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PREFACE

The widespread classroom and reference use of the first edition of this
book has encouraged the authors to prepare this second edition. The re-
vision has been a very thorough one and in many respects this second
edition is virtually a new book.

As was true of the previous edition this book can be readily adapted
to use with any introductory course in plant physiology based upon pre-
requisites of general botany and general chemistry. It can be used as the
basis for a conventional recitation course or as a background source of
information for student reading in connection with lecture-discussion
courses. If only certain topics are selected for lecture or laboratory con-
sideration, reading of the intervening chapters should help the student fit
the classroom work into a coordinated picture of the science as a whole.
Although the presentation is coordinated from chapter to chapter, the
book has been planned so that more advanced phases of most topics can
be skipped by omitting certain chapters and portions of chapters without
materially disrupting the continuity of the discussion. This featare should
make the book useful to those teachers who attempt to present a well-
rounded course in plant physiology in one quarter or one semester.

While the content, organization and relative emphasis on various topics
have undergone some obvious changes, the fundamental objectives of this
second edition are virtually the same as those of the first. The authors
have attempted to organize a discussion of the fundamental facts and
principles of plant physiology which can be included between the covers
of a volume of moderate dimensions. It has been our purpose Lo give
some consideration to all topics which would be considered significant by
the majority of plant physiologists. We have attempted to present a
reasoned evaluation of the data rather than a mass of undigested facts
and contradictory interpretations. Most of the discussion is based directly
on data selected from the original literature, much of which is presented
in tabular or graphical form. This approach is, we believe, consistent
with the thesis that data are the source material from which all scientific
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iv PREFACE

concepts arise, yet it recognizes that facts alone may be a barrier to
scientific progress unless fitted into a logical system of ideas. Students
should grasp uncompromisingly the viewpoint that scientific knowledge
is a structure of ideas derived from facts and observations.

Changes in the text from the previous edition are in content, emphasis,
and organization. Modifications in content reflect principally advances in
our knowledge of plant physiology over the last dozen years. Changes in
emphasis and organization are based largely upon the judgments of the
authors, often reinforced or tempered by suggestions from other teachers
of plant physiology. Some condensation has been effected in the early dis-
cussion of basic physicochemical principles, because it is our impression
that students are coming into plant physiology courses with a better
background of such concepts than formerly. The chapters on various
aspects of water relations have been somewhat abridged so that greater
emphasis could be placed on metabolic processes and growth, those phases
of plant physiology in which the most rapid advances have been made in
recent years. A chapter on enzymes has been introduced just after the
discussion of water relations, in order to catalyze an understanding of
immediately following chapters on metabolic processes. This chapter
replaces the chapter on digestion which in the first edition was given a
much later position in the book. Also worthy of note is the shifting of the
discussion of respiration to a position ahead of most discussion of meta-
bolic processes. The increasing realization that respiration is the key to
the synthetic as well as degradative processes of metabolism makes its
earlier discussion desirable. The chapters on growth have undergone a
considerable reorganization, one of the principal objectives of which has
been the achievement of a sharper differentiation between vegetative and
reproductive growth, which contrast just as greatly in their physiological
as in their morphological aspects.

The authors are acutely aware that, for most of the students who will
use this textbook, plant physiology is not an end in itself but a tool to
the better understanding of the behavior of plants under natural or, at
most, only partially controlled conditions. Recognition of this situation
accounts for the essentially ecological viewpoint which underlies much
of the discussion. The effects of various factors on different processes,
rclations between daily periodicities of plant processes and daily perio-
dicities of environmental factors, and the bearing of seasonal cycles of
environmental factors on seasonal patterns of plant behavior are con-
sequently given a prominent place in the discussion. On the other hand,
consideration of the mechanisms of processes, always ultimately needful
in the explanation of ecological behavior, has also been quite compre-
hensive. Explanations of many process mechanisms require excursions
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into the domain of biochemistry which we have not hesitated to under-
take whenever the level of interpretation which seemed desirable 1equired
it.

Although less emphasized than in the previous edition, conxiderable
space is devoted to a review and extension of physicochemical prineiples
with which the student of physiology should be familiar. Some of this
discussion is essential for the interpretation of plant processes as such:
some of it is essential for an understanding of the nature of the physical
factors of the environment and the manner in which they influence plant
processes. Likewise the structure of organs, tissues, and cells has been
described at appropriate places as necessary background information.
Structure and process are inscparable and an integrated picture of both
is essential for a clear concept of any phase of the physiological activity
of plants.

With only a few cxecptions cach chapter has appended to it a list of
discussion questions. These lists are meant to be suggestive and it is rec-
ommended that each teacher supplement them with additional questions,
of more or less similar purport, but adapted to the interests and back-
ground of his own student group. Most of the questions are of the “prob-
lem” type, and many of them have been deliberately chosen to extend
the classroom discussion to applications which have not been considered
in the text. Effective teaching in any science should not only lead to the
acquisition by the student of the basic facts, principles, and viewpoints
of that science, but should also train him in the use of that science in
the interpretation of natural phenomena. The use of properly selected
problems as a teaching device should aid the student in making use of the
facts and principles of a science as well as learning them.

A large part of the manuseript of this edition has been read critically
by Dr. H. T. Scoficld of North Carolina State College and by Dr. C. A.
Swanson of The Ohio State University. Certain chapters have likewise
been critically read by Dr. G. W. Blaydes and Dr. R. C. Burrell of The
Ohio State University, by Prof. T. C. Broyer of the University of Cali-
fornia and by Dr. C. O. Miller of the University of Wisconsin. We are
indebted to all of these readers for their constructive criticisms. Thanks
are also due to Grace Townsend Meyer for checking most of the refer-
ences. Those figures which have been taken from other sources are
properly credited in the captions.

BernNaArD S. MEYER
DonaLp B. ANDERsON
Columbus, Ohio
Raleigh, N. C.
April, 1952
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THE FIELD OF PLANT PHYSIOLOGY

In an cffort to understand the mechanism of a plant in its entirety,
many separate phases of the dynamie activity of plants have been recog-
nized and studied as individual processes. In attempting to interpret these
individual processes and their interrelationships, the plant physiologist is
confronted with many problems: What is the mechanism by which water,
gases, and solutes enter a plant from its environment? How do such sub-
stances pass out of a plant into its surroundings? How are foods and other
complex organic compounds synthesized in the plant? How are they uti-
lized in the development and maintenance of plants as living systems?
What transformations of energy occur within a plant, and what exchanges
of energy take place between a plant and its environment? How are water
and solutes transported from one part of a plant to another? How are new
tissues constructed? How is the development of one organ or tissue co-
ordinated with the development of other organs or tissues? Why does a
plant produce only vegetative organs at certain stages in its life cycle
and reproductive organs only at other stages? How are individual plant
processes and the development of a plant as a whole influenced by envi-
ronmental conditions? All of these problems and many other related or
subsidiary ones lie within the province of the branch of science that is
known as plant physiology.

For convenience, the study of plant life is subdivided into various
branches such as physiology, morphology, anatomy, ccology, pathology,
and genetics. Such a classification is necessarily more or less arbitrary.
Neither physiology nor any other phase of plant life can be singled out
for study without some consideration of plants from other viewpoints. A
particularly intimate interrelationship exists between the structures and
processes of plants. Every physiological process is conditioned by the
anatomical arrangement of the tissues, and by the size, configuration, and
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2 THE FIELD OF PLANT PHYSIOLOGY

other structural features of the cells in which it occurs. Furthermore, the
coordinated development of cells and tissues, i.e., of the plant itself, is a
complex of physiological processes. Thus the sciences of plant physiology
and plant anatomy merge in the study of plant growth.

Just as different species of plants differ in outward configuration and
internal anatomy, so do they also differ in physiology. The world of plants
includes a great number of very diverse kinds of organisms that range
in size from simple bacterial cells a few microns long to the enormous
redwoods of California. Their difference in size, although striking enough,
is not as fundamental as another distinction which exists between red-
woods and bacteria. The redwoods and all other green plants are able
to manufacture their own food, while bacteria (with a very few excep-
tions) and all other non-green plants must obtain their nourishment from
some outside source. The physiology of the green and the non-green plants
is therefore basically unlike. This book is essentially a discussion of the
physiology of the chlorophyllous (green) plants with the emphasis on the
vascular green plants. The physiological processes of the bacteria and
fungi have been considered only when they have a direct bearing on the
physiology of the green plants.

In general the basic physiology of all vascular green plants is similar.
This is not to say, however, that the processes occurring in one kind of
green plant are always identical with those occurring in another. The
physiology of a tomato plant differs from that of an oak tree in the same
sense that the physiology of a horse is different from that of a cat. Many
qualitative differences in metabolism are known to exist among plants.
Most green plants, for example, synthesize starch, but many do not. Most
of the physiological differences among species of green plants are quan-
titative rather than qualitative. All vascular green plants synthesize
chlorophylls a and b, for example, but the proportions of these two pig-
ments present differ considerably from one species to another. Similarly,
under identical soil and climatic conditions, the rates of absorption of
water by two kinds of plants may be very different. Even varieties of
the same species may differ markedly in their physiological reactions to
a given environmental complex. Under the same climatic and soil con-
ditions, for example, some varieties of wheat are markedly cold resistant,
while others are not.

The Relation of Physiology to the Physical Sciences.—Formerly the opin-
ion was almost universal that living organisms owe their distinctive
properties to the possession of subtle and unknown forces which are
peculiar to “living matter.” At the present time such “vitalistic” theories
und very few advocates. The contrary and now widely held assumption
is that living organisms operate in accordance with the same physico-
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chemical principles that hold in the inanimate world. The complexity and
elusiveness of living processes are not assumed to result from intangible,
unknown varieties of energy, but to the intricateness of the interplay of
recognizable physicochemical forces in the complex organized system of
the protoplasm. '

Adoption of this latter point of view has led to a widespread use of the
tools of physics and chemistry in experimental work on plants, and to
the interpretation of plant processes in terms of these two sciences. This
has led to notable progress in our understanding of the physiology of
plants and has permitted the analysis and expression of many physio-
logical relations in quantitative terms.

A knowledge of certain fundamental principles of physics and chemistry
is therefore essential to the understanding of physiological processes. For
this reason several of the earlier and parts of some of the later chapters
in this buuk are devoted to a brief exposition of certain underlying prin-
ciples of the physical sciences with which a student of plant physiology
should be familiar.

The Relation of Plant Physiology to the Agricultural Sciences.—Green
plants are not only the ultimate source of all food but supply the raw
materials for many of our basic industries. With the rise of modern in-
dustrial civilization both the quantities and kinds of plant products which
we utilize have increased rather than decreased. In additior: to foods some
of the more important raw products obtained from plants are wood, tex-
tile fibers, pulp, rubber, vegetable oils, gums, and drugs. Even most of
the so-called “synthetic products” of the chemist are not synthetic in the
sense that they have been built up from simple inorganic compounds,
but only insofar as they represent modifications of naturally occurring
plant products.

An industrial civilization not only requires a wide variety of plant
products but insists that these products meet certain standards of qual-
ity. The successful cultivation of plants has, therefore, become a highly
skilled occupation, and the agricultural sciences are rapidly becoming a
domain of the specialist. Success in controlling the activities of living
plants cannot be achieved without some understanding of the processes
which occur within them, and of the effects of environmental conditions
upon these processes. The problems of the forester, the fruit grower, the
cotton planter, the floriculturist, the grain farmer, and of all others who
cultivate plants differ in detail, yet they all have a fundamental simi-
larity in requiring an application of the principles of plant physiology
for their solution.

Fundamental investigations in plant physiology have contributed in
many ways to improved mecthods of propagating, cultivating, and har-
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vesting economically important plants, and to methods of handling and
storing many plant products. Furthermore, control of the fungous dis-
eases and insect predators of plants often requires application of the
principles of plant physiology. Much of the investigational work carried
on by scientific agronomists, horticulturists, floriculturists, and foresters
actually lies in the field of pure or applied plant physiology, although
often it is not formally classed as such.

The last hundred years have witnessed the evolution of the agricul-
tural sciences from largely empirical arts into the realm of applied
sciences. More progress has been made in their improvement during this
period than during all previous history. In substantial part this develop-
ment of a scientific approach to the practice of agriculture has come as
a result of advances in our knowledge of the physiology of plants.

Plant Physiology as a Science.—The origin of man’s first conscious in-
terest in plants long antedates recorded history. Agriculture had already
become a highly developed art thousands of years before any experi-
mental study of plant processes began. Consequently, there had grown
up a vast body of traditional plant lore which passed orally from father
to son, generation after generation. This practical knowledge of plants
developed over many centuries as a result of countless, mostly involun-
tary, trial-and-error experiences and innumerable observations of plant
behavior under all kinds of circumstances. Much of this mass of mingled
facts and beliefs regarding plants is alive in the consciousness of the
common man today. The closer he lives to the soil and the more familiar
he is with traditional plant lore, the more they influence his thoughts
and actions.

Many of these eustomarily accepted beliefs are essentially sound and
most of them contain elements of truth. Others, however, are entirely
erroneous, and not a few are tempered with superstitions, some of which
have an unbroken lineage back to the days of witch-doctors and sav-
agery. No reputable botanist has held for generations, for example, that
plants obtain their food from the soil, yet this and many other falla-
cious beliefs are still widely entertained among the general population.

The value of practical information about plants should not be under-
rated, since its perpetuation in the mind of man permitted the develop-
ment of agriculture to a high plane as a practical art before any
widespread investigation of plants from a scientific point of view was
undertaken. Nevertheless, traditional plant lore frequently is not only
inadequate, but is riddled with misconceptions, and often suffers from
points of view which are inherently stultifying to the acquisition of
further knowledge.

The layman, for example, often personifies plants in an attempt to
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explain their behavior. Man has desires and foresight, and it is often
assumed, cither consciously or tacitly, that plants are similarly endowed.
To many, for example, the statement that “roots grow downward in
search of water,” or that “stems grow upward in order to reach the
light” are accepted as adequate “explanations” of plant behavior. Man’s
knowledge that water and light are essential to plants is not evidence
that plants are similarly aware of these facts. To assume that plants
realize their needs and are able to act in conformity with their require-
ments is equivalent to crediting them with a high order of intelligence.
Explanations of plant behavior are commonly encountered in which pur-
poseful action on the part of plants is tacitly or deliberately implied,
although there is no justification for the adoption of such a point of view.

Furthermore, the layman seldom pursues his quest for information
about plants beyond the stage of observation, while the scientist fre-
quently does. Observation has suggested, for example, that light is
necessary for the continued existence of plants. To one who is scientif-
ically minded, either by instinct or training, the obvious next step is to
test this postulate experimentally. If the suggested hypothesis is sub-
stantiated by experiment it is tentatively accepted as a theory. Theories
such as those proposed in explanation of the processes or reactions of
plants, together with the experimental results which are considered to
support them, are usually published in a scientific journal or monograph
and thus exposed to evaluation and further experimental testing by
other scientists.

Continued experimentation may lead to substantiation, rejection, or
modification of the theory as originally proposed. Modification would
undoubtedly be the fate of the hypothesis used as an example, since
sooner or later some investigator would find that non-green plants can
thrive in the absence of light.

Experiments often raise more questions than they answer. New ap-
proaches to the problem under consideration as well as desirable new
lines of inquiry are constantly opening up to the alert investigator. In
this way experimentation leads to more experimentation, more facts
accumulate, and more theories are proposed. Some of the suggested hy-
potheses are confirmed, others are rejected, and still others are modified.
Most of them, sound or fallacious, in turn suggest further observation
and experimentation. As a result of such endless and painstaking labors
there is slowly built up that vast, complex, and ever-changing body of
knowledge which we refer to as a science.

The system of subjecting all hypothetical explanations of natural
phenomena to experimentation is the essence of experimental science.
Progressive modification of accepted concepts in the light of new experi-
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mental findings continually increases the soundness of scientific gener-
alizations. Thus there arc incorporated into any science theories and
generalizations in various stages of acceptance. Some stand upon such a
firm substructure of facts that they are accepted by all authorities in
the field. Others, less securely supported by experimental results, are
subscribed to by some but rejected by other workers. Finally, in any
science there are always some theories which are so dubious that they
find only a few advocates. Furthermore, some of the theories now
widely held sooner or later will be discarded or modified as a result of
new findings or as a consequence of different interpretations of facts
already known.

However, not all scientists are always in agreement regarding the in-
terpretation of the same sets of facts. Although this state of affairs is
entirely consistent with the spirit of scientific rescarch, it is frequently
puzzling to students and laymen. Differences of opinion regarding the
hypotheses which suitably explain scientific phenomena are most likely
to arise when experimental data are inadequate. Disagreements regard-
ing the interpretation of experiments and observations are often inevi-
table steps in the clarification of scientific generalizations. Controversies
usually focus attention upon gaps in our factual information. Fre-
quently, therefore, they are stimulating to research and often lead to a
further enrichment of human knowledge.

Without the knowledge of plant processes which has been slowly accu-
mulated through more than two centuries of observation, experimenta-
tion, and critical evaluation by numerous workers in all parts of the
world, this book could never have been written. In spite of the paticent
labors of these many workers, vast gaps still exist in our understanding
of the physiology of plants—gaps which are reflected in the necessarily
inadequate treatment of many topics in this book. The future of this
science and all others lies in the hands of the front-line investigators
who wage a continual struggle for the extension of human knowledge.
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PROPERTIES OF SOLUTIONS

Water is the most abundant compound present in all physiologically
active plant cells. The water which occurs in a liquid state in-plant
cells invariably contains other substances dissolved in it and usually
also contains dispersed particles which are not in true solution. When
the particles dispersed throughout the water are within a certain range
of sizes the system of water plus particles falls into the category of
colloidal systems. The complicated dynamics of living systems can be
largely interpreted in terms of the physicochemical properties of solu-
tions and colloidal systems, one component of which is water, although
it should not be inferred that nonaqueous solutions and colloidal sys-
tems are entirely absent in living organisms.

Similarly liquid water never occurs in the pure state in the natural
environment of living organisms. The water of streams, lakes, and oceans
invariably contains various substances in solution and usually in the
form of dispersed particles as well. This is likewise true of the soil water.
Even raindrops, the products of natural distillation, contain gases and
other solutes which have dissolved in them from the atmosphere.

General Nature of Solutions.—Simple solutions are systems in which
one component (the solute) is dispersed throughout the other (the sol-
vent) in the form of molecules or ions. Theoretically the solvent may be
a gas, a solid, or a liquid, but solutions in which the solvent is a liquid
are by far the most important in living organisms. Except in extremely
concentrated solutions the average distance between the solute particles
is usually very great relative to their size. Naturally occurring solutions,
whether in living organisms or their environment, usually contain a
number of different solutes and are often exceedingly complex. Water
is the commonest and most important of all solvents both in the in-
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8 PROPERTIES OF SOLUTIONS

organic world and in the realm of living organisms. The further dis-
cussion will be principally in terms of aqueous solutions.

Solutions of a Gas in a Liquid.—The water present in living organisms
usually contains dissolved gases. Those most commonly present are
carbon dioxide, oxygen, and nitrogen. Practically all the water in the
environment of organisms—in oceans, lakes, streams, soils, and rain-
drops—also contains these gases in solution, and sometimes others as
well.

A given volume of water or any other liquid will hold only a limited
quantity of gas in solution at a given temperature. When no more of a
certain gas can be dissolved in a liquid it is said to be saturated with
respect to that gas. Gases vary widely in their solubility in water, but
in general fall into two groups: those which are sparingly soluble, and
those which are highly soluble. When only a small fraction of a unit
volume of a gas will dissolve in a unit volume of water the gas is clas-
sified in the sparingly soluble group. When from one to many unit vol-
umes of a gas will dissolve in one unit volume of water it is classified
in the highly soluble group.

Oxygen, hydrogen, and nitrogen are familiar examples of gases be-
longing to the first.group, while carbon dioxide, ammonia, and hydrogen
chloride are examples of the second. When gases -are highly soluble in
water it is usually evidence that a chemical reaction takes place between
the gas and water. The reactions between water and carbon dioxide and
water and ammonia are indicated in the following equations:

CO, + H;0 = H,COs
NH; + H,O0 2 NHOH

In a solution of such gases not only are molecules of the gas present,
but also molecules of a compound formed by the reaction of the gas with
water. The apparently great solubility of gases such as these results
from the formation of relatively soluble compounds by the reaction of
the gas with the water. The solubilities of some common gases in water
are shown in Table 1.

In general, as also shown in Table 1, an increase in temperature de-
creases the solubility of a gas in a liquid.

Increase in pressure of a gas above & liquid increases the solubility,
i.e., the concentration of that gas in the liquid. For sparingly soluble
gases the increase in solubility is directly proportional to the increase
in pressure (“Law of Henry”). This principle also holds qualitatively,
but not quantitatively, for the very soluble gases.

When a mixture of several gases is maintained over water, each
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dissolves independently and in accordance with the gaseous pressure
(“partial pressure”) which it exerts against the surface of the water
(“Law of Dalton”). This principle holds strictly only for those gases
which are slightly soluble in water. For example, about one-fifth of the
atmospheric pressure results from the oxygen present. Assuming an at-
mospheric pressure of 760 mm. Hg (the value at standard conditions),
the pressure resulting from the oxygen is equivalent to about 152 mm,
Hg. The quantity of oxygen which dissolves in water exposed to the ai1
is the same as that which would dissolve if oxygen only at a pressure
of 152 mm. Hg occupied the space over the water.

TABLE I-—SOLUBILITY OF SOME COMMON QASES IN WATER AT DIFFERENT TEMPERATURES
WHEN THE PRESSURE OF THE GAS IS ONE ATMOSPHERE

Volume of gas dissolved in one volume of
water (reduced to standard conditions)

Gas
10° C. 20° C. 30°C.
1.194 0.878 0.665
0.038 0.0310 0.0261
0.0186 0.01§4 0.0I34
0.019§ o.0182 o.o170

Solutions of a Liquid in a Liquid.—In general, solutions of a liquid in a
liquid fall into two classes: those in which the liquids are freely miscible
with each other in all proportions, and those in which each liquid reaches
a definite point of saturation in the other. Ethanol (ethyl alcohol) and
water, for example, mix with each other in all proportions; such a solu-
tion is an example of the first mentioned type. Many oily liquids also
are miscible with each other in all proportions. A familiar example is
the solution of lubricating oil in gasoline. In solutions of this kind the
liquid present in excess is usually considered to be the solvent. In a 50
per cent solution of ethanol and water, either liquid could be considered
the solvent, or either could be considered the solute.

Ether, chloroform, and many other liquids are sparingly soluble in
water. After water and ether, for example, are shaken together in a flask,
two distinet layers of liquid separate upon standing. The upper layer
consists of the lighter ether, saturated with water, and the lower con-
sists of water saturated with ether. In both layers, however, the concen-.
tration of solute present at saturation is small. In the upper layer ether
is the solvent, water the solute; the opposite is true of the lower layer.

Solutions of a Solid in @ Liquid.—This is by far the most familiar type
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of solution and in many respects the most important. Substances in the
solid state vary greatly in their solubility in water, ranging all the way
from those which are virtually insoluble to those which arc extremely
soluble. There is usually a limit to the amount of any solute which ean
be dissolved in a given volume of water at a given temperature. When
this limiting concentration is reached the solution is said to be saturated,
following the same terminology used with solutions of gases and liquids
in liquids. It is almost impossible to prepare a true saturated solution
of any solute unless some of it is also present in the solid state. Under
certain conditions, and only when none of the undissolved solid is pres-
ent, a super-saturated solution can be prepared; i.e., a solution in which
the concentration of the solute is greater than that in the saturated solu-
tion. If a fragment of the solid solute be added to such a solution, the
excess solute usually crystallizes out immediately, and the concentration
of the solution decreases to that usually present at saturation.

Usually increase in temperature increases the solubility of a solid in a
liquid, but there are some exceptions to this principle. The solubility of
common salt (NaCl) in water, for example, is ‘only slightly influenced by
temperature, whereas the solubility of many calcium compounds is de-
creased by an increase in the temperature of water.

Methods of Expressing the Composition of Solutions.—If a mol ! of any
soluble compound be dissolved in just enough water to make exactly one
liter of solution, the result is a volume molar solution. Since the volume
of water changes with temperature, it is usual to specify that the solution
is to be made up to a liter volume at 20°C. Whenever the word molar is
used without qualification, this type of sclution is meant. Similarly, if
half the molar weight or one-tenth the molar weight of a substance be
dissolved in enough water to make exactly one liter of solution, the result
is a half molar (0.5 M) or tenth molar (0.1 M) solution, respectively, etc.
Gram molar weights of all substances contain the same number of mole-
cules. The best estimate to date shows this number to be about 6.02 x 10%3
molecules. Hence, one liter of any volume molar solution will contain this
number of solute molecules, one milliliter (0.001 liter) will contain one
thousandth of this number, and so on. Equal volumes of all solutions of
the same volume molarity contain the same number of solute molecules
but different numbers of solvent molecules. If a given volume of a volume
molar solution be diluted with an equal volume of water, the result is a
0.5 M solution; if a given volume be diluted with nine volumes of water,
the result is a 0.1 M solution, ete. Therefore a volume molar solution of
any strength may be diluted with water, and the resulting more dilute
solution will have a volume molarity in proportion as it has heen diluted.

* A mol is the molecular weight of a compound in grams.



ELECTROLYTES AND NON-ELECTROLYTES 11

If a mol of any soluble substance be completely dissolved in 1000 g.
of water, the result is a weight molar or molal solution. Such solutions are
used principally in experimental work upon various osmotic phenomena
The addition of a mol of most solids to a liter of water increases the vol-
ume of the resulting solution to more than one liter. This increase in
volume is called the solution volume of the solute. The solution volume
of many substances is very small, and for a few it is even negative, 1.e.,
there is a shrinkage in volume when the solute is added to the solvent.
On the other hand, the solution volume of some compounds, especially
the sugars, is considerable. When a mol of sucrosc is added to 1000 g. of
water, the resulting solution will have a volume of 1207 cc. at 0°C. Hence
the solution volume of a mol of sucrose is 207 ml. The solution volume of
a mol of sodium chloride, on the other hand, is only about 18 ml. Since
every solute has a different solution volume, it follows that equal volumes
of molal solutions of different substances do not contain the same number
of either solvent or solute molecules. Dilution of a given volume of a 1
molal solution with an equal volume of water does not result in a 0.5
molal solution because such solutions must be diluted in terms of the
volume of solvent present, not in terms of the total volume of the solution.

In physiological work it is often convenient to make up solutions on
a percentage basis. Unfortunately not all workers follow the same rules
for the preparation of percentage solutions. The simplest and least ambig-
uous procedure to follow is to make all such solutions strictly on the basis
of percentage by weight. A 10 per cent solution of sodium chloride, for
example, is made by dissolving 10 g. of sodium chloride in 90 g. of water.
Similarly, a 20 per cent solution of acetone is made by mixing 20 g. of
acctone with 80 g. of water. Solutions of liquids in liquids, such as the
immediately preceding example, are often made up according to percent-
age by volume. Because of the shrinkage in total volume which often
results when two liquids are mixed, however, this is not a very satisfactory
procedure.

Electrolytes and Non-Electrolytes.——Some aqueous solutions readily con-
duct an electric current; others do not. The former are called electrolytes;
the latter non-electrolytes.? The solutions of all acids, bases, and salts are
electrolytes. Solutions of most organic compounds such as the sugars,
alcohols, ketones, and cthers are non-electrolytes.

Passage of an electric current through an clectrolyte results in its de-
composition. This process is called electrolysis. If hydrochloric acid is
the electrolyte, for example, hydrogen gas will be liberated at the nega-

2 Strictly speaking the term electrolyte refers only to a solution of an ionized sub-
stance, but it is also often applied to any compound which, when dissolved in water,
produces ions. A similar dual usage of the term non-electrolyte also prevails.
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tive pole (cathode) and chlorine gas will be liberated at the positive pole
(anode). If elcctrolysis is continued long enough, eventually all of the
hydrochloric acid present in the system will be decomposed into hydro-
gen gas and chlorine gas.

The occurrence of electrolysis, as well as the unusually large effects
of clectrolytes on the osmotic pressures of solutions (Chap. VI), has led
to an explanation of the behavior of electrolytes in terms of the theory of
electrolytic dissociation. This thcory was first advanced by the Swedish
chemist Arrhenius in 1887. According to the Arrhenius theory, when an
electrolyte is dissolved in water some of the molecules dissociate into two
kinds of particles, one positively charged, the other negatively charged.
Each of these particles is called an zon. Ions are supposed to be present
in a solution whether any electrolysis occurs or not. Two, three, four, or
even more ions may be formed from a single molecule. The conduction
of an electrical current by an electrolyte is a consequence of the presence
of these ions. The dissociation of several typical electrolytes is indicated
by the following equations:

NaCl & Nat+ + CI-
CaCl; 2 Catt 4+ ClI- + CI—
Na,S0s =2 Nat + Nat + SO,—-

The positively charged ions, which in electrolysis migrate toward the
cathode, are called cations; the negatively charged ions which migrate
toward the anode are called anions. A cation may carry one, two, three,
or even four positive charges; an anion may carry from one to several
negative charges. When an electrolyte dissociates, the number of positive
charges carried on the cations is always equal to the number of negative
charges carried by the anions.

The Arrhenius theory does not assume complete ionization of all of the
solute molecules in an electrolyte but that the molecules are continuously
dissociating into ions, while free ions in the solution are continuously
reuniting and forming molecules, both processes proceeding at an equal
rate whenever an equilibrium condition prevails. An equilibrium of this
sort, which is maintained by two opposing processes proceeding at equal
rates, is termed a dynamic equilibrium. Electrolytes vary greatly in de-
gree of ionization (Table 2). Those in which a large proportion of the
molecules are maintained in a dissociated condition are termed “strong”
electrolytes; those of which the contrary is true, “weak” electrolytes.
“Strong” electrolyte solutions conduct electric currents better than “weak”
electrolyte solutions of equal concentration. In general the more dilute
a given electrolyte solution the larger the proportion of dissociated
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molecules present. In extremely dilute solutions ionization is practically
complete.

It is probable that many of the so-called non-electrolytes also disso-
ciate very slightly in solution, but the degree of ionization of such com-
pounds is so small that it can be detected only by very refined methods,
if at all. Even water, as the subsequent discussion will show, dissociates
slightly, producing hydrogen and hydroxyl ions.

The theory of electrolytic dissociation accounts much more satisfacto-
rily for the behavior of weak electrolytes than of strong electrolytes.
Furthermore, X-ray studies of the crystals of electrolytes, such as sodium
chloride, show them to be composed wholly of ions. For these and other
reasons Debye and Hiickel (1923) advanced a modification of the original
dissociation theory which reconciles otherwise conflicting facts.

TABLE 2—DEGREE OF DISSOCIATION OF NORMAL SOLUTIONS OF SOME
COMMON ELECTROLYTES

Degree of Degree of
Electrolyre | 1 ation || Electrolyte | o on
HNO, 82 per cent Ba(OH), 69 per cent
HCI 78 KCl 74
H,SO. (1 BaCl. 57
KOH 77 K1SO, 59
NaOH 73 CuSO, 22

According to the Debye-Hiickel theory all strong electrolytes are com-
pletely ionized in solution. The fact that they appear to be only partly
ionized is accounted for in terms of interionic attractions. The anions
and cations of NaCl, for example, attract each other, and this attraction
is so great that a considerable proportion of the ions present become im-
mobilized. Thus there are supposed to be present in the solution both
immobile or bound cations and anions, and mobile free cations and anions.
The two categories of ions are supposed to be in dynamic equilibrium
with each other. The greater the dilution of the solution, the greater the
proportion of free to bound ions.

One further aspect of this theory should be mentioned. A bivalent ca-
tion such as Ca++ carries twice the positive charge carried by a univalent
cation such as Na+. Such bivalent cations attract anions more strongly
than univalent cations. Hence, in a solution of CaCl, there is a larger
proportion of immobile ions (equivalent to a smaller degree of ionization)
than in a solution of NaCl of equal concentration. In a solution of CuSQy,
both ions being bivalent, the proportion of immobile ions is even greater,
resulting in a still lower apparent degree of ionization (Table 2).



14 PROPERTIES OF SOLUTIONS

The consequences of electrolyte behavior as pictured by the Debye-
Hiickel theory are almost identical with those pictured by the original
Arrhenius theory. According to the Debye-Hiickel theory the degree of
ionization of an electrolyte represents the proportion of free tons in a so-
lution in contrast to immobile or bound ions; according to the Arrhenius
theory it represents the proportion of ions in contrast to undissociated
molecules.

Acids, Bases, and Salts.—An acid may be defined as a substance which
forms hydrogen ions (H+) when dissolved in water. Since H* is a pro-
ton (i.e.,, a hydrogen atorn minus an electron), from another point of
view an acid can be considered to be a compound which is a proton donor.
For various reasons it is considered unlikely that free protons wander at
large in a solution, and there is evidence that each proton (hydrogen ion)
becomes loosely attached to a water molecule, becoming a hydronium
ion (HgO+). From this point of view the ionization of an acid represents
a reaction with water:

HCl 4 H,0 = H;0* + CI-

Although this theory of the ionization of acids is widely accepted, in ac-
tual practice the symbol H+ is still generally used in discussions of acid-
ity and hydrogen ion concentration.

The most common inorganic acids are hydrochloric (HCI), nitric
(HNOj3), and sulfuric (H2S80,). In living organisms a large group of more
complex, but much weaker acids, known as organic acids, play important
roles. The “strength” of an acid depends upon its degree of ionization;
the greater the proportion of hydrogen ions an acid produces in solution
at a given concentration, the “stronger” it is.

A base may be defined as a substance which produces hydroxyl ions
(OH—) when dissolved in water. The characteristic properties of bases
result from the hydroxyl ions produced. Some of the commonest bases
are sodium hydroxide (NaOH), calcium hydroxide (Ca(OH).), and po-
tassium hydroxide (KOH). The “strength” of a base, like that of an acid,
depends upon its degree of ionization. The greater the proportion of hy-
droxyl ions a base produces in solution at a given concentration, the
“stronger” it is.

A salt may be defined as a compound which has been formed by the
union of an anion or anions of an acid with the cation or cations of a base.
Salts are formed when an acid and a base are brought together in a solu-
tion, as a result of a chemical union between the hydrogen ion(s) of the
acid and the hydroxyl ion(s) of the base, forming water. This reaction is
called neutralization. Following are several examples:
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HCI 4- NaOH & NaCl + H,0
H,S0: 4+ 2 KOH = K»50, + 2 H,0
2 HCl + Ca(OH); & CaCl: + 2 H;O

Since water is practically undissociated, neutralization reactions go rap-
idly to completion. The reverse reaction, indicated in the above equa-
tions by the arrows pointing to the left, is called hydrolysis.

Under certain conditions hydrolytic reactions may proceed at a rapid
rate, although in the examples presented above the speed of the reaction
toward the left (hydrolysis) is negligible compared with the speed of the
reaction toward the right (neutralization).

Normal Solutions.—The concentrations of acids and bases are most
commonly expressed in terms of normal solutions. A normal solution of
an electrolyte contains in a dissolved state per liter of solution at 20°C.
a weight of the compound in grams equal to its molar weight divided by
its hydrogen equivalent. The hydrogen equivalent of a compound is de-
fined as the number of replaceable hydrogen atoms in one molecule, or
the number of atoms of hydrogen with which one molecule could react.
Thus a normal solution of an acid contains 1.008 g. of replaceable hydro-
gen per liter; a normal solution of a base 17.008 g. of replaceable hy-
droxyl per liter. By this system the concentration of any acid, base, or
salt can be designated as 0.1 N, 0.5 N, 2 N, etc., as the case may be.

The normality of an acid solution is a measure of its total acidity, i.e.,
of its concentration in terms of replaceable hydrogen ions. Similarly the
normality of a base solution is a measure of its total basteity. Since 1.008
g. of replaceable hvdrogen represents the same number of ions as 17.008 g.
of replaceable hydroxyl, it is evident that equal volumes of acid and base
solutions of cqual normality will exactly neutralize each other.

Hydrogen lon Concentration.—The effects of acids upon chemical reac-
tions and upon physicochemical conditions generally in both inorganic
systems and in living organisms result principally from the hydrogen ions
which they produce when in solution. Some of the most fundamental of
physiological phenomena are markedly influenced by the concentration
of hydrogen ions in the medium in which they occur. For many purposes,
therefore, it is more important to have some sort of a measuring stick of
the concentration of hydrogen ions present in a solution than of the total
acidity of the solution.

Total acidity, as already noted, is customarily expressed in terms of
normality. It is also entirely possible to use the normal system for ex-
pressing the concentration of hydrogen ions. A normal solution of hydro-
chloric acid, for example, hehaves as if about 78 per cent of the molecules
are dissociated. The term “normal” as used in the preceding sentence re-
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fers to total acidity, 7.e., to all the ionizable hydrogen whether actually
present as ions or combined with anions in the form of molecules. In
terms of the hydrogen tons present, however, such a solution is only 0.78
N. The term “normal” as used in this latter sense refers only to the ion-
1zed hydrogen. We may speak, therefore, of a normal solution of hydro-
gen ions as well as of a normal solution of an acid.

Since no acid ever behaves as if completely dissociated, a normal solu-
tion of any acid will always be less than normal when its concentration
is expressed in terms of the hydrogen ions present. In order to prepare
a normal solution of hydrogen ions it is necessary to make up a solution
which is more than normal in terms of total acidity. Such a solution must
be of the precise strength and degree of dissociation that exactly 1.008 g.
of the ionizable hydrogen present are actually in the dissociated form—
as ions—per liter of the solution.

Although hydrogen ion concentration can be readily expressed in terms
of normalities, in actual practice this system is not generally used because
it is likely to prove cumbersome,. especially when it is necessary to refer
to the very small concentrations of hydrogen ions usually dealt with in bi-
ological problems. The hydrogen ion concentration of a solution is gener-
ally defined in terms of its pH value. The pH value bears a simple math-
ematical relation to the hydrogen ion concentration of a solution in terms
of its normality. Because of the practically universal acceptance of this
system it is necessary to understand the significance of the term pH and
its relation to hydrogen ion concentration expressed in terms of normality.

The relation between pH and hydrogen ion concentration in terms of
normality is a logarithmic one (Table 3). The pH of a normal solution
of hydrogen ions is 0, of a 0.1 N solution 1, of a 0.01 N solution 2, and so
forth. Zero is the logarithm of 1, 1 is the logarithm of 10, 2 is the loga-
rithm of 100, and so forth. The pH value for any solution is the negative
of the logarithm of the hydrogen ion concentration in terms of normality.
It may also be defined as the logarithm of the number of liters of solu-
tion that contains one gram atomic weight of hydrogen ions.

All aqueous solutions as well as pure water contain hydrogen ions in
some concentration. Corresponding to the concentration of hydrogen ions
is a certain definite concentration of hydroxyl ions. This concentration
of hydroxyl ions is indicated in Table 3 as pOH. It can be shown by the
principle of mass action that the mathematical product of the concentra-
tion of hydroxyl ions and the concentration of hydrogen ions in a solu-
tion is a constant. This may be expressed as follows:

(H*) X (OH") = K. K = 10~ at 22°C.



17

aBuey ueyly : auury Py

) §

uoneI3uUNUed wotl HO

-
[

wwmm

d d d d d

Ll
Ld
. - -
N - -
: - f m £31fewIou jo swwad ul

¢ Ol Ol ,_ Ol 4Ol .0l , Ol O ¢OI o O O Ol Ol y.OI

T € ¥ s 9 L 8 6 I Tl €1 141 HO?

i1 11 ol 6 8 L 9 5 ¥ £ T I o H¢

@Ol 11Ol Ol Ol §.OI ;O 3 Ol Ol  OI O 5Ol 3.0l 4OI

[ - [ -

W m R
2 : Aeuriou jo swidy

1
oI
1

.001
oI

1 ' . Ul UONBIIUNUOD UoI |

HYDROGEN ION CONCENTRATION

ALITYWYON 40 SWY¥3L NI a3sSIWdXIT NOLLVELNIONOO NOI-NIDOYAAH OL Hd 10 NOLLV1EY FHL—E F14VL




18 PROPERTIES OF SOLUTIONS

Hence, as the pH of a solution is increased, the pOH decreases and vice-
versa. For example, if the pH incrcases from 5 to 6, the pOH decreases
from 9 to 8.

Furthermore, only at pH 7 can the concentration of hydrogen ions equal
the concentration of hydroxyl ions. This is, therefore, the ncutral point on
the pH scale (at 22°C.) and corresponds to the dissociation of pure water.
This pH value represents a dissociation of only one water molecule in
approximately every 555,000,000.

Values below 7 on the pH scale represent the acid range, those above
7 the alkaline range of the scale. An “acid” solution is one with a larger
concentration of hydrogen ions than hydroxyl ions, while in an “alkaline”
solution the reverse is true. The lower the pH value the greater the hy-
drogen ion concentration of a solution. A pH value of 5 represents ten
times the hydrogen ion coneentration of a solution with a pH of 6 and
one hundred times the hydrogen ion concentration of one with a pH value
of 7. This is a consequence of the fact, previously emphasized, that the
numbers on the pH scale are related to each other as logarithms and not
as ordinary arithmetic numbers.

The hydroxyl ion concentration of a solution could be expressed in pOH
units instead of in pH units. For alkaline solutions especially this would
seem to be a logical practice. But because of the definite mathematical
relationship between the pH and pOH, the pH value alone also defines
the pOH value. ncuce boun wie acidity of a solution in terms of H+ ions
and its alkalinity in terms of OH— ions may be, and customarily are, ex-
pressed in terms of pH units.

Table 3 shows only the pH values corresponding to the range between
a normal solution in terms of hydrogen ions and a normal solution in
terms of hydroxyl ions. It is possible for aqueous solutions to exist which
have a pH value of less than O (i.e., a minus pH value) or more than 14.
A 5 N solution of hydrochloric acid, for example, would have a pH value
of a little less than 0; correspondingly a 5 N solution of sodium hydroxide

TABLE 4—pH VALUES OF SOME COMMON ACIDS AND BASES

Acid or Base Normality rH
HCl 1.0 o.10
HCl o.1° 1.071
CH;COOH 1.0 2.366
CH,COOH 0.1 2.866
NaOH 1.0 14.0§
NaOH o.1 13.07
NH,OH 1.0 11.77
NH.,OH o.1 11.27
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would have a pH value a little greater than 14. Table 4 gives the pH
value for solutions of some common acids and bases.

Buffer Action.—The initial pH value of a 1 N solution of sodium chlo-
ride will not differ appreciably from that of the water with which it is
made.? If, however, 1 ml, of a 1 N hydrochloric acid solution be added
to 10 ml. of a 1 N solution of sodium chloride the pH of the resulting
mixture will be found to have dropped abruptly to a value of about one.
If, on the other hand, a 1 N hydrochloric acid solution be added, 1 ml.
at a time, to 10 ml. of a 1 N solution of sodium acetate, it will be found
that change in the pH of this solution takes place much more slowly.
These facts, as well as the others discussed in this section, are illustrated

| /rx e

Fic. 1. Curves illustrating buffer action.

graphically in Fig. 1. It is evident that the sodium acetate solution retards
in some way changes in pH value upon the addition of an acid while a
solution of sodium chloride does not.

Solutions of such compounds as sodium acetate which are relatively
resistant o changes In pH resulting from the addition or loss of hydro-
gen or hydroxyl lons are known as buffer solutions, and this property rty of
solutions is called buffer action. Solutions such as sodium chloride which
show no buffer effect are called mfb?tﬁered solutions.

“If T'ml of a 1 N sodium hydroxide solution be added to 10 ml. of a
1 N solution of sodium chloride, a marked increase in pH will occur. If
1 ml. of the same solution be added to 10 ml. of a 1 N solution of sodium

3*The pH of distilled water when in equilibrium with the carbon dioxide of the
atmosphere is about 5.7,



20 PROPERTIES OF SOLUTIONS

acetate, its pH will also increase markedly. In other words, the _sodium
acetate solution is buffered against the addition of an acid, but not against
“ihe addition of a base. If, on the other hand, 10 ml. of a 1 N solution of
M(_:_gm__b_e_suhﬁtltut(’d for the sodium acetate, it will be found that
this solution is strongly buffered against the introduction of hydroxyl
ions into the solution. A mixture of cqual volumes of melar sodium ace-
tate solution and molar acetic acid solution will exhibit buffer action
against both acids and bases over a gcmie_rahlc_%gf_@p_p_lhg_alo

Different buffer solutions vary greatly in their effectiveness in main-
taining pH stability. Some are strongly buffered against acids and weakly
buffered against bases; of others the converse is truec. The_commonest
types of buffer systems are those composed of a weak acid plus onc of
lts salts. The sodium acetate-acetic acid buffer system already described
“is such a system. Practically all of the buffer solutions of importance in
living organisms belong to this group.

Buffer action consists essentially in the tying up of free hydrogen or
hydroxyl ions nearly as rapidly as they are introduced into the solution
by the formation of compounds which are only slightly dissociated. The

ensuing change of pH is therefore relatively small in proportion to the
volume of acid or base added. As an illustration let us consider once more
a solution consisting of both sodium acetate and acetic acid dissolved in
water. -

These two compounds dissociate as follows:

CH;COONa = CH;COO~ + Nat
CH,;COOH = CH;CO0~ + H*

The sodium acetate is strongly dissociated, but the acetic acid will dis-
sociate only slightly, being a weak acid.

Suppose now that a little HCI be added to this solution. This is equiva-
lent to adding H+ and Cl— ions and HCI molecules; the latter, however,
will dissociate, forming additional ions as rapidly as the H+ and Cl—
ions already present are bound up in chemical combination. H+ and
CH3COO— ions cannot exist side by side in the same solution in appreci-
able concentrations since CHyCOOH is a poorly dissociated compound.
Hence the added H+ ibns are almost all tied up in the formation of
CH;COOH. The C1- ions form NaCl with the Na+ ions which dissociates
in the usual way. The result is that there is only a slight increase in the
concentration of hydrogen ions in the solution, and hence only a very
slight reduction in pH value.

Suppose now that instead of HCI, a little NaOH be added to this solu-
tion. This is equivalent to adding Na+ and OH— ions and NaOH mole-
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cules; the latter, however, will produce additional ions by dissociating
as rapidly as the Nat and OH— ions already present are tied up in
chemical combination. But OH—~ and H* ions cannot exist side by side
in the same solution in appreciable concentrations since I.O is only
slightly dissociated. Most of the added OII— ions therefore combine with
the H+ ions produced by the CH;COOH and form H.O. More of the
CH;COOH dissociates producing more H+ ions, which in turn unite with
more of the O~ ions. This continucs until practically all of the added
OH - ions are tied up. The Na+ ions form CH;COONa with the CH;COO—
ions which dissociates in the usual way. The final result is that there is
only a very slight dccrease in the concentration of H+ ions in the system,
and hence only a very slight increase in its pH value.

Any mechanism which will act in such a way as to remove hyvdrogen or
hydroxyl ions from a solution may operate as a buffer system. Other types
of buffering are known but they are probably of much less importance
in living organisms than the type of chemical mechanism which has just
been considered.
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DISCUSSION QUESTIONS

1. How would you prepare a 1 molar solution of glucose, of NaCl, of
CaCl,-4H,0, of MgSO,-7H,0? One molal solutions of the same compounds?
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2. Given a | molar solution, how would you prepare 125 cc. of a 0.75 molar
solution? Given a 0.5 molar solution, how would you prepare 50 ce. of a 0.225
molar solution?

3. What is the molal concentration of a 20 per cent sucrose solution?

4. When a molal solution of sucrose is prepared by adding 342.2 g. of sucrose
to 1000 g. of water, the volume of the resulting solution is 1207 ce. at 0°C.
What is its molar concentration?

5. How much water must be added to the 1207 cc. of molal solution (question
4) in order to convert it into a 0.5 molal solution?

6. If 15 ce. of KOH solution requires 17.5 cc. of 1 N HCI solution to neutral-
ize it, what is the normality of the KOH solution?

7. If an electrolyte from which two ions form is 75 per cent dissociated, what
will be the per cent of dissolved particles (ions plus molecules) in the solution
relative to the number of particles which would be present if no dissociation
occurred? Answer the same question for an electrolyte from which three ions
form.

8. If the pH of a molar solution of hydrochloric acid is 0.1 and the pH of a
molar solution of acetic acid is 2.37, what is the total acidity of each of these
solutions?

9. How much greater is the concentration of hydrogen ions in a solution of
pH 4 than one of pH 7? One of pH 3 than one of pH 9?

10. Why will an increase in the CQ. content of water result in an increase in
its hydrogen ion concentration?

1. Why will the addition of a base to water decrease the concentration of
hy drogen ions present?



COLLOIDAL SYSTEMS

Most of the problems that confront the plant physiologist lead ulti-
mately to a consideration of one phase or another of the structure and
physicochemical properties of colloidal systems. When reduced to their
ultimate tangible mechanism, physiological processes are found either to
occur in a colloidal matrix or to be strongly influenced by the colloidal
organization of the cells in which they take place. The world of living
organisms has, in fact, been molded largely on a colloidal pattern. It is
quite impossible, therefore, to obtain any adequate comprchension of
physiological processes without a background of facts and principles re-
garding colloidal systems.

Some of the most important components of the material environment
of plants and animals are also essentially colloidal. Most soils contain a
considerable proportion of matter in the colloidal or near-colloidal con-
dition, and owe many of their most distinctive properties to this fact.
Few streams or bodies of water are entirely free from matter in the col-
loidal condition. Clouds, fogs, mists, and smoke also represent matter in
the colloidal state.

General Nature of Colloidal Systems.—If a little sugar be shaken up in
water the crystals soon disappear. The molecules composing the crystals
have been separated from each other and dispersed throughout the water
forming a solution. Solutions are systems in which molecules or ions of
one substance are dispersed in between the molecules of another substance.

If, instead of sugar, we stir some fine river bottom silt into water, a
different sort of a system results. The silt particles do not separate into
their constituent molecules, but simply become dispersed throughout the
liquid. Such a system is called a suspension. The particles in a suspension
are large enough to be seen readily under a microscope. Suspensions are
not, stable systems, because the particles slowly settle out and the two

23
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original components become separated within a relatively short period
of time.

Similar systems can be prepared by vigorously shaking together two
immiscible liquids such as oil and water. Such systems are called emul-
sions. Emulsions are not stable unless there is also present in the system
a third component called an emulsifier.

Still another type of system consisting of particles dispersed through
water can be prepared. If a trace of sulfur be dissolved in a small volume
of alcohol which is then poured into a somewhat larger volume of water,
a cloudy opalescent liquid will result which is composed of sulfur par-
ticles dispersed through water. This type of system is intermediate in its
properties between solutions and suspensions. The dispersed particles ar
not molecules, but, as in suspensions, aggregates of molecules. Unlike
suspensions, however, such systems are relatively stable, as the particles
will remain dispersed throughout the liquid indefinitely. The sulfur-in-
water system which has just been described is a simple example of a col-
loidal system.

Colloidal systems, as the preceding discussion has indicated, are two-
phased systems. Unlike solutions, however, the particles of the dispersed
phase are not in the molecular or ionic condition, but—with certain ex-
ceptions to be noted shortly—are molecular aggregates. One colloidal
particle is often composed of hundreds or even thousands of molecules
lumped together. The molecular aggregates must not be so large, how-
ever, that the particles settle out of the system, as stability is one of the
essential attributes of colloidal systems. In general, if the dispersed par-
ticles fall within the range of 0.001-0.1 1 in diameter, the system is con-
sidered a colloidal system; if larger than this, a suspension or an emulsion;
and if smaller, a solution. The individual molecules of some substances
(certain dyes, some proteins) are so large as to bring them within the
colloidal range of dimensions. Hence molecular dispersions of such sub-
stances are simultaneously both solutions and colloidal systems. The
limits generally accepted for the range of sizes of colloidal particles have
been somewhat arbitrarily set and actually there is no sharp boundary
between colloidal systems and suspensions on the one hand, or between
colloidal systems and solutions on the other. There is a perfect gradation
in properties from one type of system to the next. The properties of sus-
pensions or emulsions in which the suspended particles are of small di-
mensions approach those of colloidal systems, while the smaller the dis-
persed particles in a colloidal system the more closely it approaches a
solution in its properties.

Particles of suspensions and emulsions can ordinarily be seen unde:
& microscope, but those of colloidal systems cannot. Colloidal particles
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undoubtedly occurs. The adsorption of certain compounds at the cyto-
plasmic interfaces is generally believed to exert a marked influence on
the permeability of the cytoplasm. Imbibitional phenomena, of basic
importance in the water relations of plant cells, involve the adsorption
of water (Chap. VII). The action of enzymes (Chap. XVI) as well as
of other catalysts is generally believed to involve adsorption phenomena.
Much information regarding the structure of cells has been gained by the
use of dyes which are differentially adsorbed by various constituents of
cells. Chromosomes, for example, are so named because they strongly
adsorb certain stains.

The Nomenclature of Colloidal Systems.—The word colloid is derived
from the Greek roots xorLrLa (glue) and Emos (appearance). Thomas
Graham, a prominent early investigator of colloidal phenomena, who
-did his most important work just after the middle of the nineteenth cen-
tury, used this term to designate a certain group of substances that
seemed to be set apart from other substances by several distinctive prop-
crties. When dispersed in water these substances had a slow rate of dif-
fusion and failed to diffusc through membranes of parchment paper. Fur-
thermore, they did not form crystals. He applied the term crystalloid to
those crystal-forming substances which, when in solution, diffused rela-
tively rapidly and passed readily through parchment membranes. We:
now know that, strictly speaking, no such distinction can be made; the
word colloid properly refers to a distinctive state of matter and cannot
be applied with accuracy to any one class of substances. Theoretically
any substance can, by proper manipulation, be brought into the colloidal
state, and actually this has been experimentally accomplished for a large
number of substances.

Colloidal systems, as has already become evident, are composed of two
phases—a continuous phase, and a discontinuous phase—the latter com-
posed of discrete particles, each entirely separated from its fellows by
the intervening continuous phase. The continuous phase is commonly
called the dispersion medium, and the discontinuous phase the disperse
phase. According to another terminology, applicable however only when
the dispersion medium is a liquid, each individual dispersed particle is
called a micelle, while the continuous phase of the system is called the
intermicellar liquid.

To Graham, also, we are indebted for the terms sot and gel. A sol is
a colloidal system which possesses the property of fluidity. Such systems
can be poured more or less readily from one vessel to another. To the
unaided eye they often appear to be true solutions, but examination by
means of an ultramicroscope reveals their colloidal nature.

Manv sols “set.” farmine salid. but mare or less elastie svstems. gen-
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erally called gels. Gelatin desserts, custards, and ordinary houschold
jellies are familiar examples of gels. The change of a sol to gel is called
gelation. The reverse change, as for example when gelatin is “melted” by
the application of heat, is called solation. Some authorities use the term
“gel” in a generic sense to include systems of the type just described,
which they call jellies, and another type of colloidal system which they
term coagula. The white of a hard-boiled egg is typical coagulum.

Sols may be classified into lyophobic and lyophilic types. In the latter
an appreciable affinity exists between the particles of the disperse phase
and the dispersion medium; in the former no such affinity is present.
When the dispersion medium is water the corresponding terms hydro-
phobic (Gr.: “water-fearing”) and hydrophilic (Gr.: “water-loving”) are
employed. This last pair of terms will be used consistently in the follow-
ing discussion, since from the biological standpoint colloidal systems in
which water is the dispersion medium are by far the most important. The
affinity between the two phases of a hydrophilic sol manifests itself by
hydration of the micelles. Hydration is the association of one or more
molecules of water with an ion, molecule, or micelle.

Most colloidal systems composed of metallic substances dispersed in
water are examples of hydrophobic sols. Gelatin, agar, starch, and gum
acacia sols are familiar examples of hydrophilic systems. Protein sols
also belong in this group. Actually all possible gradations exist from
highly hydrophilic sols to highly hydrophobic sols.

Suspensions.—The general nature of suspensions has already been in-
dicated. Suspensions are not generally regarded as playing a very signif-
icant role in living organisms. The partg s of suspension size which
frequently can be observed in the protoplasm are apparently composed
entirely of relatively inert materials. Particles of suspension size are very
common in soils, and as such are an important part of the environment
of the roots of plants. A consideration of suspensions is also of impor-
tance in developing the conception of the structural and dynamic aspects
of colloidal systems proper.

Emulsions.—Emulsions are systems in which one liquid is dispersed
throughout another with which it is virtually immiscible, the particles
of the dispersed liquid excecding about 0.1 p in diameter. While other
types of emulsions are theoretically possible all such systems encountered
in common experience fall naturally into two groups generally known as
oil-in-water emulsions and water-in-oil emulsions. In the former type
an oil or some other liquid insoluble in water, or practically so, is dis-
persed throughout a water dispersion medium. In the latter type the con-
verse is true; the oil or other liquid immiscible with water constitutes
the dispersion medium, while small aggregations of water molecules are
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dispersed through it. The proportions of the components of most emul-
sions can be varied between wide limits. Emulsions are not generally con-
sidered to be true colloidal systems, but, like suspensions, approach them
in propertics. Emulsions occur commonly in the cells of plants and ani-
mals and are generally believed to be essential components of protoplasm.
Both water-in-oil and oil-in-water emulsions are known to exist in living
cells, but the latter type is more common. When examined under high
magnification with a microscope, protoplasm in its grosser aspects often
presents the appearance of an emulsion of fats and fat-like substances
dispersed through the body of the protoplasm.

Emulsions, with the exception of some very dilute ones, lack stability
unless there is also present in the system an emulsifier. In the absence of
an emulsifier, the two components of an emulsion rapidly separate, the
oil, being the component of lower specific gravity, rising to the top. The
group of substances classified as emulsifiers is chemically a very hetero-
geneous one. Some of the best known emulsifiers are the soaps, saponins,
various substances which form hydrophilic colloids when dispersed in
water (gums, gelatin, etc.), and fine suspensions of certain rather inert
materials such as sulfur, carbon, silica, and resin. Emulsions found in liv-
ing organisms are usually stabilized by proteins.

Hydrophilic and Hydrophobic Sols.—Most of the important differences
between hydrophilic and hydrophobic sols result from the hydration of
the dispersed particles in systems of
the former type. There is no gencral
agreement regarding the exact physi-
cochemical relationship between the
micelle and its water of hydration;
but only two conceptions have any
wide currency. One of these relates
this hydration to an actual solution of A 8

some of the water in the substance of FI6. 2. Diagrammatic representa-
the micelles (Fig. 24) tion of possible relationships be-
g : tween a micelle and its water of

A more probable theory, however, hydration: (A)- solution of water in

holds that no actual solution of the the micelle. The proportion of dis-

medium in the micelles occurs, but solved water present is represented

that water molecules are oriented @S decreasing toward the center of
. " the micelle. (B) Orientation of the

?.roun‘t‘i each dispersed particle form- water molecules as a “shell” around

ing a “shell” many layers of molecules the micelle.

in thickness (Fig. 2B). It is presumed

that the first layer of oriented water molecules is so firmly attached (“ad-

sorbed”) to the micelle that it is essentially an integral part of it. The

successively enveloping layers of water molecules are also oriented, but
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with increasing distance from the periphery of the micelle the forces of
attraction and orientation progressively decrease. In this zone there is a
gradual transition from water molecules which are practically all oriented
to those which are completely unoriented. Oriented molecules fit together
more closely than unoriented molecules. They are “packed” more closely,
just as more bricks can be stacked in a given space if arranged regularly
than if tossed in indiseriminately. As a result of this packing the water in
these oriented shells has a greater density than that in the bulk of the
liquid; in other words, there is an actual contraction in the volume of the
liquid associated with the micelles.

The fact that micelles may, under certain conditions, lose their water
of hydration very rapidly would seem to favor the latter theory. It is
possible, of course, that in some hydrophilic systems the water is actu-
ally dissolved in the micelles, that in others it is present only as a shell
of oriented molecules, while in still others both of these two suggested
modes of hydration may exist.

The important properties of sols will now be summarized, with special
attention to differences between the properties of sols of the hydrophilic
type and sols of the hydrophobic type.

Filterability.—Sols pass through ordinary filter papers without any ap-
preciable separation of the disperse phase from the dispersion medium by
the filter. Since the pores in ordinary filter papers are about 2-5 p. in
diameter, and even porcelain filters, such as those widely used in bac-
teriological work, have pores 0.2-0.6 . in diameter, it is easy to under-
stand why micelles with diameters in the size range 0.001-0.1 p pass
through.

Special filters have been devised, however, with pores of such a small
diameter that the disperse phase can be separated from the dispersion
medium by filtering a sol through them. Such filters are known as ultra-
filters. The process of filtering through such a filter is known as ultra-
filtration. The most commonly used types of ultrafilters are those made
of collodion or gelatin. The size of the pores in such filters can be con-
trolled by the length of time allowed for drying and in other ways. It is
possible to prepare ultrafilters with pores of such dimensions that solutes
can pass through them, but colloidal micelles cannot.

Tyndall Phenomenon.—Suppose that a clean glass vessel, preferably one
with flat, parallel sides, be filled with pure water and held so that a
strong pencil of light passes laterally through the vessel. If an observation
be made laterally and at right angles to the path of the beam of light, no
distinctive trace of its path through the water can be detected. Such a
liquid is said to be optically empty. The same will be true if the water
in the vessel be replaced by a sugar or salt solution, or in fact, by any
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true solution.! Suppose, however, that the vessel be filled with a hydro-
phobic sol and observed in the manner just described. The results are
strikingly different. The path of the light will be clearly delineated as a
cloudy, often opalescent, track through the sol. Even a colloidal system
which seems perfectly transparent to the unaided eye will usually show
some turbidity when submitted to this test. The intensity of this effect
varies greatly with the specific colloidal system, and with the concentra-
tion of the disperse phase, but it is universally shown by hydrophobic
sols.

The phenomenon just described is called the Tyndall phenomenon and
results from the scattering or diffraction of light. The difference in the
index of refraction between the two phases of the colloidal system is also
a factor determining the intensity of the Tyndall effect. The greater this
difference, the stronger the effect. Since in the diffraction of light, the
short wave lengths (blue end of the spectrum) are bent more than the
longer wave lengths, a partial separation of the spectrum results. For
this reason a sol with a colorless disperse phase often appears to be pale
blue when viewed in the path of a strong beam of light.

Similar Tyndall phenomena are exhibited by hydrophilic sols, but
usually the effect is less striking when sols of this type are viewed in the
path of a beam of light than the effect observed when hydrophobic sols
are employed.

The instrument known as the ultramicroscope is based on the principle
of the Tyndall phenomenon. The limit of the resolving power of ordinary
microscope is about 0.1 p. The ultramicroscope can be used for detecting
the presence of particles in the size range 0.001 u to 0.1 p, .e., in the
colloidal range. It is not possible to observe colloidal particles directly
in the ultramicroscope; only the light diffracted from their surfaces can
be seen. Neither can any definite image of particles in this small range
of sizes be obtained. The ultramicroscope is a microscope which is so
arranged that the colloidal system or other material to be examined can
be illuminated laterally (i.e., at right angles to the tube of the micro-
scope) . This lateral illumination is usually provided by a powerful source
of light and a suitable series of condensing and focusing lenses, so ar-
ranged that the light is focused to a point within the mount. Under the
ultramicroscope the dispersed particles of a hydrophobic sol appear as
bright spots of light varying in size and brilliancy. Very little concerning
the actual size or shape of the micelles can be determined since each
bright spot represents merely the light diffracted by a single particle. It

* Actually a trace of the light track will usually be perceived even in water or true
solutions, because of the presence of contaminating dust particles. In order to pre-
pare a truly optically empty liquid, provision must be made for the removal of such
dust particles.
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is possible, however, to determine the number of particles in a given vol-
ume of sol by means of the ultramicroscope. The use of the ultra-
microscope consists essentially in an observation of the Tyndall phe-
nomenon in a small volume of a sol under the microscope.

Brownian Movement.—In 1828, the botanist Robert Brown observed
through a microscope that pollen grains which were suspended in water
showed a rapid oscillatory motion. Brown at first was inclined to attribute
this motion to the fact that the pollen grains were alive, but examination
of preparations of dead pollen grains and spores showed that they like-
wise exhibited such a motion. It became evident therefore that this move-
ment was in no way connected with living processes. We now know that
any particle up to about 4 or 5 p. in diameter will exhibit this movement
when suspended in a liquid. This phenomenon is termed Brownian move-
ment, after its discoverer.

Many suspensions in which the particles are within the range of micro-
scopic visibility exhibit Brownian movement. It is clearly shown by many
of the smaller species of bacteria when suspended in water. In solid-in-
gas colloids, such as tobacco smoke, the dispersed particles show a very
vigorous Brownian movement. Particles in the protoplasm of slime molds
and certain other species frequently exhibit a Brownian movement which
is clearly discernible under the microscope. For particles of a given mass,
the smaller their volume the greater the amplitude of their Brownian
movement. For particles of equal volume, the less their mass the more
vigorously they will exhibit Brownian movement. In general, this phe-
nomenon is exhibited more clearly by the micelles of hydrophobic sols
than by those of hydrophilic sols. The viscosity of the liquid phase is
also an important factor governing the rapidity with which the dispersed
particles move. The more viscous the liquid, the more sluggish the move-
ment of the particles.

Brownian movement is caused by the kinetic activity of the molecules
of the solvent. Even the smallest particles in which Brownian movement
can be observed are very large in proportion to the sizc of the solvent
molecules which impinge upon them. A particle suspended in a liquid such
as water suffers a continual bombardment by the molecules of the liquid.
If the particle be relatively large, at any given moment it is bombarded
on every side by numerous molecules, moving in all possible directions
and at different speeds. The effects of the individual impacts largely
counteract each other, however, and there is little or no movement of the
particle. If the particle be smaller, however, the results are quite different.
At any given moment a much smaller number of water molecules impinge
upon the particle. The resulting forces cease to be balanced and the sum
total effect of the blows which the particle sustailns on some one side are
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greater than the effect of the blows sustained on any other side. Hence
the particle moves. The next moment a greater impetus may be given to
the particle from some other direction and the course of its movement is
changed. In this way the highly erratic movements of suspended particles,
known as Brownian movement, originate. Increase in temperature in-
creases the rate of Brownian movement because of an increase in the
kinetic energy of the solvent molecules. This phenomenon is the nearest
approach we have to actual visible evidence of the validity of the kinetie
theory of matter. It almost brings before our eyes the veritable “dance
of the molecules.”

Viscosity.—The viscosity of a fluid is its resistance to flow. The more
viscous a liquid the less readily it will flow. Glycerine, for example, is
much more viscous than water. The viscosity of hydrophobic sols never
varies appreciably from that of the dispersion medium—water. Unlike
hydrophobic sols the viscosity of hydrophilic
sols is usually greater than that of the disper-
sion medium. The viscosity of hydrophilic sols
increases appreciably with increase in the con-
centration of the sol, but the relation is not a
linear one (Fig. 3). The rapid increase in the
viscosity of hydrophilic sols with increasing
concentration is ascribed to the hydration of the
micelles. Increasing the concentration of the
disperse phase results in a decrease in the rela- ~ SONCENTRATION of DisPErsE PuAsE
tive amount of frec water present because of the Fic. 3. Relation of rela-
association of a larger proportion of the water tive viscosity of hydro-
with the micelles. This reduces the “fluidity” of Philic and  hydrophobic

A sols to the concentration
the sol, hence raises its viscosity. of the disperse phase.

The viscosity of all liquids, including sols, is
influenced by temperature. In general, increase in temperature decreases
viscosity. In hydrophilic systems this reduction in viscosity with increase
in temperature probably results in part from the decrease in viscosity of
the medium itself, and in part from the decrease in the hydration of the
micelles.

Electrical Properties.—The dispersed particles of all hydrophobic sols
carry electrical charges. A colloidal system, however, is electrically neu-
tral, because for every charge carried on a micelle an equal charge of
opposite value is carried by ions in the dispersion medium. The situation
18 similar to that in a solution of an electrolyte. Although the individual
ions are charged, for every: negative charge carried by an anion an equal
positive charge is carried by a cation. In some colloidal systems the dis-
persed particles are negatively charged, in others positively charged, but

VISCOSITY

RELATIVE
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ordinarily all the dispersed particles in any one system bear a charge of
the same sign.

Whatever the origin of the micellar charges they invariably are pro-
duced in such a way as to involve the release of ions into the dispersion
medium which may therefore be regarded as also being charged. When
the micelles are negatively charged, the dispersion medium is positively
charged and vice versa. Electrostatic attraction therefore exists between
the surface charges of a colloidal particle and the ions of opposite charge
in the dispersion medium. The result is that surrounding cach colloidal
particle with its charged surface is a “shell” of ions of opposite charge.

This arrangement of charges at the surface of a micelle is called an
electric double layer. Similar electric double layers exist also at-bound-
aries between solid surfaces and liquids, as for example along the walls
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Fic. 4. Diagrammatic representation of the electric charges around micelles:
(A) positively charged, (B) negatively charged.

of a capillary tube. Figure 4 represents the distribution of the electrical
charges around two micelles, one positively charged, one negatively
charged. The innermost layer of ions in the dispersion medium is prob-
fa,bly compactly oriented around the oppositely charged micelle, which is
in turn surrounded by progressively more diffuse layers. That is, while
most of the ions are close to the charged surface of the micelle, some are
farther away; although, with increasing distance from the surface of a
micelle, the number of ions associated with that micelle decreases rapidly.

'I_‘he ions of the double layer are in dynamic equilibrium with undis-
sociated molccules at the periphery of the micelle proper. Anions and
cations of the double layer are continually uniting and forming uncharged
molecules which become part of the micelle. Contrariwise, molecules at
the surface of the micelle are continually dissociating into cations and
anions. If the micelle is negatively charged the anions adhere to its
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surface; if positively charged, the cations. The ions of the opposite charge
become part of the outer shell around the micelle.

The presence of this electrical double layer results in a difference of
electrical potential between the micelle and the intermicellar liquid. The
magnitude of this difference of potential varies with different sols and
with the same sol under different conditions.

The usual method of determining the sign of the charge upon the dis-
persed particles of sols is to observe the direction of their migration in an
electrical field. If two electrodes are so arranged as to dip into a hydro-
phobic sol contained in a suitable vessel, and the electrodes connected
with a direct current of proper potential, it will be found that the dis-
persed particles will move toward onc of the poles. By suitable arrange-
ments, using a microscope or ultramicroscope (depending upon the size
of the particles), the migration of the particles may be actually watched.
In a positively charged ferric hydroxide sol, for example, the micelles
will move toward the negatively charged electrode, while in a negatively
charged arsenious sulfide sol they will move toward the positively charged
pole. This phenomenon is known as cataphorests or electrophoresis.

As a micelle moves under the influence of an electric current only the
innermost layer of the eleetric double layer—the one which determines
its electrical charge—clings to the micelle and moves with it. This inner
layer slides past the oppositely charged ions of the outer shell of one
micelle after another as it moves toward the anode if negatively charged,
or toward the cathode if positively charged. Simultaneously ions of the
outer layer move toward the opposite pole from the one toward which the
micelles migrate. There is a close analogy between this phenomenon and
the behavior of the ions of an electrolyte during electrolysis.

The sign of the charge on the dispersed particles of any sol can be
determined by cataphoresis. Particles considerably above the colloidal
range of dimensions frequently can be shown to exhibit cataphoretic mi-
gration. The phenomenon can be demonstrated with bacteria, unicellular
algae, and spores. Practically all such small living organisms are nega-
tively charged.

The dispersed particles of hydrophobic sols apparently acquire their
charges either by electrolytic dissociation or by adsorption. In some such
systems the charges seein to arise as a result of ionization of some of the
molecules composing the micelle. The ions released into the dispersion
medium become the outer envelope of the double layer, leaving the micelle
with a residual and compensating charge of ions of opposite sign. Indi-
vidual molecules of some substances are large enough to fall within the
colloidal range of sizes. The dye Congo Red, which is the sodium salt of
a complex organic acid, is an example of such a substance. Dispersed in
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water this compound produces sodium ions and a colloidal anion, the
latter, of course, being negatively charged.

In other systems the electrical charge on the dispersed particles is ap-
parently acquired by adsorption of either the positive or negative ions
of an electrolyte, the ion of opposite charge becoming the outer shell of
the double layer. Ferric hydroxide sols? are normally positively charged.
The charge on the micelles of these sols is often ascribed to the adsorption
of Fet++ jons of the FeCls from which ferric hydroxide sols are usually
prepared, the Cl— ions forming the outer layer around the micelles.
Similarly the negative charge of the micelles of arsenious sulfide sols is
often ascribed to the adsorption of H,S which is used in the preparation
of this sol. Dissociation of H,S results in the release of H+ ions into the
dispersion medium leaving the dispersed particles with a residual and
compensating negative charge.

Similarly it is believed that some substances acquire an electrical charge
by adsorbing hydrogen or hydroxyl ions—more frequently the latter—
from their water dispersion medium. Certain inert substances such as
cellulose, carbon, quartz, and collodion are believed to become charged
in this way. All of these substances acquire a negative charge when in
contact with water, indicating that the hydroxyl ions are adsorbed, the
" hydrogen ions becoming the outer shell of the double layer.

The micelles of some hydrophilic sols arc charged; those of others are
not. As in hydrophobic systems the dispersed particles of different hydro-
philic sols acquire their charges in different ways. In some the charges
on the particles originate by ionization of some‘of the surface molecules
of the micelles. The electrical charges on the micelles of protein sols arise
in this way. In other systems the charges may originate from traces of
electrolytes which are present as impurities. This is probably true of
agar sols. Such charges may be regarded as similar in their origin to those
acquired by adsorption on the micelles of hydrophobic sols, in that the
charge is contributed by some compound associated with the substance
of which the micelle is composed, and not to that substance itself. Most
of the better known hydrophilic sols arc negatively charged.

Flocculation.—Since the dispersed particles of any sol are in rapid mo-
tion it would scem that repeated collisions would result in a progressive
agglomeration of the particles into larger and larger masses which even-
tually would scttle out of the system. Sols, however, are relatively stable
systems, and it is important to understand the mechanism by which the
stability of such colloidal systems is maintained.

The stability of hydrophobic sols is maintained by the charge which

# Most investigators believe that the so-called ferric hydroxide <nl is actually a sol
of hydrated ferric oxide (Fe.0s(H:0):).
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each micelle carries. Although by Brownian movement the dispersed
particles are repeatedly brought close together, actual collision seldom
occurs because the shells of ions around the micelles are mutually re-
pellent.

Reduction of the charge on the micelles of any hydrophobic sol to the
point where there is no difference of electrical potential across the double
layer results in agglomeration of the individual particles into flakes of a
size which rapidly settle out of the surrounding liquid. This phenomenon
is called flocculation, coagulation or precipitation. The point at which
there is no difference of electrical potential across the double layer is
known as the isoelectric point of the sol. At the isoelectric point the
micelles of a sol are, relative to the surrounding medium, completely un-
charged. As, by Brownian movement, two such micelles are bought into
contiguity they no longer repel each other with sufficient intensity to pre-
vent their agglomeration. By the addition of other micelles such particles
rapidly increase in size, soon resulting in flocculation of the sol. Merely
reducing the electric charge to a value approaching that of the isoelectric
point is sufficient to induce instability and slow flocculation in many sols.

Flocculation is most commonly initiated by the introduction of electro-
lytes into the system. Very small quantities of an electrolyte are often
sufficient to cause the flocculation of a relatively large volume of sol. The
important principles regarding the flocculation of hydrophobic sols by
electrolytes can be most easily elucidated by a discussion of some of the
data in Table 6.

The flocculating effect of an electrolyte is due primarily to the added
ion of opposite charge from that borne by the colloidal particle. Thus the
As,S;3 sol may be flocculated by cations such as Nat, Cat+, or Al+++,
while the Fe(OH)3 sol may be flocculated by anions such as Cl—, NOg—,
or SO~ .

Furthermore, the flocculating effect increases with an increase in the
valency of the effective ion. The first part of Table 6 shows that the
trivalent cation Al*++ is more effective in flocculating the negatively
charged As,S; sol than the bivalent cations Ca++, Bat+ or Mg++, which
in turn are much more effective than the univalent cations K+, Nat,
and Li+. Similarly the second part of the table shows that the flocculat-
ing effect of bivalent anions (SO;——, Cr,0;——) upon a positively charged
Fe(OH) ;3 sol is greater than that of univalent anions (Cl—, NOg—).

However, the influence of the valency of an ion upon its flocculating
effectiveness does not follow a simple 1 : 2 : 3 arithmetical ratio. It took,
as shown in Table 6, about 88 times as much NaCl as CaCl,, and about
7 times as much CaCl; as AICl; to accomplish complete flocculation of
the As,S; sol.
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TABLE 6 —FLOCCULATING EFFECT OF ELECTROLYTES ON HYDROPHOBIC SOLS (DA'A‘A OoF
FREUNDLICH, 1903) THE CONCENTRATION OF ELECTROLYTES IS THE MINIMUM WHICH
RESULTS IN COMPLETE FLOCCULATION

Negatively charged arsenious sulfide sol. Positively charged ferric hydroxide sol.
(15.57 millimols As,S; per L.) (10.3 millimols Fe(OH)s per L.)
Electrolyte Concentration Electrolyte Concentration
(millimols per L.) (millimols per 1..)

LiCl 81.5 NaCl 9.2§
NaCl 71.2 KCl 9.03
KCl 69.1 KNO; 1.9
KNO: 69 .8 K,SO‘ 0.204
MgCl, 1.00 MgSO, 0.217
MgSO, 1.13 K:Cr,0O; 0.194
BaCh o. 964
Ba(NOy). 0.959
CaCl, 0.90§
AICl, 0.130
Al(NO;); 0.137

In the flocculation of hydrophobic sols the ion of the added electrolyte
with a charge of the same sign as that of the micelle is not entirely with-
out effect. The influence of such ions is usually to increase the stability
of the system. Precisely stated, therefore, the influence of an electrolyte
upon the micelles of a hydrophobic sol is a differential effect between the
anions and cations, but the influence of the ion of opposite charge pre-
dominates.

Flocculation may also be initiated by introducing into a hydrophobic
sol another hydrophobic sol with micelles bearing a charge of opposite
sign. If Fe(OH); sol be slowly added to an As,S; sol, a point will be
reached“at which complete flocculation will occur. The particles of the
two sols will settle out as an intimate mixture. The same phenomenon
occurs when any negatively charged hydrophobic sol is added to any
positively charged hydrophobic sol in sufficient quantity, or vice versa.
This process is called mutual flocculation. When this phenomenon occurs
the ions of the outer zone of one kind of particle pair off with the op-
positely charged ions of the outer shell of the other kind.

The actual mechanism of flocculation of a hydrophobic sol is too
complex to be considered in detail in an introductory discussion. The
fundamental cause of flocculation, however, is invariably the destruction
of the electrical double layer around the micelles. There is a close anal-
ogy between the flocculation of a hydrophobic sol and a precipitation
reaction of one electrolyte with another. The micelles of hydrophobic



FLOCCULATION 39

sols behave in flocculation phenomena like giant ions bearing numerous
charges.

The addition of a small amount of a hydrophilic sol, such as a gelatin
or gum arabic sol, to a hydrophobic sol makes flocculation of the latter
by electrolytes or micelles of opposite charge difficult or impossible. This
effect of a hydrophilic on a hydrophobic sol is termed protective action.
Protective action is apparently a result of the adsorption of the micelles
of the hydrophilic sol around the micelles of the hydrophobic sol. The
properties of the sol, therefore, become essentially those of the hydro-
philic system. As will be seen shortly, hydrophilic sols are much less
easily flocculated by eclectrolytes than hydrophobic sols, and this is un-
doubtedly the basis for protective action.

We turn now to the question of the mechanism of the flocculation of
hydrophilic sols. The micelles of such sols may or may not carry an
electrical charge, but whether charged or not such colloidal systems are
stable. Hydrophobic sols, as already shown, are stable only when the
micelles bear an electrical charge. One of the most important differences
between hydrophobic and hydrophilic sols is the possession by the latter
of a second stability factor, which in itself is effective in keeping such
sols stable for long periods of time. In our previous discussion we have
seen that uncharged micelles of hydrophobic sols soon agglomerate and
settle out of the dispersion medium. Why do not the uncharged micelles
of a hydrophilic sol behave in the same way? The micelles of all hydro-
philic sols, it will be remembered, are highly hydrated. Each particle is
“cushioned” against impacts with other particles by its enveloping shell
of oriented water molecules. Agglomeration of the micelles is thus pre-
vented, and hence even uncharged hydrophilic sols are stable.

The possession of two stability factors by hydrophilic sols complicates
the mechanism of flocculation in such systems. The manner in which
flocculation of hydrophilic sols may occur can be illustrated by review-
ing a simple experiment. The experimental material is a dilute (about
0.1 per cent) sol of agar-agar. Such a sol is perhaps the most typical
example of a simple hydrophilic system. If a relatively large volume of
alcohol be added to a small portion of such a sol, the micelles lose their
water of hydration, and the sol acquires the cloudy, bluish, opalescent
appearance typical of many lyophobic sols. In fact, it now is a lyophobic
sol and shows all the typical properties of such systems. The alcohol,
which is a powerful dehydrating agent, has robbed the micelles of their
shells of oriented water molecules. Nevertheless, the sol is still stable,
since the micelles retain their original negative charges. Finally, let a
drop of a solution of an electrolyte such as AICl3 be added to the sol.
The sol now flocculates almost immediately, since the only remaining
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stability factor—the electrical charge—has been destroyed by the addi-
tion of the electrolyte, and the opalescent cast of the sol disappears.
The stability factors of a hydrophilic sol can also be dissipated in the
opposite order. Suppose that the AICls solution first be added to thc
agar sol until the charges on the micelles are neutralized. Although now
at its isoelectric point, unlike hydrophobic systems, the sol does not
flocculate. If, however, alcohol now be added to the system, immediate
flocculation occurs, because of a dehydration of the micelles, resulting
in an elimination of the only remaining stability factor in the system.
Briefly then, in order to flocculate a hydrophilic sol, its micelles must

HYDROPHILIC SOL. (CHARGED) HYDROPHILIC SOL.(UNCHARGED)
+

DISCHARGED
T YT

N| |REHYDRATION
BY WATER DEHYDRATION

BY ALCOHOL
x \ / %

_ DISCHARGED >
x Q* BY ELECTROLYTE

FLOCCULATING MICELLE

Fic. 5. Diagrammatic representation of the flocculation of a micelle of a hydro
philie sol.

be both dehydrated and electrically discharged, except in the occasiona
systems in which micelles are uncharged, in which dehydration alone wil
suffice. Dehydration alone of a hydrophilic sol with charged micelles re
sults in its conversion into a lyophobic sol.

The interrelationships among the factors involved in the stability anc
flocculation of hydrophilic sols are shown in Fig. 5 which is self-explan
atory.

The addition of relatively large quantities of certain electrolytes t«
hydrophilic sols will result in their flocculation without any previous re
moval of the water of hydration of the micelles by means of alcohol o
any other dehydrating agent. Only very soluble salts are effective in thi
way. It is evident that this phenomenon, usually called “salting out,
involves a more complicated reaction than that taking place in simpl
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flocculation and must be distinguished from the latter phenomenon. Three
salts which are especially suitable for salting out hydrophilic sols are
(NH,) 2S04, MgSO,, and Na,SO,. In these three salts the ions, especially
the anions, acquire relatively large quantities of water of hydration. The
result of the addition of a very strong solution of such a salt to a hydro-
philic sol is a twofold one. A small initial amount of the added electro-
lyte discharges the micelles. Addition of further increments of an electro-
lyte eventually brings about dehydration of the micelles because of the
great attraction of the added ions for water, and the resultant separation
of the dispersed phase out of the system. Salting out, therefore, results
in the destruction of both of the stability factors of the system.

Amphoteric Properties of Protein Sols.—Protein sols differ from most
others in that the micelles are amphoterie, 7.e., they may act cither as an
acid or as a base. The acid properties of proteins depend upon their
—COOH groups; their basic properties upon their —NH, groups (Chap.
XXVI). Whether the proteins will combine with acids or bases depends
principally upon the pH of the dispersion medium. In a gelatin sol, for
example, in which the pH of the medium is above the isoelectric point?
the —COOH groups of the molecules react with a base such as sodium
hydroxide, forming “sodium gelatinate.” This compound then dissociates
int