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PREFACE

Tars introduction to representative procedures in quanti-
tative chemical analysis is an out-growth of long expcrience
in the teaching of that subject. Inevitably it must reflect some
characteristics of many predecessors, and to all of these the
author desires to make every duc acknowledgment of in-
debtedness.

Procedures have been discussed in relation to their essential
‘eatures, underlying principles, and varied applications.

A large amount of space has been devoted to iodometrie
processes both on account of the beauty and accuracy of these
methods, constantly growing in recognition, and because the
treatment in the more elementary text-books is usually scanty.

The arrangement of the subject matter is such as to permit
the selection of a narrower course or a broader course, as may
be desired, without detriment to the logical sequence of topics.
Explicit directions are given for certain representative experi-
mental processes, but if wider practice is desired the general
description of related processes should make it possible to adapt
to these the specific dircctions given for the representative ex-
perimental processes.

The value of collateral reading in stimulating interest and
in amplifying information is recognized, and, inasmuch as
access to the periodical literature is frequently difficult, refer-
ences in respect to further information have been made, so far
as seemed practicable, to a few easily accessible books, in which
further reference to original sourCes may usually be found, if
needed.
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REPRESENTATIVE PROCEDURES
IN
QUANTITATIVE CHEMICAL ANALYSIS

CHAPTER 1
PROCESSES OF ANALYSIS

THE methods of Quantitative Chemical Analysis are generally
based upon definite chemical transformations. In Gravimetric
Processes products of reaction are isolated and weighed; in
Volumetric Processes transformations are brought about by
means of measured solutions of known content by weight. A
few processes of quantitative determination depend upon the
measurement of certain physical characteristics, such as the
volume filled under determined conditions of temperature and
pressure by gaseous substances or the effect of light upon solu-
tions — color, opalescence, refractive power, polarization.

Analytical Reactions

Not all the reactions which are useful in identifying individual
elements (elementary analysis) or compounds (proximate analy-
sts) are adapted to quantitative determinations. Reactions
must be so chosen, and so utilized, that substances may either
be separated in definite condition for weighing or measurement,
or else may be made to react in well-determined ways with
known amounts of the reagents. In choosing and applying re-
actions for the purposes of quantitative analysis it is, of course,
important to keep in mind the fundamental and general prin-
ciples of chemical reaction.

The Course of Chemical Action. — When chemical systems

undergo change the tendency to reaction is directed in lines
1
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which correspond to the development of free energy — that is,
energy available for the performance of work. The changes of
energy which accompany chemical reaction may involve internal
changes in the system as well as the evolution of free energy.
As heat becomes latent in the change from ice to liquid water,
or of liquid water to water vapor, so some of the chemical energy
of reaction may disappear in the internal rearrangement of the
system. DBut it appears that all processes which proceed
spontaneously after having been started — that is, processes
which proceed without continual supplying of energy from
without the system — are accompanied by the evolution of free
energy, the least stable condition of a system undergoing
spontaneous reaction being that in which the system is capable
of evolving the greatest amount of free energy, and the most
stable condition that which corresponds to the greatest evolu-
tion of free energy. If it be assumed, as is probable, that the
free energy and the total heat of reaction have the same value
in the neighborhood of the absolute zero of temperature, then,
all reactions, once started, should proceed at such temperatures
with evolution of heat; and, at such temperatures, the amount
of heat evolved should measure the resultant of the chemical
affinities, or the tendency to reaction. The interval between
the ordinary atmospheric temperature and the absolute zero is,
however, not very great in comparison with the entire available
range of reaction temperatures, and so it is to be expected that
reactions at ordinary temperatures will generally proceed in a way
to produce the maximum evolution of heat. As a matter of fact,
heats of reaction may often be used to indicate the direction in
which a reaction involving certain elements or ions will move.

For example, amounts of heat evolved in the neutralization
of a gram-equivalent of hydrochloric acid and of a gram-
equivalent of acetic acid by the action of sodium hydroxide are,
respectively, 13,700 calories and 13,400 calories. It is, there-
fore, natural to suppose that upon gradually adding the water
solution of a gram-equivalent of sodium hydroxide to the water
solution containing a gram-equivalent of hydrochloric acid and
a gram-equivalent of acetic acid the hydrochloric acid will be
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neutralized before the acetic acid, and this expectation is very
closely realized. The residue left after the evaporation of such
a solution consists almost entirely of sodium chloride.

Similarly, when a miixture of two gram-molecules of hydrogen
and one gram-molecule of oxygen is acted upon at the ordinary
temperature by enough outside energy to start the combination
of these elements, the reaction

2H2+02=2H20

(which evolves 68,360 calories, assuming that the water formed
is allowed to condense to the liquid phase) proceeds to comple-
tion with evolution of heat unless the resulting temperature of
the mass be cooled artificially below a definite point (about 560
degrees) at which the chemical change is spontaneous.

On the other hand, reactions may proceed in the direction
which implies absorption of heat when heat is supplied at
sufficiently high temperatures from without the system; and
at intermediate temperatures an equilibrium between opposite
tendencies may be established. For example, the reaction in
which hydrogen and oxygen form water with evolution of heat
at 560 degrees,

2H, + 0,22 H,0,

shows a reversal at temperatures of about 1000 degrees, and it
proceeds equally in opposite directions at about 2500 degrees.

Similarly, the reaction between a gram-equivalent of hydro-
chloric acid and a gram-equivalent of sodium hydroxide, which
results at ordinary temperatures in practically complete mutual
neutralization, is markedly reversible at temperatures approach-
ing low red heat:

NaOH + HCl = NaCl 4 H,0.

Successive Reactions. — When a system is undergoing
transformation, reactions yielding systems of successively
greater degrees of stability may intervene between the initial
condition and the final condition. For example, the reactions
in a system made up of barium dioxide, potassium dichromate,
sulphuric acid and water may take place in successive stages.
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First, there is the production of hydrogen dioxide and chromic
acid in presence of sulphuric acid; secondly, the formation of
perchromic acid; and, thirdly, the reduction of the perchromic
acid with formation of chromic sulphate. -

B&Oz + KzCl‘207 + 6 HzSO.;
= BaSO4 + 2 KHSO4 + 3 HzSO4 + HgCr207 + HgOz
= BaSO4 + 2 KHSO4 + 3 HzSO4 + HzCI’zOs + H20
= B&SO4 + 2 KHSO4 + CI’z(SO4)3 + 5 HgO + 2 02.

In exact quantitative analysis it s important to make use of
reactions and conditions which result in the establishment of
definite and stable systems at once, or at least within a reasonable
time.

Non-Reversible and Reversible Reactions. — Processes
which result in the formation of inactive products and which are
non-reversible proceed to completion, when once started, with-
out regard to the presence of reaction products. On the other
hand, processes in which all products are active, and which are
therefore reversible, are affected not only by adjustment of
conditions or by the increase of a factor but by the removal of
an active product.

Examples of processes which rest upon non-reversible reac-
tions and which proceed to completion uninfluenced by the
amounts of the products of reaction are the ignition of silicon,
aluminium, and iron hydroxides, and of ammonium magnesium
phosphate,

Si02 . nHzO = Si02 + nHzO,
2 (AlI0)OH = AlLOs + H)0,
2 F303H3 = Fe203 + 3 HzO,
2 NH4MgPO4 = Mg2P207 + 2 NHa + Hzo;

the bleaching of iodine by sodium thiosulphate,
I, + 2 N3,S,0; = 2 Nal + Na,S,0s;

the precipitation of manganic hydroxide in the reaction between
manganese sulphate, and ammonium hydroxide, and bromine,
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2 MnSO4 4 8 NH.OH + 2 Br; = H:Mn;0;5 + 4 NH.Br
+2 (NH4)2SO4 +3 H20;

and the reduction of ferric chloride by oxalic acid,
2 F6013+ H20204 =2 F6012 + 2 HCl + 2 COz

Velocity of Non-Reversible Reactions.— The velocity
with which a non-reversible reaction reaches its end depends
upon the masses of the reacting substances and the affinity
factors involved. The rate of a non-reversible reaction, when
slow enough to be measurable, is generally accelerated by elevation
of temperature, and at each instant it is found to be proportional
to the concentration of the reacting substances. For example, the
reaction between iodine and sodium thiosulphate, mentioned
above, is practically immediate at the ordinary atmospheric
temperature; that between ferric chloride and oxalic acid at
a similar temperature and in dilute solution may require years
for its completion, but this reaction may be pushed to comple-
tion in a few minutes by raising the temperature to 100 degrees.
The proper conditions in respect to the times and the tempera-
tures required to effect as completely as possible the transforma-
tion of a system must be found experimentally in each individual
case.

As the non-reversible process advances the velocity of reaction
diminishes, and sometimes to such an extent that it is not
feasible, in an analytical process, to continue the reaction to
completion. In the case of such a slow non-reversible reaction
it is sometimes possible to push the velocity of reaction by adding
a large excess of the active reagent and then to determine by
some suitable process the amount of that excess. For example,
in the reaction between potassium permanganate and selenious
acid (in solution with dilute sulphuric acid) the rate of the
reaction

5 steOa + 2 KMIIO4 + 3 HzSO4 =5 HzSGO4 + KzSO4
+ 2 MDSO,; + 3 Hzo

is exceedingly slow and the straight course of the reaction is
complicated by the intervention of a secondary reaction in
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which a portion of the permanganate acts upon the manganous
salt with formation of higher oxides of manganese. By adding
a large excess of the permanganate the selenious acid may be
more rapidly oxidized, and that excess together with any higher
oxides of manganese may then be reduced by a known amount
of oxalic acid, leaving an excess of the last to be destroyed by
the direct action of more of the permanganate.

The Completion of Reversible Reactions. — In reversible
reactions, the result is influenced by the concentrations of the
products as well as by the concentrations of the factors, in accord-
ance with the Law or Mass-AcTION.

When two substances A and B react to form two other sub-
stances C and D, the resulting concentrations of the substances
expressed in terms of gram-molecules may be represented by
the terms Cy4, Cp, C¢ and Cp. When the reaction takes place
in single molecular proportions (mols) the forward action and
the reverse action may be represented by the expression
k-C4-Cpand k- C¢-Cp, respectively, in which k and k, stand
for affinity constants, and the equation of equilibrium is

Ca-Cs_ ks
Ce-Cp &

‘When the substances 4 and B react in multiple molecular pro-
portions the numbers representing molecules ni, nz, n3 and ny,
respectively, appear as exponents, and the equation takes the

form
Cym. CB"” kl
Cc"’ C D"‘ 3

When the molecular units of substances are subject to change
apart from the chemical reaction (as by dissociation, hydrolysis,
polymerization, or depolymerization in solution) so that the
numbers of active units are changed, such changes affect the
conditions of equilibrium. Representing the coefficients of
unitary change (as determined by osmotic, cryoscopic, ebullio-
scopic, or conductivity measurements) as ¢, ¢, %5, and 2, the
equation of equilibrium, at constant temperature and volume,
takes for the substances reacting in single molecular proportions

the form o
CA" . CBla _ Iil
Ccfa . CD"‘ k

= K.

= K.
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and for cases of reaction in multiple molecular proportions,
represented by n: and n,, etc., the expression takes the form

CAnm . CB"’Z' _ h _

Ccnaia . CD"“‘ - k -
The validity of these expressions has been shown experimen-
tally in a number of cases. For example, it has been found

that when solutions of sodium sulphateand nitric acid are
brought together in a calorimeter the reaction

Na,SO, + HNO; 2 NaHSO; + NaNO;,

when interpreted in accordance with the heat effects, proceeds
in accordance with the expression

Ch-Cpr Chiso, - ChiXo, -K
T3 .
Ceh-Cph Cxatiso, » Caxvo,

where the numerical cxponents represent the coefficients of
unitary change of the individual substances in solution.

Since the concentrations of insoluble substances may be
regarded as practically constant, terms relating to them may
be eliminated from the ‘equation of equilibrium. For example,
in the reaction which takes place between dissolved carbon
dioxide and insoluble barium carbonate,

BaCOa + (COz + nH20) = BaHz(C()s)z + (n —_ 1)H20,

the amount of the solvent (water) being large and practically
constant, the equation of equilibrium may be written

: 1

Car _ Coo,
Ay

Cc™  Cotyco,

=K,

and this is found to be in accord with the results of experiment.

Similarly, in the reaction between insoluble zinc sulphide and
sulphuric acid with the production of zinc sulphate and hydro-
gen sulphide,

ZnS + HzSO4 = ZnSO4 + HzS,

the value of ¢ for the soluble substances being respectively 2.06,
0.98, and 1.04, under the conditions of action, the equation is

C2.06 :
H,S0, =K
0.98 ., 1,04
CZnSO‘ CH,S
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and since the zinc sulphate and hydrogen sulphide are always
produced in equal molecular concentrations, the expression
takes the form

2.06
CH,SO4

Vo) =K,
ZnSO+H,8

which agrees with the experimental results.*

In practical analysis, exact knowledge is often, and indeed
generally, wanting in respect to the data necessary for the ex-
pression of quantitative effects under given conditions; but
the general form of the equation will indicate qualitatively the
directions in which changes of concentration take effect.

For example, in the reaction between barium chloride and
sulphuric acid,

B3012 + HzSO4 = BaSO4 + 2 HCI,

it is obvious that an increase in the concentration of sulphuric
acid will tend to make the reaction complete in respect to the
removal of barium chloride, and that an increase in the con-
centration of barium chloride will tend to complete the reaction
in respect to the removal of sulphuric acid, and that an increase
in the concentration of hydrochloric acid will tend to render
each of these reactions less complete. Experience shows
that the concentration of the barium sulphate in solution is
very small (0.0023 grm. in 1 liter of water), remaining prac-
tically constant and being only slightly affected by small
changes in the concentration of the hydrochloric acid. More-
over, it is found that the solvent effect of very large concentra-
tions of hydrochloric acid may be balanced by comparatively
small concentrations of sulphuric acid, which means, of course,
that the tendency toward the reverse action (2 HCI : BaSO,) is
very small in comparison with the tendency toward the forward
action (BaCl; : HSO,).

A similar case is that involving the precipitation of silver
chloride by the reaction between sodium chloride and silver
nitrate for the purpose of determining either the silver of the

* Chesneau: Theoretical Principles, trans. Lincoln and Carnahan, p. 79.



PROCESSES OF ANALYSIS 9

silver nitrate or the chlorine of the sodium chloride. These
processes are based upon the reversible reaction

AgNO; + NaCl = AgCl + NaNOs;.

The concentration of the nearly insoluble silver chloride is very
small and practically constant, but a slight increase in the
amount of either sodium chloride or silver nitrate will determine
further precipitation of silver chloride.*

The Principle of Le Chatelier. — In respect to the effect which
may be induced by variations of temperature or pressure or con-
centration in reversible reactions, the Principle of Le Chatelier
affords a useful criterion. According to this generalization any
change made from the outside in the factors of equilibrium of a
balanced system is followed by a change of the opposite sort in
the similar factors of equilibrium within the system. Thus,
an increase in the external temperature will favor a reaction in
which heat disappears within the system and will oppose an
action in which heat is evolved; while a lowering of the tem-
perature will tend to turn the reaction in the direction which
implies evolution of heat. An increase of pressure upon the
system will favor the course of reaction in which the pressure
(or volume under constant pressure) of the system will be
lessened; while diminution of pressure upon the system will aid
the course of reaction in which the pressure (or volume under
constant pressure) of the system tends to increase.

For example, in an equilibrium between calcium carbonate,
calcium oxide, and carbon dioxide in the reversible reaction

With absorption of heat
CaCO; ___~  Ca0+CO:

With evolution of heat

the application of heat will tend to break up the carbonate,
while cooling will favor the reaction by which the carbonate is
formed from the oxides. In this reaction, in which the heat
effect is considerable, the attainment of equilibrium is rapid and
markedly dependent upon the temperature; but when the heat
of a reaction is small the influence of heating or cooling is not

* See pp. 67, 69.
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immediate or marked, as in the esterification of alcohol with
acetic acid,

C.H;0H + HOC,H;0 = C.H;0C.H;0 + H;0,

the final equilibrium of this reaction being attained at the at-
mospheric temperature only after several days, and at 100 de-
grees only after some hours.

Similarly, in the adjustment of equilibrium, under changing
external pressure an increase of pressure upon the system will
favor that process which implies diminution of pressure (or vol-
ume) of the system while relief of pressure upon the system will
tend to promote the action by which greater pressure (or vol-
ume) of the system will be produced. For example, in the equi-
librium between calcium carbonate, calcium oxide, and carbon
dioxide increase of pressure promotes the formation of the solid
carbonate while relief of pressure favors the decomposition of
the carbonate into calcium oxide and gaseous carbon dioxide.

‘With diminished pressure
—_—

CaCOs Ca0 + CO,

With increased pressure

The reaction between alcohol and acetic acid, which involves no
significant change in volume, is independent of the pressure.

Furthermore, as has been illustrated in the previous dis-
cussion of mass-action in relation to reversibility, an increase
in the concentration of one component favors the formation
of another component (or phase) involving a decrease in the
concentration of the first, and a decrease in the concentration
of a component favors the formation of another component
(or phase) involving an increase in the concentration of the first.

Empirical Processes. — Sometimes it is’ a matter of con-
venience to make use of a process for which it has been estab-
lished that correct results may be indicated under a definite
set of empirical conditions rather than a process which depends
upon the completion of a definite reaction in accordance with
underlying theory; but such processes are employed only when
speed rather than the highest accuracy is the object in view or
as a last resort in operations demanding exactgess.



CHAPTER 1II
WEIGHING AND MEASURING

The fizing of the amount of a substance taken for analysis, or
found in the course of analysis, depends either directly upon an
exact process of wetghing or, in the case of a liguid or gas for which
the relation of weight to volume is known, upon the measurement
of volume. Excepting processes of gas-analysis, in which the
proportionate composition of a substance is often stated in vol-
umes, the results of analysis are ultimately stated in terms of
weight, and generally in percentages by weight.

The Process of Weighing

The Analytical Balance. — The analytical balance (Fig. 1),
by which weights are determined, has as essential parts a beam
which is supported at its middle point by a knife-edge set perpen-
dicularly and resting upon a plane bearing at the top of a support-
ing pillar, a pan suspended at each end of the beam from an
upturned knife-edge fixed in the beam and parallel to the middle
knife-edge, and a pointer reaching perpendicularly from the
middle knife-edge to a divided scale so as to show the movements
of the beam. A case with glass sides protects the balance from
dust and disturbing currents of air during the process of weigh-
ing, and a beam-support and pan-supports which may be set and
released by suitable mechanism are important adjuncts. Con-
stancy and sensitiveness are characteristics necessary to good
service on the part of the balance; and these essentials are
secured by proper attention to details of construction and
adjustment, such as rigidity and lightness of the beam, the
preservation of a proper relation between the center of gravity
of the loaded beam and the plane of the supporting knife-edge,
and the proper placing of the knife-edges in respect to one

another.
11
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The beam must be rigid enough to keep its shape under the
stress of all reasonable loading and light enough to respond to
slight variations in the load. The center of gravity of the beam
with pans attached should fall below the horizontal plane in
which the supporting knife-edge lies, practically the plane of

the bearing; for otherwise the balance will be unreliable, being
unstable when the center of gravity lies above the plane of the
knife-edge, and indifferent when the center of gravity lies in the
plane of the knife-edge. But the distance between the plane
of the knife-edge and the center of gravity should be very small,
else small variations in the load will be without appreciable
effect; while it must not be too small lest the oscillations of the
beams be tediously slow. In a reasonably sensitive instrument
the distance between the center of gravity of the beam and the
plane of the knife-edge probably approximates 0.0025 mm.
The terminal knife-edges for pan suspension and the middle
knife-edge for the beam-suspension, all parallel to one another
and perpendicular to the beam, should lie in the same plane;
for otherwise, with the beam rigid, the relation between the
position of the center of gravity and the plane of the beam
knife-edge will be subject to change with variation of the load
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upon the pans. The balance will lose sensitiveness as the load
increases, the center of gravity moving downward, in case the
plane of the pan knife-edges is lower than the plane of the middle
knife-edge; it will become inert and then unstable as the load
increases and moves the center of gravity upward in case the
plane of the pan knife-edges is above the plane of the middle
knife-edge. It is to be noted, however, that lack of perfect
rigidity of beam and imperfect adjustment of the knife-edges to
the same plane may to some extent be mutually corrective, and
that varying sensitiveness, due to flexure of the beam under an
increased load, may be counteracted by judicious misplacing of
the knife-edges. For if the pan knife-edges be placed so as to lie
in a plane slightly above the plane of the middle knife-edge when
the pans carry no load the flexure of the beam when under the
maximum load may serve to bring them into the plane of the
middle knife-edge, and the sensitiveness of the instrument under
heavy loading will be thus improved.

In a perfect balance the distance between the beam knife-edge
and the two-pan knife-edges should be equal, in order that the
leverage of equal masses placed upon the pans may exert equal
effects upon the oscillation of the beam, but this is a condition
very difficult to fulfill absolutely under varying conditions of
temperature. It is possible, however, as will be shown, to
determine and eliminate the effect of inequality in the arms of
the balance.

Determination of the Zero-Point . — The balance-case having
been leveled by means of supporting screws, and the pans
lightly dusted with a fine brush, the first step in the process of
weighing is the adjustment of the balance to a suitable equi-
librium. With the eye directly in front of the middle of the
scale, the pans and beam are released by a slow even motion
of the releasing mechanism. Should the beam fail to oscillate
when set free it may be put in motion by touching it gently
with the rider which hangs above it on the sliding rider-rod. The
pan-supports 'and the beam-support of some balances are
moved by the same milled-head, the pans being released
slightly in advance of the beam; sometimes the spring-support
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of the pans and the beam-support are controlled by independent
mechanisms. When the pans and the beam-supports are con-
trolled separately the beam begins to oscillate more readily if set
free after the lowering of the pan-supports, but extreme care
should always be taken to avoid jarring when the beam knife-
edge comes in contact with the bearing.

The exact limits to which the pointer moves for an amplitude
of four or five divisions on either side of the center of the scale
are observed for an uneven number of swings from the center,
and the mean of each set is noted; then, counting the excursions
to the left — and those to the right +, half the algebraic sum
of the means is taken as the center of oscillation or the zero-point
of the balance. Suppose, for example, successive readings to be
noted and recorded as follows:

Divisions to left. Divisions to right.
5 + 5.2
— 4.6 + 4.8
- 4.3 L
sum —13.9 +10
Mean— 4.63 + 5
Then —_—4—62—-—|——é = +0.18 and the zero-point, or point of equi-

librium of the balance without load, will fall 0.18 of a division
on the right of the center. When the balance is in perfect
adjustment its zero-point should coincide with the middle-point
of the scale, and if the displacement of the zero-point is more
than a division of the scale the balance should be readjusted.
But for ordinary weighing it is generally preferable to take
slight displacements of the zero-point into account in the
weighings rather than to disturb the beam by touch or by
changes of temperature due to the insertion of the hand within
the balance case.

The Operation of Weighing — In the operation of weighing,
the material to be weighed is usually put upon the left pan of
the balance and the weights required to bring about equilibrium
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are put upon the right pan, down to the limit at which the rider
may be used upon the right arm of the beam, precaution being
taken never to put corrosive substances directly upon the
balance-pan. Crucibles, dishes, weighing bottles, pieces of
massive metal, ete., may be placed upon the pan, but ordinary
materials for analysis are usually weighed in an exactly counter-
poised watch-glass, or in a suitable weighed container such as
a crucible or thin glass weighing-tube, the weight of the material
being shown by the difference between the weights of the
container with and without the material. With the material
placed upon the left pan of the balance the counterpoising is
begun by the systematic trial of weights upon the right pan in
the order of their arrangement in the box. It is easy to find the
lightest single weight which, when placed upon the middle of
the right pan, makes the pointer move to the left upon cau-
tiously releasing the beam and pans. With balances which have
separate pan-supports, about a gram in excess of the weight
necessary to produce equilibrium is needed to move the pan,
8o that weights down to the limit of a gram may be found
without releasing the pan-supports. After finding the lightest
single weight which is just too heavy, this weight is returned to
the box and replaced by the next smaller weight in the box, and
this second weight is supplemented by weights taken in order,
with necessary replacements and additions, until the limit is
reached at which the rider may be used upon the beam. This
limit may be 5, 6, 10, or 12 mgrm., according to the division
of the beam. Thereafter, the rider is used to indicate milli-
grams and fractions of a milligram. Throughout the process,
unused weights are returned to their places in the box, so that
the first reading of the weight used may be made from the
vacancies in the box and the reading checked by noting the
weights themselves as they are taken subsequently from the pan
and returned to their places in the box.

The Method of Equal Swings.— A simple method of weigh-
ing and one sufficiently accurate for ordinary analytical proc-
esses is the method of equal swings. If the balance is so
adjusted that the zero-point is displaced by half the amount



16 QUANTITATIVE CHEMICAL ANALYSIS

lost on each swing from left to right and back to left the pointer
will stop at the end of each swing to the right on the division
which corresponds to the starting point at the left. Then, if
the weights used are so taken that, at the end of each swing to
the right, the pointer stops on the division corresponding to the
starting point on the left the amount of the weights as read
will need no correction.

Suppose, for example, that the pointer loses 0.3 of a division
on each swing of moderate amplitude from left to right and the
reverse. Then, if the balance is adjusted so that the zero-point
shall fall at 0.15 of a division to the right of the center, the
pointer will stop in successive excursions to the right at a divi-
sion which corresponds to the starting point on the left. This
is shown in the following example.

. . Los the swi
ot on ot |  Zoropoint. | o DniReG IO I, | from et to ight and
—6.15 0 +6.0 e
-5.85 0 +5.7 0.30
—5.55 0 +5.4 0.30
Starting-point on the Zero-point. Stopping-point on the
left. right.
-6.0 +0.15 +6.0
—5.7 +0.15 +5.7
—-5.4 +0.15 +5.4

When the weighing is made by the method of equal swings
any necessary correction for a known imperfect adjustment of
the zero-point may be made mentally by adding to, or sub-
tracting from, the weights used, as the case may be, the weight
which would be necessary to adjust the zero-point.

The Method of Oscillations. — In processes demanding the
most exact weighing the equilibrium is found just as in the de-
termination of the zero-point of the unloaded balance, by a
method of oscillations. If the point of equilibrium under the
load and the counterpoising weights were to be determined in
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the same way that the zero-point was determined, and made to
coincide exactly with the zero-point, the weights used would
indicate at once the weight of the load. This process, however,
is unnecessarily tedious. It is more convenient to determine a
point of equilibrium not very far removed from the zero-point
and then to make a correction for the deviation; and this may
be readily done, provided the sensitiveness of the balance (that is,
the weight which corresponds to a deviation of one scale divi-
sion) is known.* This correction is to be added when the point
of equilibrium under the load lies to the right of the zero-point
and to be subtracted when the point of equilibrium lies to the
left of the zero-point. For example: Suppose the weights used,
the zero-point of the unloaded balance, the point of equilibrium
of the loaded balance, and the value of one scale division to be
as given in the tabular statement following.

Weights used, grm. Scale divisions.
20 Zero-point 4 0.2
1 Point of equilibrium — 0.4
8? Deviation 0.6 to the left
0.02 Value of 1 scale divisiont = 0.00043 grm.
0.0057 (rider)
21.6257

Then,
the correction for deviation = 0.6 X 0.00043 = 0.00026 grm.
and the corrected weight of load = 21.6257 — 0.00026
= 21.62544 grm.

The Sensitiveness of the Balance.— To find the sensitiveness
of the balance when carrying no load it is sufficient to note the
change in weight indicated by the rider for a change of 1 scale
division in the point of equilibrium; and the sensitiveness of a
loaded balance may be similarly indicated by the weight which
must be added to, or subtracted from, the counterpoising weights
in order to change the point of equilibrium by 1 scale division.
With increasing loads the friction on the knife-edge increases
and the sensitiveness of the balance decreases. So it is impor-
tant to know the sensitiveness for various loads. With any
given load, or no load, the sensitiveness may be found by
determmmg the variation made in the center of oscillations
(the point of equilibrium or the zero-point) by moving the rider
80 as to change by 1 mgrm. the counterpoising weights, noting

* For the determination of the sensitiveness of the balance, see the next
paragraph.
t See p. 18.



18 QUANTITATIVE CHEMICAL ANALYSIS

the effect upon the point of equilibrium, and then calculating
the weight which would produce a variation of 1 scale division.

Suppose, for example, that the zero-point has been found to
be at 0.18 of a division to the right of the center, and that the
placing of the rider on the 1-mgrm. mark will cause the oscilla-
tions shown in the following table.

Divisions to left. Divisions to right.
- 6 +0.46
- 5.4 +0.42
-51 | .l
Sum —16.5 F0.88
Mean— 5.5 +0.44 J

Then (—5.54 0.44) + 2 = —2.53 = Point of equilibrium. The
addition of 1 mgrm. moves the point of equilibrium of the
balance from -+0.18 to —2.53 on the scale, and the weight of
1 mgrm. corresponds to 2.7 divisions. The value of 1 scale
division for the balance without load will, therefore, be found
by solving the proportion 2.7 : 1 = 1 : z, and ¢ = 0.37 mgrm.

The sensitiveness of the balance for varying loads may be
found similarly. Thus, if the movement of the rider by an
amount corresponding to a change of 1 mgrm. in weight pro-
duces variation of 2.7 divisions with a load of 1 grm., 2.7 divi-
sion with 5 grm., 2.6 divisions with 10 grm., 2.3 divisions with
20 grm., 2.2 divisions with 50 grm., these figures may be used to
find the sensitiveness of the balance under loads ranging from
1 grm. to 50 grm. It is convenient to tabulate the results as
follows and to place the record upon a card, always visible in
the balance-case.

f scale
Load, Valioolao
grm. grm.
0.00037
1 0.00037
5 0.00037
10 0.00038
20 0.00043
50 0.00045

In ordinary analytical processes the determination of weights
to the fourth decimal place is quite as exact as the conditions
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warrant. If the fifth decimal, derived by calculation, is less
than 5 it should be dropped; if 5, or more than 5, it should be
replaced by 1 added to the fourth decimal.

Correction for Inequality in the Arms of the Balance. — The
method of weighing, according to which the material to be
weighed is always placed on the same pan, gives the ratio of
weights compared in successive weighings independently of the
slight inequality in arms of the balance which may be due to
faulty construction or to existing conditions of temperature,
and for most analytical processes this method is sufficient.
Sometimes, however, the determination of weights must be
absolute, as, for example, in the testing of an untried gram
weight against a standard gram. In such cases the effect of
inequality in the lengths of the arms of the balance must be
eliminated by the method of wetghing by substitution or by the
method of double weighing.

Weighing by Substitution. — If the material to be weighed is
placed upon the one pan of the balance and counterpoised
exactly, the weights which will, when substituted for the
material, exactly balance the counterpoise will be the exact
measure of the weight of the material independently of inequal-
ity in the balance arms. In this process it is more convenient
to place the material on the right side of the balance so that the
rider may be used in the final adjustment of the substituting
weights. The material on the right pan may then be counter-
poised by any suitable material placed upon the left pan, but the
most convenient material for the counterpoise is a set of weights.
The counterpoised material is removed from the right pan, and
replaced by exact weights until, with the help of the rider, the
balance is brought to an equilibrium.

Double Weighing. — By weighing material in the usual
manner, then making another weighing similarly but with the
material and weights interchanged upon the pans, and taking
the arithmetical mean of the sum of the weights obtained in the
two weighings, the effect of any reasonable inequality in the
arms of the balance may also be eliminated sufficiently. Theo-
retically, it is the geometrical mean, or the square root of the
product of the two weights, which gives the real weight, but the
arithmetical mean gives a sufficiently near approximation.

Corrections for Buoyancy of the Air. — In weighings made by
any of the processes described both weights and the material
weighed are affected by the buoyancy of the air, and such
weighings fail to give a perfect comparison between weights and
material by just the difference between the buoyant effect
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exerted upon the weights and that exerted upon the material.
When the amounts of material weighed are as small as they
usually are in analysis the difference is not appreciable for
ordinary purposes; but when the amounts of material are
considerable, or when the materials are weighed in a large con-
tainer, account must be taken of the atmospheric buoyancy in
order that the weights handled may be known with a reasonable
degree of exactness. The effects of buoyancy upon materials
and weights, measured by the weights of air displaced by each,
may be determined exactly if the volume of each is known
together with the weight of a cubic centimeter of air under the
prevailing conditions of temperature, pressure, and moisture.
For all ordinary work, the corrections for apparent weights and
materials may be determined accurately enough from the
average weight of a cubic centimeter of air under laboratory
conditions and the approximate specific gravities of materials
and weights. The average weight of 1 cm.3 of air may be taken
as 0.0012 grm. and the specific gravity of the weight, or the
weights which fill 1 em.3, as 8.4 for brass and 21.5 for platinum.
The corrections to be subtracted from the indicated weight are
therefore 0.0012 + 8.4 = 0.00014 grm. for every gram of brass,
0.0012 =+ 21.5 = 0.00005 grm. for every gram of platinum; and
the correction to be added to the indicated weight will be
0.0012 grm. + sp. gr. of material for every gram. Suppose, for
example, that a mass of silver placed upon the left pan of the
balance is exactly counterpoised by 15.6875 grm. upon the right
pan. From this indicated weight, which is too large by the
amount of the buoyancy of the air exerted upon the weights and
too small by the buoyancy exerted upon the silver, must be
subtracted for the brass weights 15 X 0.00014 = 0.0024 grm.,
and for the platinum weights 0.68 X 0.00005 = 0.00003 grm.,
or 0.00243 grm. in all; and to it must be added (15.6875 —
0.00243) * X 0.0012 =+ 10.15 (the sp. gr. of silver) = 0.00179.
The indicated weight of the silver is, therefore, 0.00064 grm. too
large, and the true weight is 15.68686 grm.

It is obvious that in a very exact analysis in which large
amounts of material are involved correction for the buoyancy
of the air upon weights and material is essential.  The buoyant
effect upon the container of the material is best eliminated by
counterpoising with another similar container. In ordinary
analysis, in which the amounts of material used rarely exceed

* In the present case, the subtraction of the buoyancy of air upon the
weights at this point is, of course, insignificant.
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a gram, and generally are less, the correction for the buoyanéy
of air is superfluous.

The Analytical Weights. — The set of analytical weights
usually consists of individual weights aggregating 100 grm.
beside the fraction of a gram. Generally there is one weight of
50 grm., one of 20 grm., two of 10 grm., one of 5 grm., one of
2 grm., three of 1 grm., all of brass; and smaller weights of
platinum, one of 500 mgrm., one of 200 mgrm., two of 100 mgrm.,
one of 50 mgrm., one of 20 mgrm., two of 10 mgrm., one of 5
mgrm., one of 2 mgrm., and three of 1 mgrm.; with a rider of
12 mgrm., 10 mgrm., 6 mgrm., or 5 mgrm., according as the
beam is divided between the middle point and the pan knife-edge
into 12, 10, 6, or 5 large divisions, respectively. In practice, the
rider takes the place of the weights smaller than its own weight.
Weights of the same denomination; the two 10-grm. weights,
the three 1-grm. weights, the two 100-mgrm. weights and the
two 10-mgrm. weights should be distinguished by one, two, or
three dots made with a fine round-pointed punch, and should
stand in the box, and be used in the weighings, in the order
indicated by the marks of identification.

In a perfect set of weights the 1-grm. weights will represent
exactly standard grams, the multiple weights will be the real
multiples, and the fractional weights the real fractions of the
standard gram which are indicated by their denominations.
For most purposes of analysis it is not essential that the gram
weight be exactly the standard gram with the other weights
exact multiples and fractions of the standard gram; but it is
essential that the weights throughout the series represent with
a high degree of accuracy the exact ratios indicated by their
designations. Generally, weights of first quality, when new,
are accurate enough for ordinary work, but it is desirable, and
for the most accurate work essential, that the degree of error
affecting the weights be known, and determined from time to
time.

The Testing of Weights. — In testing the analytical sets it is
convenient to have at hand a small set of testing weights, with



22 QUANTITATIVE CHEMICAL ANALYSIS

which the regular analytical weights may be compared. Such a
set of testing weights may conveniently consist of weights of
500 mgrm., 200 mgrm., 100 mgrm., 50 mgrm., 20 mgrm., 10
mgrm., and 5 mgrm., each of exactly standard weight or of
known error. With such a set of testing weights the operation
of correcting the analytical weights by the method of substitu-
tional weighing against counterpoises is a simple matter.

Let us suppose, for example, that the standard 500-mgrm.
weight is placed upon the left pan of the balance and counter-
poised by weights from another set and the rider. If now the
standard 500-mgrm. weight is replaced by the 500-mgrm. weight
of the set to be corrected, it is easy to determine, by moving
the rider or by noting the variation in the swing of the pointer,
just how the tested weight compares with the standard 500
mgrm. The smaller weights may be compared in precisely the
same manner with the small testing weights. A similar counter-
poising of the first gram weight of the set and substitution by
the two 500-mgrm. weights, now both of known value, will fix
the value of that weight; and similar operations with the second
and third 1-grm. weights will determine their values in terms of
the standard gram; and for the weights heavier than 1-grm.,
the corrections may be determined successively by substitu-
tional comparison with the weights already corrected. Thus,
the 2-grm. weight may be compared with two corrected 1-grm.
weights; the 5-grm. weight with the three 1-grm. weights and
the 2-grm. weight; the 10-grm. weight with the 5-grm., the 2-
grm., and the three 1-grm. weights; and so on.

In case such a set of small standard weights is not at hand,
it is possible, also, to correct the ratios of the individual weights
of a set by systematic comparisons with one another either by
the method of double weighing* or much more simply by sub-
stitutional weighing against counterpoises.t Such an operation
is best begun by counterpoising exactly (by weights and rider)
an extra weight a trifle lighter than 0.01 grm. and then sub-
stituting for it the 0.01-grm. weight of the set to be tested,

* Ostwald: Physico-Chemical Measurements, trans. Walker, p. 41.
1 Richards: Jour. Am. Chem. Soc., 22, 144 (1900).
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determining the relative values of these weights by means of
the rider. Next may be found similarly the relation between
the 0.01”-grm. weight and the 0.01’-grm. weight; then the re-
lation between the 0.02-grm. weights and the 0.01’-grm. and
0.01”-grm. weights together; then the relation between the
0.05-grm. weight and the sum of the 0.01’-grm., 0.01”-grm.,
0.02’-grm. and the extra 0.01-grm. weights, and so on. In this
manner a statement.of ratios may be constructed, like that given
in the first and second columns of the following table. In mak-
ing use of a small weight as the standard of comparison the errors
of the large weights are made to appear very large; but these
relative values once determined, more convenient ratios may
be found by making a large weight the standard and redeter-
mining the ratios. TFor example, if the 10-grm. weight is now
taken as the standard, the ideal aliquot parts of it represented by
the smaller denominations will be shown in the third column,
and the difference between these ideal aliquot parts and the cor-
responding values of the second column will measure the errors
of the individual weights.

inati Ratios with the extra | }Veights of each denom-
Denomination of | ") -grm. weight as | nation calculated from Correction.
weaht St | e logm, et
Grm. Grm. Grm. Grm.
0.01 0.01006 +0.00004
0.01 001003 | 0.01002 { 1000003
0.02 0.02005 0.02004 -+0.00001
8.(1)5 8(1)88(1)3 0.05009 +8.00000
. . +0.00001
01 010020 § 0.10018 { 16-0000
0.2 0.20035 0.20035 +0.00000
0.05 0.50088 0.50088 +0.00000
1 1.00183 ~+0.00006
1 1.00181 1.00177 3 +0.00004
1 1.00177 <-0.00000
2 2.00383 2.00354 -+0.00029
5 5.00884 5.00884 +0.00000
10 10.01768 10.01768 Standard

In making use of such a table of corrections, + corrections are,
of course, to be added to the respective weights and — correc-
tions subtracted.

Geénerally, analytical processes deal with amounts of materials
which do not weigh more than a gram.or two, the higher weights
being used simply as counterpoises of crucibles or other con-
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tainers. For such processes, therefore, it is not necessary to
use, or even to know, the true values of the higher weights,
provided identical counterpoises are used throughout a process.

The Measurement of Volume

Volumetric Apparatus. — In order that measurements of
volumes of liquids and gases, for which volumetric measure-
ments are feasible, may be exact, it is obvious that accurately
graduated and strictly comparable measuring vessels are
requisite. At the present time measuring instruments are pro-
curable which are certified by responsible governmental au-
thority.* These instruments are graduated with reference to
the liter defined as the volume occupied by one kilogram of pure
water at 4 degrees, the temperature of its greatest density; and
this is the system of graduation to which it is
advisable that all instruments employed in the
measurements of volumetric analysis should con-
form. The measuring vessels commonly used in
volumetric analysis are flasks, Fig. 2, graduated
for contents or for delivery; single-volume pipettes,
Fig. 3a (for the delivery of one definite volume);
and divided pipettes, Fig. 3b, without stop-cocks;
burettes, Fig. 4a and Fig. 4b, provided with stop-
cocks, or pinch-cocks, or with the Bunsen tap (con-
sisting of a bead within a rubber tube, which by
gentle manipulation between the thumb and fore-
finger allows the passage of liquid in regulated amount), for
the delivery of wvarious volumes throughout the range of
graduation; and gas-burettes, Fig. 5, fitted with stop-cocks and
leveling tubes for the adjustment of pressure.

It is, of course, necessary in all exact processes that readings
should be made with the eye on a level with the reading mark
in order to avoid parallax, and the graduation of the tube by
lines entirely encircling it is the best aid to a correct placing of
the eye in reading. In determining the volumes of liquids the

* Die Physikalische-Technische Reichsanstalt of Germany and the
National Bureau of Standards of the United States.
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reading is made from the upper boundary when they are opaque
and preferably from the bottom of the meniscus when they are
transparent. In the former case, a white card held behind the
graduation helps to define the reading boundary; in the latter,
a white card striped horizontally with a broad band of black
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and held so that the darkened meniscus may be defined clearly
is an efficient aid.

Variations of Volume with Changing Temperature. — Gases
expand and contract regularly with changes in temperature and
volumes of gases measured at known temperatures and pressures
may be reduced to normal or definite conditions by application
of the laws of Boyle and Charles.

Liquids and solutions expand or contract with changes in
temperature by amounts which vary with different ranges of
temperature as well as with the nature and concentrations of
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the substances. For example, a liter of pure water expands
2.05 cm.3 in the range of 10 degrees from 15 degrees to 25 degrees,
and 2.55 cm.? in the range from 20 degrees to 30 degrees. In
the range from 15 degrees to 25 degrees, the expansion. of a liter
of a solution containing 3.16 grm. of potassium permanganate *
amounts to 2.13 em.3, and that of a liter of a solution containing
17 grm. of silver nitrate t amounts to 2.16 cm.?; that of a liter
of hydrochloric acid containing 36.5 grm. of that reagent}
amounts to 2.42 cm.3, and that of a liter of a solution con-
taining 46 grm. of sodium hydroxide } amounts to 3.15 cm.2.

The measuring vessels are also subject to variations of volume
with changing temperatures. In the average, glass vessels
expand or contract by about 0.000026 of their volume for every
degree of rise or fall in temperature, respectively. The expan-
sion or contraction of a liter flask for a range of 10 degrees may
be taken as 1000 X 10 X 0.000026 = 0.26 cm.?.

It is plain, therefore, that graduated apparatus should be
used for the determination of volumes of a solution at a tem-
perature not very different from the temperature of standard-
ization, usually 15 degrees, unless correction is made for the
variations of the volumes with changing temperature.

Correction of the Indicated Volume.— For change in the
volume of the apparatus, the average expansion of glass for a
rise of 1 degree (the coeflicient of expansion) and the range of
temperature afford the data necessary to make due correction;
and a correction of the indicated volume for change in the
solution itself may, if the coefficient of expansion of the solution
be known, be similarly applied. The coefficients of expansion
of very dilute solutions generally do not vary much from that
of pure water. For such solutions containing only water and
the solute at very low concentration, the corrected volume V’
may be found by adding to the observed volume V the product
obtained by multiplying the observed volume by a factor a
-depending upon the temperature of observation, this factor
bearing the + sign for observations made below 15 degrees
(the ordinary temperature of graduation) and the — sign for
observations made above 15 degrees. That is, V' = V + Va.

* 0.02 grm. mol. t 0.1 grm. mol. 1 1 grm. mol.
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The approximate values of this factor for solutions containing
0.1 grm. mol. of a single reagent in 1 liter are shown in the fol-
lowing table.

Temperature.................. 10° | 11° | 12° | 13° | 14° | 15°
Factor = 4+0.001 X ........... 0.46| 0.40| 0.33] 0.22| 0.12 0
Temperature................. co.. | 16° | 17° | 18° | 19° | 20°
Factor = —0.001 X ........... ....| 0.13] 0.37] 0.42] 0.59| 0.76
Temperature................. L. | 210 | 22° | 23° | 24° | 25°
Factor = —0.001 X ........... .... | 0.95 1.14] 1.35 1.56| 1.79
Temperature................. coe. | 26° | 27° | 28° | 29° | 30°
Factor = —0.001 X ........... S| 2,02 2.27) 2.52| 2.75| 3.06

For example, according to a computation made by the aid of
this table, a volume of 50 ecm.? of a 0.1 grm. mol. solution of a
reagent (and no other dissolved material) if measured at 25
degrees, would measure

50 — 50 X 0.001 X 1.79 = 49.91 cm.? at 15 degrees;
and a volume of 50 ecm.? at 10 degrees would measure
50 + 50 X 0.001 X 0.46 = 50.02 cm.? at 15 degrees.

Frequently, however, solutions are employed of much greater
concentration in respect to the active reagent or to all the dis-
solved substances; and solutions are often
standardized at a temperature different from
the temperature of graduation. In general,
therefore, corrections of volume for varying
temperatures of solutions may be based pref-
erably upon an experimental determination
of the ratio of the concentration of the solu-
tion at the temperature of standardization to
the concentration at any temperature of use.
The Sprengel pyknometer (Fig. 6) as modified
by Ostwald * serves the purpose.

The pyknometer, of about 10 cm.? capacity,

Fia. 6.

washed with water, alcohol, and ether, applied successively, and
dried by drawing air through it, is first weighed empty. Next,

* Ostwald: Physico-Chemical Measurements, trans. Walker, p. 92.
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the pyknometer is filled with the solution at the temperature of
standardization; the volume of the solution is adjusted to the
mark by touching the narrowed end of the tube with filter-paper
to withdraw liquid, or with a drop of solution on a rod to
introduce liquid; and the pyknometer and solution are weighed.
The difference between the weight of the empty instrument and
the full instrument is the weight of a definitc volume of the
solution at the temperature of standardization. Similarly, the
difference between the weight of the empty pyknometer and
the weight of the pyknometer filled to the mark with the solution
at the temperature of use gives the weight of a pyknometerful
of the solution for the two temperatures.

Suppose, for example, that a solution of silver nitrate is made
to contain 17 grm. of that reagent in the liter, or 1.7 grm. in
100 em.?, at 20 degrees, and that the pyknometer contains
10.1780 grm. at 20 degrees and 10.1680 grm. at 25 degrees, then
the amount of silver nitrate contained in the volume indicated
as 100 cm.? by a glass measuring instrument at 25 degrees will
be given by the proportion

10.1780 : 10.1680 = 1.7 : z, z = 1.6983 grm.

Calibration of Instruments.— It is often desirable to calibrate
graduated instruments, or to graduate less expensive apparatus,
and this may be accomplished by means of the relation which
exists between the weight of water and the volume which it
occupies at given temperatures.

In weighing the water it is necessary to take into considera-
tion the buoyancy of the air both upon the brass weights and
upon the corresponding mass of water; but weights of less than
1 grm. may be safely left out of account. The average buoy-
ancy exerted upon 1 grm. of brass amounts to 0.00014 grm. and
that exerted upon 1 grm. of water to 0.0012 grm. To obtain
the true weight of the water weighed in air, the sum of the
weights actually used must be increased by 0.00106 grm., the
difference between 0.0012 grm. and 0.00014 grm., for every
gram. On the other hand, to find the weight which must be
used in air to counterpoise an amount of water which weighs a
given number of grams in a vacuum, the given weight must be
diminished by 0.00106 grm. for every gram.

The following table gives the actual weights (in a vacuum)
of 1 cm.3 of water at ordinary laboratory temperatures and the
weights which must be used to counterpoise in air the actual
weights.
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Weight of 1 em.3 of isi i
Tenﬁ;z‘aéure, p\fre water in ao 