia and hydrogen
chloride gases interdiffuse. Banded
deposits of sodium chloride crystals form
when 0.5 mm. capillaries containing a
solution of sodium chloride are immersed
in concentrated hydrochloric acid.¥ A
drop of oil placed on a smoked glass
causes rearrangement of the previously
continuous soot film into alternate
opaque and clear concentric rings under
the spreading drop.#® Some other analo-
gous cages dre cited by Veil.#

Natural periodic banded structures
are frequently encountered in geology
and biology.® While such structures
in geological specimens®® may be
accounted for by interdiffusion of react-
ants, it is well to be cautious in applying
the effect to biological phenomena.
Misguided worship of the mysteries of
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Fru. 143.—Liesegang pheno-
mena in tubes of gelatin jelly,

The bands of silver chromate
are discontinuous in the tube on
the left (the usual Liesegang
ring effect) while a continuous
spiral structure, a most uncom-
mon phenomenon, is seen in
the tube on the right. These
tubes were prepared by the
suthor who poured the identical
warm mixed solution of gelatin
and potassium bichromate, used
to make the flat plate shown in
Fig. 142, into each of the two
tubes, When the jellies had
set, an unmeasured small
amount of saturated silver
nitrate solution was placed on
the top of each jelly. The
tubes were stoppered and stored
in a dark place at room tem-
perature for 10 days when they
were photographed.
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colloidal phenomena has occasionally gone too far in the
application of colloid chemistry to biology. The most recent
of strange colloidal reports has been that curious ‘‘mito-
genetic radiations” from onions influence the formation of
Liesegang bands. Onion fragments do affect their formation,
but it is due to the vaporization of allyl isothiocyanate®? from
the onion.
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SUBJECT INDEX

A

Absorption, definition of, 272
Acacia gum (see Gum arabic)
Adhesion, work of, 2567
Adsorption, definition of, 272-273
at liquid-liquid and at liquid-gas
interfaces (see Surface con-
centration)
(See also Sorption)
Aerosols, 9
ammonium chloride, 19
condensation, influence of nuclei,
16-17
electric charge, 20-23
origin of, 21-22
electrostatic precipitation, 27
explosions of, 29-32
filtration of, 28-29
flocculation of, 23-29
formation of, by adiabatic expan-
sion, 11-13
by chemical interaction, 19-20
by condensation, 10, 20
by dispersion, 9
effect of nuclei, 14-17
photophoresis of, 20
settling of, 23-25
supercooling of, 14
thermal effects of, 29
thermal gradient, effect of, 27-28
Agar-agar, 382-385
acidity of, 382
chemical nature of, 382
gel (see Gels)
purification of, 382
swelling of, 382-385
Albumin (see Proteins)
Alcosol, definition of, 63

Alginic  bodies (see Sea-weed
extracts)
Alkali-metal salts, precipitation by,
181-182, 187-188
Alkaline-earth salts,
by, 182, 188
Alumina, gel,use in sorption, 305
hydrous, relative peptizing effect
of acids, 163
two-dimensional picture, 161
Aluminum acetate, basic, effect of
added oxalate, 150
Aluminum oxide sols, negatively
charged micelles, 163—-164
Aluminum oxysalt sols, effect of
heating, 156
pH, effect of salts on, 150, 152,
153, 155, 156
preparation of, 126, 130
titration with silver salts, 158-159
Aluminum salts, hydrolysis,
mechanism of, 146
Amicroscopic particles, definition of,
45
Amino acids, acidic dissociation
constant, 318-319
amphoteric properties of, 317-322
basic dissociation constant, 319
Bjerrum’s K4, Kp, definition of,
320
combination with acids and bases,
317-322
effect of salts on, 345
isoelectric point of, 322-326
estimation of, 324-325
titration curves, effect of formal-
dehyde, 320-322
Ampholytes, undissociated fraction,
322-323

precipitation
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Amphoteric ion, definition of, 317
Amylopectin, 366
Amylose, combination with albumin,
457
(See also Starches)
Analysis, capillary, 220
Antidimmers, 265
Antimony sulfide sol, preparation
of, 130, 131, 132
Arabic acid (see Gum arabic)
Arrhenius’s sorption equation, 284
Arsenious sulfide sol, effect of shak-
ing with organic liquids, 268
micelle, nature of, 167
precipitation by electrolytes, 180,
184, 194, 196
preparation of, 130, 132
Avirol, 399
Azomethine gel, 472

B

Bacteria, action of soaps on, 398
Bassorin, 381
Beans, swelling of, 475
Bredig arc apparatus, 102-103
Bromphenanthrene-sulfonic acid, 5
Brownian movement, 48-57
derivation of equation for, 49-53
experimental study of, 54-56
in gases, 56-57
Perrin’s tracings of, 54
rotational, 56
Bubbles (see Foams)
Burton-Bishop rule, 189
Burton tube, 206-207

C

Camphorylphenylthiosemicarbazide
gel, 472

Capillary active, definition of, 244

Capillary analysis, 220

Carbohydrate colloids, 361-386

Cardioid illuminator, 44

Carrageen, composition of, 385-386

COLLOID CHEMISTRY

Cassius, gold purple, 116-117
palladium purple, 117
platinum purple, 117
silver purple, 117
Catalysis, influence of protective
colloids on, 463-465
Cataphoresis (see Electrophoresis,
Electrokinetics)
Celloidin, 75
Cellophane, 68
Cellulose, 361-366
binding by, of HCI, 365
of HCIO, by, 365
cuprammonium solution of, 363-
364
dispersion in salt solutions, 364
esters and ethers of, 365-366
mercerization of, 363, 364
micelle, 361-363
molecular weight in solution, 364
orientation of micelles, 361
solution in Schweitzer’s reagent,
363-364
sorption by, 365
unit cell, 361
xanthogenates, 365
Cerebrospinal fluid, Lange test of,
467-468
reaction with gum resins, 468
Charcoals, activated, 287-288
influence of nature of activation,
297-300
nature of, 286-288
purification of, 287-288
relative sorptive affinities of,
293-301
Chromic oxychloride sol, effect of
heating, 156-157
PH, effect of salts on, 154
titration with silver salts, 160
Chromic oxysalt sol, preparation of,
125-126
Chromium salts,
mechanism of, 146
Clouds, 9 (see also Aerosols)
Coagel, definition of, 64

hydrolysis,
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Coarse  dispersions, distinction
between coarse and colloidal,
61-62
filtration of, 61-62

influence of protective colloid, 62
settling of particles, 62

influence of protective colloid, 62
Tyndall effect, 61

Coehn tube, 217

Coehn’s rule, 221

Cohesion, work of, 257

Collodion membranes (see Mem-
branes, nitrocellulose)

Colloid, origin of word, 1

Colloid mill, 98-101

Colloidal particles, diffusion of, 59-

60
through jellies, 60, 479
Colloidal solutions, filtration of, 250
general properties of, 59-63
preparation of, aluminum oxide,
126, 130
antimony sulfide, 130, 131, 132
arsenious sulfide, 130, 132
Bredig arc method, 101-107
chromic oxide, 125-126
copper ferrocyanide, 135
copper sulfide, 131, 132
dissolution processes, 98
double decomposition processes,
121-135
effect of nuclei, 112-115
electrical and thermal processes,
101-107
ferric oxide, 121-125, 130
gold, 105-115
jodin, 120-121
mastic, 135
mechanical processes, 98-101
mercuric sulfide, 131, 132, 133
methods, 98-135
oxidation-reduction processes,
107-121
platinum, 105-107, 116
precipitation processes, 135
Prussian blue, 134-135
rosin, 135
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Colloidal solutions, preparation of,
selenium, 107, 116, 135
shellac, 135
silicic acid, 126-128, 130
silver, 105, 106, 115-116
silver halides, 133-134
stannic oxide, 128-130
sulfide sols, 130-133
sulfur, 107, 117-120, 135
tellurium, 116
zinc sulfide, 131
Colloidal system, definition of, 237
Colloids, ““complex theory” of, 141
crystallinity of, 5, 6
inorganic, precipitation by pro-
teins, 459-460
Condensates, metallic, 18-19
Copper ferrocyanide sol, micelle,
nature of, 168
preparation of, 135
Copper sulfide sol, preparation of,
131, 132
Critical potential, definition of, 232
Crystalloid, origin of word, 1
Cunningham’s correction, 25

D

Decrepitation, 9
Denaturation (see Proteins)
Detergent action, 394-399
Detergents, other than soaps, 399
(See also Soaps)
Detonation, 10
Dialysate, definition of, 70
Dialysis, 68-91
apparatus, 69-72
in nonaqueous media, 79, 84-85
pressure, 69
speed of, 90-91
test of nature of, 87-88
Dibenzoyl-l-cystine gel, 472
Diffusate, definition of, 70
Diffusion, equation for, 51
in gels, 60, 479
Diol (see Ol)
Dioxo (see Oxo)
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Dispersed phase, definition of, 59
Dispersed systems, classification, 7
gaseous medium, 7
liquid, general characteristics, 59—
67
liquid medium, 8
solid medium, 7
Dispersion, degree of, influence of
dielectric constant, 4
Dispersion medium, definition of, 59
Dispersions, hydrophobic, proper-
ties, 65-66
intermediate, properties, 66
Donnan equilibrium, derivation of,
91-95
experimental test of, 95
Dorn effect, definition of, 205
Double refraction, 173
Dusts, explosion pressures of, 32
explosive limits of, 31
ignition temperatures of, 31
(See also Aerosols)

E

Electric charge of micelles, 169-170
Electric field, motion of particles in,
22-23
(See also Electrophoresis)
Electric migration (see Electroosmo-
sis, Electrophoresis)
Electrodecantation, 72
Electrodialysis, 69
apparatus, 71-72
Electrokinetics, 204233
experimental results, 229-232
theory of, 225-233
Electroosmosis, apparatus for, 222
definition of, 205
_equation for, 226, 227
measurement of, 221-223
Electrophoresis, Burton tube, 206-
207
Coehn tube, 217
definition of, 205
effect of walls on, 213-217
equation for, 228

COLLOID CHEMISTRY

Electrophoresis, measurement of,
205221
Michaelis tube, 217
microscope cell method, 212-217
mobility, calculation of, 208, 210-
211
moving-boundary, Kohlrausch-
Weber theory of, 208
technique, 205-209
Nernst-Hardy tube, 206
qualitative, apparatus, 217-220
transference method, 209212
U-tube method, 206-209
Electroultrafiltration, 69
Emulsions, 412-447
breaking of, 440-441, 443
chromatic, 443-447
closest packing ratio, 441-442
creaming of, 441-442
definition of, 412
dual, 419, 422
emulsifying agents, 424-426, 428-
431, 446
inversion of phases, 418-419, 422,
438-440
oriented-wedge theory of, 415-417
petroleum-field, 442-443
phase distribution, determination
of, 431
influence, of agitation, 420, 427,
432-436
of chemical nature, 419
of volume ratio, 426-428
preparation, 431-438
Continental method, 436-437
pseudo, 424
reversal of, 418-419, 422, 438-440
significance, of contact angle, 429
of pH, 426
of refractive index, 444447
of viscosity, 420
surface tension theory of, 413-415
theory of, 412424
transparent, 443-447
Emulsoid, 64, 656
Endosmosis, definition of, 68
Enzymes, inactivation of, 249
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Exosmdsis, definition of, 68
Explosions, dusts, 20-32

F

Fats, catalysis of hydrolysis, 265
and fatty acids; lengths of mole-
cules, 252-255
Ferric chloride, hydrolysis of, 5,
122-123
Ferric oxide hydrosol, Graham’s, 67
Péan de St. Gilles’s, 67
(See also Ferric oxysalt sol)
Ferric oxychloride sol, effect of
shaking with organic liquids,
268
precipitation by electrolytes, 181,
184, 191, 196
Ferric oxysalt sol, nature of micelle,
145
preparation of, 121-125, 130
Fick’s law, 51
Filters, porosity of common, 62
“stream line,” 74
Foams, 401-410
breaking of, 408-410
colloidal solutions, 406—408
concentration for optimum, 401-
403, 406
definition of, 401
gelatin solutions, 408
noncolloidal solutions, 401-406
proteins, 407-408
saponin, 407
soap solutions, 406-407
stability of, influence of salts, 404
Talmud’s theory, 402-406
Freundlich’s sorption equation, 280
Froths (see Foams)
Fumes (see Aerosols)

G

Gardinol, 399
Gelatin, gold number of, 462-463
swelling of, 476-479
(See also Proteins)
gel (see Gels)
Gels, 471-482
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Gels, agar-agar, 471, 472

classification of, 471-472
definition of, 63, 64, 471
deformation of, 473
diffusion in, 479
drying of, 474475
elasticity of, 472
gelatin, 471, 472, 474, 475, 476,
478, 479
heat reversible, 471
imbibition by, 475-479
(See also Gels, swelling)
Liesegang rings, 480482
manganese arsenate, 472
musical, 473
optical anisotropy of, 473
organic compounds, 472
rhythmic precipitation in, 480-482
silicic acid, 471, 473, 474, 475
size of capillaries, 474
structure, 473
swelling of, 4756-479
influence of pH, 476-478
Procter-Wilson theory, 477-479
thixotropic, 474
vapor pressure of, 474
vibration of, 473
Gibbs’s law (see Surface concentra-
tion)
Globulin, cow’s milk, crystals, 6
(See also Proteins)
Gold number, 460-463
definition of, 460
measurement of, 460-461
Gold ruby glass, 3, 7
Gold sol, 3
aurous oxide in, 166
effect of shaking with organic
liquids, 268
micelle, nature of, 165-167
precipitation by electrolytes, 181,
184, 191, 193
preparation of, 106-115
effect, of nuclei, 112-115
of ultraviolet radiation, 111
nucleus method, 112-115
test for unreduced gold, 110-111
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Gum resins, reaction with spinal
fluid, 468 )
Gums, 376-381
arabic, 376-380
arabic acid, acidity of, 378-379
combining weight of, 378, 380
preparation of, 377-378
titration curve, 377
composition of, 376, 380
solutions, conductivity of, 379
freezing point of, 379
viscosity of, 378-379
carob, 381
cherry, 380
cholla, 380
flax-seed, 381
karaya, 381
mesquite, 380
precipitation by proteins, 457
tragacanth, 381

H

Halides, precipitation by, 182-183,
186-187

Heat of sorption (see Surface films)

Hemoglobin (see Proteins)

Henry’s law, 281-282

Hexadecylamine hydrochloride, 5

Hoar-frost, 14

Hofmeister series, 344-346

Homogenization, 435-436

Hydrogel, definition of, 63

Hydrogen ion, significance in pre-
cipitation, 185-186, 187

Hydrolysis, Pfeiffer’'s theory of
mechanism, 146

Hydrophilic, definition of, 65

Hydrophilic colloid, 64

Hydrophobic, definition of, 65

Hydrophobic colloid, 64

Hydrophobic dispersions, precipita-
tion by electrolytes, 178-200

Hydrosols, defin'tion of, 63

effect of shaking with immiscible
organic liquids, 268-269

COLLOID CHEMISTRY

Hydrosols, preparation, methods of,
98-135
(See also under Colloidal solu-
tions)
types of, 6467
Hydrotropic agents, 424-426
Hydroxyl ion, significance in pre-
cipitation, 185-186, 187

I

Ice cream, use of protective colloids
in, 467
Illuminators, dark-ground, 43-45
Imbibition (see Gels)
Inhibition number, 464
Insecticidal sprays (see
films)
Intermediate colloid, 65
Intermediate dispersions, precipita-
tion by electrolytes, 178-200
Todin sol, preparation of, 120-121
properties of, 121
Iodo complexes, blue, 307-310
Ionic interchange, 153-155
Irish moss (see Carrageen)
Iron oxide hydrosol (see Ferric oxide
hydrosol, Ferric oxysalt sol)
Irregular series, 190-193
(See also Proteins)
Irreversible colloid, 64, 65
Isoamylammonium iodide, tetra, 4
Isoelectric mixture, definition of, 451
Isoelectric point, definition of, 322,
324, 325
(See also Amino acids, Proteins)

J

Jelly, carob gum, 381
carrageen, 385
definition of, 471
sea-weed, 382-386

(See also Gels, Pectin)

L

Surface

Lange test, preparation of gold sol,
109-110
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Lange test, of spinal fluid, 467-468

Langmuir’s sorption equation, 274-
276

Latent basic, meaning of, 147

Lens, numerical aperture of, 40

Spierer, 4445

Liesegang rings, 480-482

Light, scattering of, 35-40, 43
Rayleigh’s law, 35-36

Liminal value (see Precipitation)

Liquids, disintegration of, 10

Lloyd’s reagent, 304

Lubrication (see Surface films)

Lyophilic, definition of, 65

Lyophobic, definition of, 65

Lyotrope series (see Hofmeister
series)

Lysalbinic acid, 116

M

Manganese arsenate gel, 472
Marshmallow whips, 407
Mastic sol, micelle, nature of, 168
preparation of, 135
Mechanical coagulation (see Surface
concentration)
Membranes, animal gut, 68
Cellophane, 68, 71, 74
swelling of, 84
cellulose, regenerated, 68, 70, 85
cellulose acetate, 68, 85
dialyzing, definition of, 68
gelatin, 75, 78, 79, 86
graded, preparation of, 74-84
nitrocellulose, 68, 69, 71, 74, 85,
86, 87, 90, 91
alcohol index of, 76
dry, nature of, 86-87
lanolin-treated, 84
preparation of, 69, 75, 80, 82, 83
parchment paper, 68, 69, 70, 71,
85, 88
permeability of, nature of, 85-90
Tinker’s theory, 89-90
phosphorbronze gauze, 74
pipe clay, 71
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Membranes, porcelain, unglazed, 71,
85
potentials, 94-95
precipitate, 88-90
rubber, 79, 84, 85
sorption by, 91
swelling of, 76, 79, 81
Mercuric sulfide sol, precipitation by
electrolytes, 180, 184, 190
preparation of, 131, 132, 133
Meringue, 408
Micelles, electric charge of, 169-170
mobility of (see Electrophoresis)
nature of, 141-169
sign of charge of, 220-221
Michaelis tube, 217
Micromicron, definition of, 13
Micron, definition of, 13
Migration in electric field (see
Electrophoresis, Electroosmosis)
Millimicron, definition of, 13
Mitogenetic radiations, 482
Mobility (see Electrophoresis)
Moving boundary (see Electrophore-
sis)
Mutual precipitation of colloids,
450-458
hydrophilic, 454-458
like charged micelles, 452-453
theory of, 451-457
Mutual reactions of colloids, 450—
468

N

Nephelometry, 39-40
Nernst-Hardy tube, 206
Nitrocellulose, films, sorption by,
311
gel, 472
Noble metals, hydrosols of, nature
of micelles, 164~-167

o

Ol compound, definition of, 146
formation of, 146147
relative action of acids on, 162—
163
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Olation, meaning of, 147

Organic salts, precipitation by,

v 184-185

Organosol, definition of, 63

Ostwald-Freundlich equation, 239-
240

Oxide hydrosols, general nature of,
144-164

Oxides, mechanism of peptization of,
161-163

Oxo compound, formation of, 148

Oxolation, meaning of, 148

P

Paraboloid illuminator, 44
Parlodion, 80
Particles, counting of, 46-48
number of, influence of dilution,
47
optical anisotropy of, 173
primary and secondary, 174
shape of, 173-174
size, estimation of, 46—48
influence, on heat of solution,
242
on melting point, 241-242
on rate of solution, 237-238
on solubility, 238-241
on vapor pressure, 237
Pectic acid, definition of, 371
Pectinic acids, definition of, 371
Pectinization (see Pectization)
Pectinogen, definition of, 371
Pectins, chemical composition of,
371-372
chemical properties of, 372-376
definition of, 371
jelly formation, 372-376
osmotic pressure, influence of
glucose on, 375-376
Pectization, definition of, 64
Pectose, definition of, 371
Pectous, definition of, 64
Penetration order of anions, 153-
155, 168-161

COLLOID CHEMISTRY

Pepsin, crystals of, 6
Peptization, definition of, 64
of oxides, mechanism of, 161-163
Peptizing ions, designation of, 142
Permutit, 304
Phosphoric acid, titration curve of,
329 '
Photophoresis, 20
Pka, pks, definition of, 319
Platinum sol, decomposition of
hydrogen peroxide by, 463-465
micelle, nature of, 164-165
precipitation by electrolytes, 181,
190
preparation of, 105-107, 116
Poiseuille’s law, 85, 227
Polyolation, 149
Polythionic acids, 118, 167-168
Porcelain, unglazed (see Membranes)
Potentials, critical, definition of, 232
stream or flow (see Stream poten-
tials)
Powder, distribution between immis-
cible liquids, 265-268
Precipitation, by acids, 185-186
by alkali-metal salts, 181-182,
187-188
by alkaline-earth salts, 182, 188
antagonistic action of electrolytes,
188
by bacteria, 456—-457
colloid by colloid (see Mutual
precipitation) )
by electrolytes, 178-200
Burton-Bishop rule, 189
effect of dilution, 188-189
heat of, 199-200
influence of surface tension,
195-196
ionic interchange, 193-195
irregular series, 190-193
valence rule, 178-179
by halides, 182-183, 186—-187
hydrogen and hydroxyl ion, sig-
nificance of, 185-186, 187
insoluble compound formation,
183-184
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Precipitation, kinetics, 196-199
liminal value, definition of, 180
measurement of, 179-180
Preferential wetting, definition of,
266
of solids by liquids (see Surface
films)
Propylammonium iodide, tetra, 4
Protalbinic acid, 116
Protective action, 468—467
inhibition of catalysis, 463-465
Protective colloids, stabilizing influ-
ence of, 172-173
Proteins, 316-356

acid and base combining capacity’

of, 331-333
charge of, effect of polyvalent ions.
342
combination, with dyes, 344
with ions, 340-344
deamination, effect of, 332-333
denaturation of, 343, 346-347
equation for molecular weight by
centrifuging, 348-350
foams, 407-408
heat coagulation of, 346
Hofmeister series, 344-346
ingoluble complexes with ions,
342—-343
irregular series in precipitation of,
$ 342-343
isoelectric point of, 333-337
determination of, 231, 335
effect on, of formaldehyde,
336-337
of nitrous acid, 337
mechanical coagulation of, 249-
250
molecular weights of, 347-366
mutusl precipitation of, 454457
neutralization of acids and bases
by, 326-333
organic liquids, effect of shaking
with, 249
osmotic pressure of solutions of,
_ influence, of pH, 337-340
of salts, 340
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Proteins, precipitation, by amylose,
457
by cholesterol, 457
by gums, 457
of hydrophobic and interredi-
ate dispersions by, 459-460
properties of, influence of pH on,
334, 337-340
salting-out of, 344-346
sedimentation constant, 3562, 353,
354
shape of micelles, 352, 353
solubility, effect of pH on, 335
sorption of, 310-311
by membranes, 91
stability of, influence of pH on,
354-356
structure of, 316
titration curves of, 327-332
Protopectin, definition of, 371
Prussian blue hydrosol, preparation
of, 134135
Pseudo-golutions, 3
Pumice stone, 8
Pyrosols, 67
Pyroxylin (see Membranes, nitro-
cellulose)

R

Radioactive substances, effect on
aerogols, 22
Rayleigh’s law for scattering of light,
35-36
Resolution, limit of, 4041
Reversible colloid, 64, 65
Rhythmic precipitation, in gels (ses
Gels)
in noncolloidal systems, 481
Rosin sol, micelle, nature of, 168
preparation of, 135

8
Salt, colored, 7

Balting-out (sec Proteins, Amino
acids)
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Saponin, 407
Schmidt’s sorption equation, 283-
284
Sea-weed extracts, 382-386
Selenium sol, effect of shaking with
organic liquids, 268
preparation of, 107, 116, 135
Shellac sol, micelle, nature of, 168
preparation of, 135
Silica gel, 304
Silicic acid, gel (see Gels)
sol, 3
preparation of, 126-128, 130
Silver bromide particle, surface of,
143-144
Silver halide sols, preparation of,
133-134
Silver sol, micelle, nature of, 167
preparation of, 105, 106, 115-116
Smokes, 9 :
(See also Aerosols)
Soaps, bubbles, 407
detergent action of, 394-399
dew-point lowering by, 391
effect upon surface tension, 394-
395
emulsifying action of, 394-396
germicidal action of, 398
hydrolysis of, 391
micelles, nature of, 168-169
solutions, 4, 390-399
conductivity of, 392-393
constitution of micelles, 393
density of, 394 )
dew-point of, 391
hydroxyl ion concentration of,
390
surface tension of, 395
suspending action of, 396-398
Sol, definition of, 63
Solutions, distinction between col-
loidal and crystalloidal, 59-61
Sorbents, inorganic, 304-307
Sorption, 272-312
definition of, 272-273
of gases, 273-279

COLLOID CHEMISTRY

Sorption, of gases, carbon monoxide
on tungsten, 277-279
cyanogen on platinum, 277-278
hydrogen and nitrogen by
metals, 286
Langmuir’s theory, 273-279
law of mass action in, 277
at low pressures, 286
nitrogen on mica, 276
of oxygen, on carbon, 277-278,"
288
on tungsten, 278-279
thickness of sorbed layer, 279
water vapor on glass, 279
hydrolytic, 288-289, 307
isotherms, discontinuities in, 286
Langmuir’s equation, 274-276
of liquids (see Surface films)
from solution, 279-312
acetic acid by charcoal, 280-281
acids, 293-300
by activated charcoal, irreversi-
bility of, 287
amino acids, 296-297
Arrhenius’s, equation, 284
bases, by charcoal, 287, 288-289
by silica, 307
chemical nature of sorbent,
influence of, 293-301
colloids, 310-312
decomposition of complex com-
pounds, 301
fatty acids by charcoals, 291-
292
Freundlich’s equation, 280
heat of wetting and, 290
hydrochloric acid by charcoal,
287, 288
inorganie salts, 301, 306
by inorganic sorbents, 304-307
iodin by lanthanum hydroxide,
309-310
by organic compounds, 307-
309
from mixtures, 301-304
nature of solvent, effect of, 289
203, 295, 306-307
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Sorption, from solution, negative
sorption, 284285
organic compounds, 293-300,
305
influence of
293-297
cis and trans isomers, 295,
307
pH, influence of, 296-297, 304,
305, 311
phenol by charcoal, 286
reversibility of, 283
Schmidt’s equation, 283-284
by sugar charcoal, alkaloids,
296-304
surface tension, influence of, 302
time required for equilibrium,
272, 301
Traube’s rule, 297-300, 306-307
Sorptive carbons, nature of, 286288
Specific surface, definition of, 236
Spierer lens, 44-45
Spreading (see Surface films)
Spreading coefficient, definition of,
- 257
Stability, of colloids,
theory, 170-172
of micelles, significance, of charge,
232-233
of zeta potential, 232-233
Stabilizing ions, designation of, 142
Stable colloid, 64
Stannic oxide sol, nature of micelles,
144
preparation of, 128-130
Starch grains, swelling of, 368-369
Starches, 366370
amyloses of, 366-367
separation, 366367
composition of, 367
fatty acids in, 366
pastes, consistency of, 369
formation of, 368-369
phosphorus in, 366
precipitation by tannin, 458
soluble, 370
sorption of iodin by, 307-308

substituents,

Wilson’s
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Starches, unit cell, volume of, 368
X-ray studies of, 367-368
Steam potentials, definition of 205
equation for, 227
measurement of, 223-224
Stokes’s law, 24—25
centrifugal field, 63
Submicroscopic particles, definition
of, 45
Sulfide sols, micelles, nature of, 167
preparation of, 130-133
Sulfonated fatty aleohols, 399

Sulfur sols, micelles, nature of,
167-168
precipitation by electrolytes, 182,
194

preparation of, 107, 117-120, 135
properties according to particle
size, 119-120
Supersaturation, 11-13
Surface, development of, 236
influence of, 236-242
Surface-active, definition of, 244
Surface concentration, Gibbs’s law,
242-250
mechanical coagulation of pro-
teins, 249-250
time factor, 247
Surface energy of solids, 240-242
Surface films, areas of groups in, 261
effect on evaporation, 256
fatty matter, 252-255
heat of sorption of liquids by
solids, 261-262, 263
orientation of molecules in, 254-
255
sodium oleate, 255256
spreading, influence of chemical
nature on, 258-260
of liquid, over liquid, 250-261
over solid, 261-268
spreading coefficients, definition
of, 257
of liquids, 258-260
thickness of, 248, 251
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Surface films, wetting, definition of,
262
significance, in insecticides, 264
in lubrication, 263
of solid surfaces by liquids,
261-268
Twitchell’s reagent, 265
Surface phenomena, 236-269
Surface skins, formation of, 249-250
Suspensoid, 64, 65
Swelling (see Gels)
Syneresis, definition of, 473

T

Tellurium sol, effect of shaking with
organic liquids, 268

preparation of, 116

Thixotropy, definition of, 474

Tragacanthin, 381

Transference (see Electrophoresis)

Traube’s rule, 297-300, 306-307

Twitchell reagent, 265

Tyndall beam, 46
measurement of

37-39
Tyndall effect, 35, 59
Tyndallmeter, 37

intensity of,

U

Ultracentrifuge, 347
Ultrafiltration, 68-74
apparatus, 71-74
definition of, 68

COLLOID CHEMISTRY

Ultrafiltration, speed of, 90-91
Ultramicroscope, 41-43
Ultramicroscopic particle, definition
of, 456
Ultramicroscopy, 4048
Ultraviolet light, effect, upon aero-
sols, 22
upon proteins, 347

- Unstable colloid, 64

Urine, gold number of, 463

v

Vapor pressure of drops, influence,

of electric charge, 16-17
of size, 15-16
Viscose, 365
Visibility, limit of, 41
Visking tubing, 70

w

Waterfalls, charge of spray, 21
Wetting (see Surface films)

X
Xerogel, definition of, 63, 471

Z
Zeta potential, definition of, 232
Zine sulfide sol, preparation of, 131

Zwitter ion, constants, 320
definition of, 317















	00000001.tif
	00000002.tif
	00000003.tif
	00000004.tif
	00000005.tif
	00000006.tif
	00000007.tif
	00000008.tif
	00000009.tif
	00000010.tif
	00000011.tif
	00000012.tif
	00000013.tif
	00000014.tif
	00000015.tif
	00000016.tif
	00000017.tif
	00000018.tif
	00000019.tif
	00000020.tif
	00000021.tif
	00000022.tif
	00000023.tif
	00000024.tif
	00000025.tif
	00000026.tif
	00000027.tif
	00000028.tif
	00000029.tif
	00000030.tif
	00000031.tif
	00000032.tif
	00000033.tif
	00000034.tif
	00000035.tif
	00000036.tif
	00000037.tif
	00000038.tif
	00000039.tif
	00000040.tif
	00000041.tif
	00000042.tif
	00000043.tif
	00000044.tif
	00000045.tif
	00000046.tif
	00000047.tif
	00000048.tif
	00000049.tif
	00000050.tif
	00000051.tif
	00000052.tif
	00000053.tif
	00000054.tif
	00000055.tif
	00000056.tif
	00000057.tif
	00000058.tif
	00000059.tif
	00000060.tif
	00000061.tif
	00000062.tif
	00000063.tif
	00000064.tif
	00000065.tif
	00000066.tif
	00000067.tif
	00000068.tif
	00000069.tif
	00000070.tif
	00000071.tif
	00000072.tif
	00000073.tif
	00000074.tif
	00000075.tif
	00000076.tif
	00000077.tif
	00000078.tif
	00000079.tif
	00000080.tif
	00000081.tif
	00000082.tif
	00000083.tif
	00000084.tif
	00000085.tif
	00000086.tif
	00000087.tif
	00000088.tif
	00000089.tif
	00000090.tif
	00000091.tif
	00000092.tif
	00000093.tif
	00000094.tif
	00000095.tif
	00000096.tif
	00000097.tif
	00000098.tif
	00000099.tif
	00000100.tif
	00000101.tif
	00000102.tif
	00000103.tif
	00000104.tif
	00000105.tif
	00000106.tif
	00000107.tif
	00000108.tif
	00000109.tif
	00000110.tif
	00000111.tif
	00000112.tif
	00000113.tif
	00000114.tif
	00000115.tif
	00000116.tif
	00000117.tif
	00000118.tif
	00000119.tif
	00000120.tif
	00000121.tif
	00000122.tif
	00000123.tif
	00000124.tif
	00000125.tif
	00000126.tif
	00000127.tif
	00000128.tif
	00000129.tif
	00000130.tif
	00000131.tif
	00000132.tif
	00000133.tif
	00000134.tif
	00000135.tif
	00000136.tif
	00000137.tif
	00000138.tif
	00000139.tif
	00000140.tif
	00000141.tif
	00000142.tif
	00000143.tif
	00000144.tif
	00000145.tif
	00000146.tif
	00000147.tif
	00000148.tif
	00000149.tif
	00000150.tif
	00000151.tif
	00000152.tif
	00000153.tif
	00000154.tif
	00000155.tif
	00000156.tif
	00000157.tif
	00000158.tif
	00000159.tif
	00000160.tif
	00000161.tif
	00000162.tif
	00000163.tif
	00000164.tif
	00000165.tif
	00000166.tif
	00000167.tif
	00000168.tif
	00000169.tif
	00000170.tif
	00000171.tif
	00000172.tif
	00000173.tif
	00000174.tif
	00000175.tif
	00000176.tif
	00000177.tif
	00000178.tif
	00000179.tif
	00000180.tif
	00000181.tif
	00000182.tif
	00000183.tif
	00000184.tif
	00000185.tif
	00000186.tif
	00000187.tif
	00000188.tif
	00000189.tif
	00000190.tif
	00000191.tif
	00000192.tif
	00000193.tif
	00000194.tif
	00000195.tif
	00000196.tif
	00000197.tif
	00000198.tif
	00000199.tif
	00000200.tif
	00000201.tif
	00000202.tif
	00000203.tif
	00000204.tif
	00000205.tif
	00000206.tif
	00000207.tif
	00000208.tif
	00000209.tif
	00000210.tif
	00000211.tif
	00000212.tif
	00000213.tif
	00000214.tif
	00000215.tif
	00000216.tif
	00000217.tif
	00000218.tif
	00000219.tif
	00000220.tif
	00000221.tif
	00000222.tif
	00000223.tif
	00000224.tif
	00000225.tif
	00000226.tif
	00000227.tif
	00000228.tif
	00000229.tif
	00000230.tif
	00000231.tif
	00000232.tif
	00000233.tif
	00000234.tif
	00000235.tif
	00000236.tif
	00000237.tif
	00000238.tif
	00000239.tif
	00000240.tif
	00000241.tif
	00000242.tif
	00000243.tif
	00000244.tif
	00000245.tif
	00000246.tif
	00000247.tif
	00000248.tif
	00000249.tif
	00000250.tif
	00000251.tif
	00000252.tif
	00000253.tif
	00000254.tif
	00000255.tif
	00000256.tif
	00000257.tif
	00000258.tif
	00000259.tif
	00000260.tif
	00000261.tif
	00000262.tif
	00000263.tif
	00000264.tif
	00000265.tif
	00000266.tif
	00000267.tif
	00000268.tif
	00000269.tif
	00000270.tif
	00000271.tif
	00000272.tif
	00000273.tif
	00000274.tif
	00000275.tif
	00000276.tif
	00000277.tif
	00000278.tif
	00000279.tif
	00000280.tif
	00000281.tif
	00000282.tif
	00000283.tif
	00000284.tif
	00000285.tif
	00000286.tif
	00000287.tif
	00000288.tif
	00000289.tif
	00000290.tif
	00000291.tif
	00000292.tif
	00000293.tif
	00000294.tif
	00000295.tif
	00000296.tif
	00000297.tif
	00000298.tif
	00000299.tif
	00000300.tif
	00000301.tif
	00000302.tif
	00000303.tif
	00000304.tif
	00000305.tif
	00000306.tif
	00000307.tif
	00000308.tif
	00000309.tif
	00000310.tif
	00000311.tif
	00000312.tif
	00000313.tif
	00000314.tif
	00000315.tif
	00000316.tif
	00000317.tif
	00000318.tif
	00000319.tif
	00000320.tif
	00000321.tif
	00000322.tif
	00000323.tif
	00000324.tif
	00000325.tif
	00000326.tif
	00000327.tif
	00000328.tif
	00000329.tif
	00000330.tif
	00000331.tif
	00000332.tif
	00000333.tif
	00000334.tif
	00000335.tif
	00000336.tif
	00000337.tif
	00000338.tif
	00000339.tif
	00000340.tif
	00000341.tif
	00000342.tif
	00000343.tif
	00000344.tif
	00000345.tif
	00000346.tif
	00000347.tif
	00000348.tif
	00000349.tif
	00000350.tif
	00000351.tif
	00000352.tif
	00000353.tif
	00000354.tif
	00000355.tif
	00000356.tif
	00000357.tif
	00000358.tif
	00000359.tif
	00000360.tif
	00000361.tif
	00000362.tif
	00000363.tif
	00000364.tif
	00000365.tif
	00000366.tif
	00000367.tif
	00000368.tif
	00000369.tif
	00000370.tif
	00000371.tif
	00000372.tif
	00000373.tif
	00000374.tif
	00000375.tif
	00000376.tif
	00000377.tif
	00000378.tif
	00000379.tif
	00000380.tif
	00000381.tif
	00000382.tif
	00000383.tif
	00000384.tif
	00000385.tif
	00000386.tif
	00000387.tif
	00000388.tif
	00000389.tif
	00000390.tif
	00000391.tif
	00000392.tif
	00000393.tif
	00000394.tif
	00000395.tif
	00000396.tif
	00000397.tif
	00000398.tif
	00000399.tif
	00000400.tif
	00000401.tif
	00000402.tif
	00000403.tif
	00000404.tif
	00000405.tif
	00000406.tif
	00000407.tif
	00000408.tif
	00000409.tif
	00000410.tif
	00000411.tif
	00000412.tif
	00000413.tif
	00000414.tif
	00000415.tif
	00000416.tif
	00000417.tif
	00000418.tif
	00000419.tif
	00000420.tif
	00000421.tif
	00000422.tif
	00000423.tif
	00000424.tif
	00000425.tif
	00000426.tif
	00000427.tif
	00000428.tif
	00000429.tif
	00000430.tif
	00000431.tif
	00000432.tif
	00000433.tif
	00000434.tif
	00000435.tif
	00000436.tif
	00000437.tif
	00000438.tif
	00000439.tif
	00000440.tif
	00000441.tif
	00000442.tif
	00000443.tif
	00000444.tif
	00000445.tif
	00000446.tif
	00000447.tif
	00000448.tif
	00000449.tif
	00000450.tif
	00000451.tif
	00000452.tif
	00000453.tif
	00000454.tif
	00000455.tif
	00000456.tif
	00000457.tif
	00000458.tif
	00000459.tif
	00000460.tif
	00000461.tif
	00000462.tif
	00000463.tif
	00000464.tif
	00000465.tif
	00000466.tif
	00000467.tif
	00000468.tif
	00000469.tif
	00000470.tif
	00000471.tif
	00000472.tif
	00000473.tif
	00000474.tif
	00000475.tif
	00000476.tif
	00000477.tif
	00000478.tif
	00000479.tif
	00000480.tif
	00000481.tif
	00000482.tif
	00000483.tif
	00000484.tif
	00000485.tif
	00000486.tif
	00000487.tif
	00000488.tif
	00000489.tif
	00000490.tif
	00000491.tif
	00000492.tif
	00000493.tif
	00000494.tif
	00000495.tif
	00000496.tif
	00000497.tif
	00000498.tif
	00000499.tif
	00000500.tif
	00000501.tif
	00000502.tif
	00000503.tif
	00000504.tif
	00000505.tif
	00000506.tif
	00000507.tif
	00000508.tif
	00000509.tif
	00000510.tif
	00000511.tif
	00000512.tif
	00000513.tif
	00000514.tif
	00000515.tif
	00000516.tif
	00000517.tif
	00000518.tif
	00000519.tif
	00000520.tif
	00000521.tif
	00000522.tif
	00000523.tif
	00000524.tif
	00000525.tif
	00000526.tif
	00000527.tif
	00000528.tif

