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tion or even to eliminate it entirely. In this case
a correction for the polarization resistance may be
determined from the variation of the resistance
with the frequency and applied to the results by
the use of the equation AR = Rg — Ry = k/+/a.

Summary

1. The various criteria as to the quality and
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sufficiency of platinization in the measurement of
the conductance of electrolytes are discussed and
compared; and a test based on the variation of ap-
parent resistance with frequency is recommended.

2. The addition of lead acetate to the plati-
nizing solution, as recommended by Kohlrausch,
is helpful.

CAMBRIDGE, Mass. RECEIVED NOVEMBER 13, 1934

[CONTRIBUTION FROM THE GEOPHYSICAL LABORATORY OF THE CARNEGIE INSTITUTION OF WASHINGTON ]

The Influence of the Concentration and Nature of the Solute on the Compressions of
Certain Aqueous Solutions!

By R. E. GiBSON

In continuation of a study of the effect of pres-
sure on solutions,? we have determined over the
whole range of concentration the compressions
to 1000 bars® of aqueous solutions of the salts
mentioned in Table I. It is the object of this
paper to publish the thermodynamic data and
call attention to several interesting generaliza-
tions which have been found. The apparatus,
technique and method of calcu-
lating the results have already
been described,?® but a few
modifications made in the
course of the work may be
mentioned. By immersion of
the manganin-wire pressure
gage and the comparison coil
in a well stirred oil thermostat,
it was possible to eliminate a
small but troublesome wander-
ing of the zero point, traced to
differences in the temperature
coefficients of resistance of the
two coils and also to avoid cor-
rections for the change with
temperature of the pressure
coefficient of manganin which
in our apparatus amounted to approximately the
equivalent of 1 bar per degree at one thousand
bars between 22 and 30°.

(1) Read in part before the Division of Physical and Inorganic
Chemistry at the meeting of the American Chemical Society in
Cleveland, September, 1934,

(2) Gibson, (a) TaIs Journar, 86, 4 (1934); (b) ibid., 88, 865
(1934).

(8) To avoid cumbersome repetition the term compression will be
used throughout this paper to mean the relative decrease in volume
which a phase suffers when its pressure is increased from 1 to 1000
bars.

Drass
Clamp

& Ground
Glass Disc

A

Fig. 1.—Flat-topped
piezometer.

As a consequence of this improvement it was
possible to make better observations of the freez-
ing pressures of pure benzene, freshly distilled
over phosphorus pentoxide, and it was found nec-
essary to modify equation (1) given in the pre-
vious paper,’ which expressed the freezing pres-
sure of benzene in bars as a quadratic function
of the temperature.

P = 518.8 4 37.4(t — 20) 4 0.104(t — 20)2 (1)

Better values of the freezing pressures of benzene
(according to the absolute gage in this Labora-
tory) are obtained by subtracting from the pres-
sures calculated by equation (1) one, two and
four bars at 20, 25 and 32° respectively.

The reproducibility of the piezometers was
noticeably improved when the glass stopper was
replaced by a flat ground-glass cap (see Fig. 1),
and the orifice at A was constricted to a diameter
of 0.5 mm. During the work a significant result
on the effect of heat treatment on the behavior of
a Pyrex glass piezometer under pressure was
noticed. A flat-topped piezometer which had
not been specially annealed gave us a mean of
seven observations 0.03890 for the compression
of water, values of 0.00303 and 0.00399 being as-
sumed for the compressions of Pyrex glass and
mercury, respectively. The piezometer was
heated slowly to 550° in a good furnace, held
there for seven minutes, and then allowed to cool
slowly. The temperature dropped to 539° in one
hour and from 539 to 480° in two and a half hours.
The mean of five observations of the compression
of water in this piezometer now rose to 0.03916.
The difference between these two sets of observa-
tions can only be satisfactorily accounted for by
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the assumption of a change in the apparent com-
pression of the glass itself. Experience with
glass piezometers indicates that accidental fluc-
tuations in the results arise from details of de-
sign such as movement of stopper, size of orifice,
and size of drop, but that the absolute value of
the compressionn of the glass of the piezometer
depends on its previous thermal treatment.

Materials

Except where otherwise mentioned, the solutions were
all made up directly from weighed amounts of salt and
water. Polassium chloride, bromide, thiocyanate, nitrate,
chlorate and chromate, sodium bromide, barium chioride
and barium nitrate were prepared by recrystallization of
J. T. Baker c. p. Analyzed preparations and subsequent
dehydration by heat and vacuum desiccation. Potassium
thiocyanate was dried ¢ vacuo in the same flask that was
used for the gravimetric preparation of a stock solution
from which the other solutions were prepared by quanti-
tative dilution. Solutions of barium thiocyanate were
prepared directly from Baker and Adamson Reagent
barium thiocyanate dihydrate and analyzed by gravi-
metric titration against silver nitrate. Lithium chloride
and lithium todide were prepared by dissolving J. T. Baker
C. P. Analyzed carbonate, carefully washed with water, in
the appropriate acid and recrystallizing the products from
aqueous solution. The compositions of the lithium chlo-
ride solutions were computed from the observed densities
with the aid of the density-concentration table in the
“International Critical Tables”’* and checked by a solution
prepared from carefully dehydrated salt and water. The
percentage of lithium iodide in the solutions was deter-
mined by gravimetric analysis, by density measurements
and by making solutions of weighed amounts of the tri-
hydrate and water. All methods gave substantially the
same results. . p. cesium hydroxide from the Foote
Mineral Company was dissolved in c. p. Analyzed hydro-
bromic acid. From the solution cesium bromide was cryvs-
tallized. The salt was dried in an oven and a vacuum
desiccator. Anhydrous sodium carbonate was obtained
by heating the raonohydrate (Mallinckrodt) to 300°.
The hexahydrate of cerium chloride was prepared from
cerittin nitrate, obtained from the Foote Mineral Company
in 1917, by the method described by Honigschmid and
Holch.? The chloride in the solutions was determined as
silver chloride. J. T. Baker c¢. p. Analyzed glacial acetic
acid and distilled water were used in the preparation of the
acetic acid solutions. The concentration of the solutions
was checked by titration against a standard barium hy-
droxide solution.

Results

The experimental results,® all of which were

{4) “International Critical Tables,” Vol. 3.
(5) Honigschmid and Holch, Z. anorg. allgem. Chem., 177, 94
(1928).
(6) The symbols used in this series of papers may be summarized as
follows:
%1
X2
r
3

weight fraction of water in solution
weight fraction of salt in solution
/%2

%3 /%1
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obtained at 25° are recorded in Table I. The
specific volumes marked by an asterisk represent
new values determined during the course of this
work in the pycnometers which have been used
in this Laboratory for fifteen years. During the
work experiments with water were made at in-
tervals to check the reproducibility of the piezom-
eters. It was assumed that the bulk compres-
sion of pure water from 1 to 1000 bars was 0.03935
cc.” and hence the apparent compression of the
Pyrex glass was computed. The results in Table
I are all based on this value for water. No
piezometer giving values for the compression of
water whose mean deviation exceeded 1 X 104
was used, and all the observations are given in
Table I.

Discussion of Results

Representation of Results.—It has been
found? that the volume changes under pressure
of aqueous solutions of sulfates could be repre-
sented within the error of experiment as a func-
tion of the concentration by an equation of the
form®®

A = a'ry + bt @)

Such an equation was also found to fit, within ex-
perimental error over the whole concentration
range, the data for solutions of the salts® recorded
in Table II, but it proved inadequate when ap-
plied to solutions of the other salts.

o
2

concentration of water in g, per ¢c. of solution = xp

¢z = concentration of salt in grams per cc. of solution = x:p
P = pressure in kilobars (10* dynes per sq. cm.)
k = decrease in volume per unit volume
— Apv = specific compression of a solution
— APy = specific compression of pure water
— Apy; = specific compression of solid salt For an increase
— Apyg = partial compression of salt in solution | of pressure
— Ap¢z = apparent compression of salt in solu- }from 1 to 1000
. bars
tion = —
71
— Ap¢1 = apparent compression of water in
solution
v = specific volume of solution
¥z = partial volume of salt in solution
7; = specific volume of solid salt
p = density of solution
py = density of water
A = — Apyy, + -A—m-}
x
m = moles of solute per 1000 grams water
C1 = moles of water per liter of solution
C: = moles of solute per liter of solution
My = molecular weight of water

M3 = molecular weight of solute

(7) Adams, THIs JoURNAL, 88, 3769 (1931).

(8) Ref. (a), Table II. In this paper the molality was used as
argument but it is obvious that r; and m are connected by a constant
factor.

(9) The values for compression data of sodium chloride solutions
are those of Adams, op. cit.
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THE COMPRESSIONS AND SPECIFIC VOLUMES OF AQUEOUS
SoLUTIONS OF CERTAIN SALTS.
OVER A PRESSURE RANGE oF 1 10 1000 BARrS AT 25°
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TasLe I (Concluded)
I%avoi‘:ti:n
Apy obs.
100%: 10 v - “51' X106 Acied)
28.38 304.4 .8047* 342.1
304.4
39.08 267 .9 .7327*  321.7
267.9
51.85 227.7 .B482*  306.53
58.35 208.0 .6062*%  303.5
209.0
CeClg
0.00 393.5 1.0029 394.¢ .
8.69 350.3 0.9232* 354.9 ~0.1
16.97 309.3 .8514*% 317.1 T
23.36 280.¢) .7961*  290.8 - .4
34.60 227 .5 .6994* 243.3 1.0
44.09  188.0  .6234* 209.4 —0.3
Acetic acid
0.00 393.5 1.0029 394.45
6.81 382.7 0.9935 408.9 —0.2
11.62 377.7 9874 421.9 4
16.89 375.6 .9807 443.1 .3
31.16 375.3 .9650 526.0 -1.7
41.17 3%4.9  .9558 625.2  —2.¢
50.53 399.8 .9489 766.7
69.18 443.5 . 9404 1353.0
79.37 480.6 .9392 2188.1
§9.80 836.9 L9428  4962.7
94.33 571.5 L9470  9548.3
99.5 633.4 .9571 ..
635.1
634.7

¢ Points not used in fitting of equation.

TasLE II
REPRESENTATION OF CoMPRESSION DATA BY THE EQUa-

TIoN A = a'r, + b'rY% TasLe oF COBFPICIENTS
Solute e’ X 10¢ —b’ X 104
NaCl 599.5 460.0
NaBr 208.9 190.2
Na,COy 1198.6 1083 .4
KCl1 433.6 404 .4
KBr 206.5 151.6
KNO, 220.5 193.4
K.CrO/ 521.9 379.5
CsBr 84.0 59.0
BaCl, 420.3 265.6

¢ Deviation exceeds experimental error at highest con-
centration,

Now 4 is connected with the apparent compres-
sion of the solute by the relation A/r = Apgy,
and it has been shown!® that the apparent molal
quantities of several substances are represented
over a longer range of concentration more closely
by a linear function of the volume concentration
than by a linear function of the weight concentra-
tion. The observations recorded here confirm

(10) Cucker, Tms Journat, 88, 2713 (1933).
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this view as far as apparent compressions are con-
cerned. Equations of the form!"

4 ot b (3)

I£]

fitted the data for the salts ia Table III over the
entire range, as will be seen from the last column
of Table I, where the deviations between the ob-
served values of 4 or Apy/x, and those computed
from the appropriate equation (3) are given.
The scattering of these deviations gives an idea of
the consistency of the experimental results. Al-
though equation (3) is more generally useful in
representing the data, it is more convenient to use
equation (2) wherever possible, as the thermo-
dynamic quantities, the partial compressions, are
more readily computed from equation (2).1* It
is, however, possible to compute partial compres-
sions directly from equation (3) by a method
analogous to that described for partial volumes?2
if the coefficients in equation (3) are known.

Unlike the weight concentration, the volume
concentration ¢, varies with the pressure, but no
account has been taken of this in the expressions
given here. The quantity ¢, refers to grams per
cc. at 25° and 1 bar pressure. Equation (3) does
not fit the results for lithium chloride over the
entire range, there being large and real depart-
ures in the most concentrated solutions. Barium
thiocyanate solutions present an even more ex-
treme case, a graphical examination revealing
that it was not worth while even attempting to
apply equation (3) to the results. The curious
behavior of these solutions is visible in Fig. 3.

The coefficients @’ and e, given in the second
columns of Tables II and III, respectively, are
both numerically equal to the increase with pres-
sure (per 1000 bars) of the partial volume of the
salts in the infinitely dilute solutions. It is evi-
dent that equations (2) and (3) do not extrapolate
to quite the same value for this quantity even
though there is little to choose between the equa-
tions as far as representation of the experimental
data is concerned. Whether a’ or a gives the
closer approximation to — Apze at infinite dilu-
tion is a matter which can only be decided either
by much more accurate measurements at lower
concentrations or by a sound theoretical reason

(10a) This equation may also be written in a form more suitable
to giving the correct weight to all the observations in any curve-
fitting process, viz.

—(k — mky) = acs 4+ bc’/2
(11) Ref. 2a, Eqns, 3 and 4.
(12) Gucker, J. Phys. Chem., 88, 307 (1934); Gibson, sbid., p. 319.
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for preferring equation (2) to
equation (3) or wice versa.
Comparison of the Effects of
Different Salts on the Compres-
sion of Water.—Richards and
Chadwell'® concluded (from a
limited number of observations)
that in dilute solutions equal
numbers of molecules of solute
lower the compressibility of water
by the same amount and we
found®® for solutions of unhydro-
lyzed sulfates that solutions of
the same molality had approxi-
mately the same bulk compres-
sions. We are now able to extend
this result in a modified form to
solutions of other salts. Figure 2

R. E. GissoN
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CoerrICIENTS IN THE EQUATIONS REPRESENTING THE APPARENT COMPRES-
SION, THE APPARENT MoLAL COMPRESSION, AND THE APPARENT EQUIVALENT
COMPRESSION OF THE SOLUTES oS FUNCTIONS OF THE SQUARE ROOT OF THE
VoLuME CONCENTRATION

Solute
NaCl
KCl
LiCle
BaClz
CeCls
NaBr
KBr
CsBr
LAl
K1
KCNS
RKNO;
KiCrOu
Na:C04

CH:COOH

1206.
—83.7

a X 104
.0

612
446
715,
413.
535.
307.

O N0 G e 0

.o

[V

[==)

510,
454
793.
258
368,
217.
172,

427,
1112
370.

—b X 104

2
7
17

Mz/2

- YA (&)/ b
Maa /1000 1ooo z z /1000
3.577  0.721 3.577 0.721
3.329 924 3.320 .924
3.034 .692 5.034 .692
8.607  2.439 4.303 .869
13.20 4.372 4.40 .841
3.162  0.719 3.162 719
2.528 710 2.528 710
1.880 .688 1.880 .688
1.303 .363 1.303 .363
1.369 .41 1.369 41
1.674 611 1.674 .811
2.283 .694 2.283 694
10.44 1.726 5.22 .610
12.78 3.840 6.39 1.358
~0.502  0.544 —0.502 0.544

® Equation fails to represent data above x, = 0.30.

shows that when the bulk compression,!4 %, is
plotted against the concentration function 1/2C,-

[veac + v42%) (vc and v, being the numbers of
cations and anions into which a molecule dissociates
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Fig. 2.—The bulk compression of different salt solutions as a function

of the “modified ionic strength.”

In the computation of the “modified

ionic strength” the concentration of the cation is multiplied by the first

power of its valence.

and z¢ and 2,4 the valences of the cations
and anions), the points for practically
all the series of solutions fall within
arelatively narrow belt on the diagram.
Furthermore, the results which do
not fall in the narrow belt are correlated
with the presence of hydrogen or lithium
ions in the solution, and are in harmony
with the suggestion of Bernal and
Fowler,!5 based on Raman spectra ob-
servations, that these ions tend to pro-
mote in water the more compressible
“quartz- -like” structure, or, in the older
terminology, the more highly polymer-
ized water molecules. The concentra-
tion function used differs from the ionic
strength of Lewis and Randall in that
the formal concentration of the cation
is multiplied by the first instead of the
second power of the valence. The pro-
cedure is arbitrary and is justified only
by the empirical result that the graph
enables one to make an approximate
estimate of the bulk compression of any
solution with an error not exceeding
10% from a knowledge of its concentra-
tion and the nature of the solute.

(13) Richards and Chadwell, TH1S JOURNAL, 47,
2299 (1925).

(14) Richards’ compressibility was really the bulk
compression between 100 and 300 bars divided by the
pressure inerease.

(18) Bernal and Powler,
(1933).

J. Chem. Phys., 1, 515
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The quantities 4 or A/r; give a much better
insight into the influence of the salt on the comi-
pression of water than does 2, whose physico-
chemical significance is obscure. The figures in
columns 4 and 5 of Table III are the coefficients
in an equation, derived from equation (3), which
expresses M,y(A/ry), the apparent molal compres-
sion of the salt, as a linear function of the square
root of the molal concentration (moles per liter).
These figures enable one to compare the relative
effects produced by the different salts. The same
relations are seen in Fig. 3 where A4 is plotted
against the molality. The effect of a salt on the
specific compression of water increases with the
charge and decreases with
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recently published by Scott, Obenhaus and Wil-
son,1? if these latter data are replotted against a
molecular concentration. All these investiga-
tors worked at pressures between 100 and 300
bars. The anomalous behavior of the lithium
salts is presumably connected with the effect of
the lithium ions on the structure of water.’® It
may even be that the hydration of the lithium
ions really consists of the formation of water com-
plexes of open structure, codrdinated around the
small lithium ions.

The slopes of the curves in Fig. 3 give directly
the increase with pressure of the partial molal
volumes of the salt. As usual at low pressure,

the radius of the salt ions. 160, - /ClNaCOs e T ;
Several empirical attempts / N“'so‘;ﬁ;é%‘ 1
were made to take into ac- 140 i
count quantitatively these /
two physical properties of 120 Nadl
the solute but nothing of // / e N
special interest resulted. 100 5 p ! [/m“( LCL
One attempt is illustrated in ‘ B?Cl‘ / BalCNS), " | |
the last two columns of ¢ / 1 // // ‘
Table III which give the < 80 | 7 / |
coefficients in the equation 3 // i// s = k! ‘ |
expressing the increase in 60 : : ‘V/ i
the apparent equivalent com- /// / T
pression as a function of the 40 kN0, ¥KCiO,
square root of the concen- %\@/ V Lil
tration expressed in gram 5 e sBr Tkl
equivalents per liter. It 20 : KNS
will be seen that although ; 1 :
the apparent equivalent - : : : ‘

. c. . . 0 2 4 6 8 10
compressions in infinite dilu- Molality.

tion still differ appreciably,
the slopes for the differ-
ent chloride solutions are
brought very close together. Another attempt is
illustrated by comparing Fig. 3 with Fig. 4 where
the function 4 is plotted against the ionic strength.
Here, again, the curves are brought closer together,
but still significant differences remain which cannot
be entirely compensated for by inverse propor-
tionality to the ionic radius.

The curves for lithium chloride and lithium
iodide solutions in Fig. 3 occupy an unexpected
position, being close to the corresponding salts
of potassium instead of leading the alkali metal
series. The same order is seen in the results at
25° of Lanman and Mair'® and in those at 35°

(16) Lanman and Mair, THIS JourNaL, 56, 390 (1934).

Fig. 3.—The deviation function 4 (= Apv/x1 — Apy,) as a function of the molality
for aqueous solutions of different salts.

this quantity is positive in most cases, but it does
become negative in concentrated solutions of
potassium iodide, potassium thiocyanate, and
cesium bromide, a phenomenon which has hitherto
been observed only at very high pressures.

The Effective Pressure, P,.—On the assump-
tion of Tammann’s hypothesis!® that water in an
aqueous solution behaves like water under a pres-
sure greater than the external pressure, it is pos-
sible to modify an equation expressing the volume
of water as a function of pressure to obtain a
volume~pressure equation for an aqueous solution

(17) Seott, Obenhaus aud Wilsom, J, Phys. Chem., 88, 931 (1034).
(18) Tammann, “Uber die Bezichuugen zwischen den inneren
Kriften und Eigenschaften der Losungen,” Leipzig, 1907, p. 36.
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merely by the addition of a constant, P,, and a
small term which gives an approximation to the

R. E. GissoN
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solutions and the cohesive pressure in gases which
gives rise to the a/v? term in van der Waals’ equa-
tion of state. If equation

160 T l \ f | I ‘IM 450 (4) has any significance then
140 | | | Na,50, A XG0, P, is a function of the pres-
} l /Li.sc// sure. Inour previous work®
! ; | 1 / we have neglected this de-
120 " } > = pendence of P, on the pres-
/// ‘ Celly sure, an approximation
100" A which is not serious because
) ! ; BaCl / | of the relatively small com-
g / 3 pressibilities of the liquids
= % ’/ ‘ | studied, but which may be
= / KV ; important in cases where the
60 } , compressibilities are large.
/ ; ‘ | The practical use of P,
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Fig. 4.—The deviation function 4 as a function of the ionic strength.

compression of the salt in the solution. It should
be remarked that this procedure is only applicable
to cases where the compressibility of the solute is
small in comparison with that of water. The
utility of the effective pressure as a means of pre-
dicting the behavior of solutions under high pres-
sure has already been demonstrated?® in the cases
where data are available, and in the same article
the formula for computing P, from compression
data is also given.

For all the aqueous solutions of salts studied
up to date it has been found that P, is a linear
function of the product of the concentration of
salt and water in the solution.

The relation

Py =L X GG (6]
where L is a constant for each solute, holds over
the whole range of concentration, as may be seen
in Fig. 5. A number of the straight lines do not
pass directly through the origin but in all cases
the zero error is small. If V is the volume of
solution containing #; molecules of salt and #,
molecules of water, then P, = (mmn/V? X L.
As P, may be regarded as a cohesive pressure
set up by the interaction between the unlike mole-
cules in the solution, this latter relation brings
ont a striking analogy between P, in aqueous

mal compressibility of a
solution at any pressure

and 25°
g _ L d_I_/) _ [ 0.13337x1 _ _ _ dv,
= T Mes\dP); " P |3023F P, + P V3P
(5)

By means of this equation values of 8 at atmos-
pheric pressure were computed for four series of
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Fig. 5.—An illustration of the empirical result
that the effective pressure is directly proportional
to the concentration of water and of salt in aqueous

solutions.
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TABLE IV

A CoMPARISON OF THE ISOTHERMAL COMPRESSIBILITIES OF
SALT SoLUTIONS AT 25° AND 1 BAR AS CALCULATED FROM
CoMpPrESSIONS AT 1000 BArRS AND As DETERMINED BY
FREYER FROM THE VELOCITY OF SOUND IN SOLUTIONS.
THE VALUES OF 8 ARE IN RECIPROCAL BARS

8 X 108 8 X 108
from from sound
compressions velocities
100x: at 1000 bars at 1 bar
KCl1
6.0 41.8 41.7
10.0 39.5 39.4
16.0 36.3 36.2
20.0 34.3 34.2
24.0 32.4 32.4
KBr
6.0 43.2 43.5
10.0 41.7 41.9
20.0 38.1 38.4
30.0 34.6 34.8
40.0 31.1 31.4
K1
6.0 44.3 44.3
16.0 41.7 41.7
30.0 37.8 38.0
45.0 33.4 33.7
NaCl
6.0 40.6 40.4
10.0 37.6 37.5
16.0 33.2 33.4
20.0 30.7 31.0
24.0 28.4 28.8

salt solutions, P, being calculated from the com-
pression data at 1000 bars and interpolated to
the appropriate concentration by equation (4).
The results are compared
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on the compressibility of water. The agreement
between the two sets of values is noteworthy,
especially when it is remembered that for each
solution the calculated compressibility at 1 bar
depends on a single compression measurement
made at 1000 bars.

Assuming that the water in a given solution
occupies the same volume as it would in the pure
state under an external pressure equal to P,, one
may compute the volume, y,, which one gram of
the salt appears to occupy in the solution.?*  For
the salts discussed here y» is again practically in-
dependent of the concentration and of a magnitude
approximately equal to that expected for the pure
liquefied salts. The results are shown diagram-
matically in Fig. 6, where (Y2 — z,)/7, is plotted
against the concentration. The behavior of
lithium chloride is different from that of the other
salts in that y, is excessively large in dilute solu-
tions and decreases as the concentration increases.
Lithium iodide does not behave like LiCl but does
show a relatively large value of (Y»—1v,)/v,.

Solutions of Acetic Acid.—Acetic acid differs
from the other solutes considered here in that it
is a liquid and a weak electrolyte. In Fig. 7,
M, Apes, the increase with pressure of the apparent
molal volume of the acid, is plotted against the
square root of the volume concentration and the
same functions are plotted for KCl, KBr and
LiCl. For solutions containing from 0 to 409,
of acetic acid M;Apg» is a linear function of C;”*
but for solutions of higher concentration this

in Table IV with isother- 04 1 ‘

mal compressibilities @-——4/‘\\_0\

computed by Freyer!® 0.3 = S — —

from his measurements of [T

sound velocities in these & (2 -~

solutions at atmospheric § ol

pressure. Freyer'sorigi- ! ) b ; S

nal results were givenat & Na;SOf**i’:F o ——oNaBr

20° and an attempt was Bl S L _—oK( L

made to correct them to 0.0 = /o—o? oBx K]

25° by use of his tables of i

changes in the adiabatic —01

compressibility with tem- 2 4 6 8 10
Molality.

perature (given for only
one concentration of each
salt) and the data of
Hubbard and Loomis?® on the effect of temperature

(19) Freyer, Tuis JourNac, 53, 1313 (1931),
(20) Hubbard and Loomis, Pkil. Mag., 5, 1177 (1928).

Fig. 6.—The variation with concentration of the fractional increase in volume of the
salts on dissolving in aqueous solutions on the assumnption of Tammann'’s hypothesis.

relation breaks down. It will be seen from the
diagram, however, that the range of molal concen-
(21) Gibson, Ref. 2a, p. 12.



292

tration over which the linear relation holds is
greater for acetic acid than for any of the salts
except lithiutn chloride and for this salt the linear
relation fails to represent the data at the higher
concentrations. Unlike the salts, acetic acid has
a negative value of M, Ap¢, at zero concentration,

4
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Fig. 7.-—The apparent molal compressions of three
salts and acetic acid as a function of the square root
of the volume concentration.

but the differences between the molal compres-
sions of the pure solute and the apparent molal
compressions at zero concentration are of the same
magnitude. For acetic acid My(Apy, — Apds)
is —3.11 cc. per mole, while Ma(Apv, — Aps)
for KClis —3.76, and for KBr, —2.9 cc. per mole.
The slopes of the lines are also approximately the
same.
the influence of concentration on the apparent
molal compression (or the effect per mole of the
solute on the compression of water) there is little
difference between the behavior of strong electro-
lytes and that of the weak electrolyte acetic acid.
Gucker?® has called attention to the fact that
some non-electrolytes exhibit a linear relation
between the apparent molal compressibility and
the square root of the concentration, and Tam-
mann?® has concluded that the attractive forces
between weak electrolytes and non-electrolytes
(whose internal pressures exceed that of water)
and water do not differ essentially from those of
strong electrolytes. The conclusion seems in-
evitable that the square-root law which holds so
well empirically cannot have its theoretical ex-

(22) Gucker, Chem, Rev., 18, 128 (1933).
(28) Tammann, Z. anorg. allgem. Chem., 174, 231 (1928).

R. E. GmBsoN

We conclude, therefore, that as regards-
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planation in the theory of interionic attraction as
at present developed.

The apparent compression of water, Ap¢;, in
acetic acid solutions was computed on the assump-
tion that the compression of pure acetic acid is
0.0614 cc. per gram, the value obtained by extra-
polation from our data. Figure 8 shows the plot
of Ap¢; against the square root of the concentra-
tion of water (open circles). The linear relation
does not hold at all at the acetic acid end, but it
does hold at the water end and the extrapolation
of the straight line to pure water gives 0.0390 as
Apey for pure water, which is in reasonable agree-
ment with the observed specific compression, viz.,
0.0395.

At the acetic acid end Ap¢; is very sensitive to
the value chosen for the compression of pure ace-
tic acid, and although the compressions of these
solutions have been measured up to 99.5%, acid,
some doubt may be entertained concerning the
extrapolated value. When 0.0585 cc. per gram

g I

i |

O-Apla=.0614-
!'AP%:-O\SSE

10 X Apéy in cc.

L N

)

i AN

~4
0.3 0.5 0.7 0.9
a'
Fig. 8. —The apparent molal compression of water
in acetic acid solutions as a function of the square
root of the volume concentration of the water.

is used as the compression of acetic acid the lower
curve in Fig. 8 is obtained which is roughly a
straight line from pure water to 909 acid. It
must be emphasized, however, that there is no
justification for thinking that the compression of
the pure acid is as low as 0.0585, and that the
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lower curve merely illustrates the changes pro--

duced in Ap¢; by the different values taken for
the compression of the pure acid. It may also be
mentioned that it does not follow directly that
Apd, is a linear function of C;"/* if Apg, is a linear
function of Cp”*.

Departures of the Compression of Solutions
of Acetic Acid from the Simple Law of Mixtures.
—On account of the high compressibility of ace-
tic acid there is no simple way of computing P,
for its aqueous solutions from compression data.
In some respects P, may be taken as a measure of
the departures from ideal behavior of the solution,
and in its place the following relation was ex-
amined for acetic acid solutions

(x1k1 + xoks — Bpv)/APU = kscico (6)

This equation will express the relative departures
from the simple law of mixtures for compressions
as a linear function of the product of the concen-
trations of water and acid, if %, is the specific com-
pression of pure water and k; the specific compres-
sion of the pure acid. When the equation was
fitted to the compression data, %, %, and ks were
treated as unknown parameters and the values
obtained for them were 0.03827, 0.05778 and
1.0061, respectively. It will be noticed that the
values of k; and k; agree reasonably well with the
specific compressions of pure water and pure acid.
Furthermore, the equation expressed the data
very well from pure water to 95% acetic acid, the
root mean square deviation being 0.00025.

Equation (8), with k; being equal to the com-
pression of pure water and &, equal to the com-
pression of solid salt, was also applied to eight of
the salt solutions described in this paper. Within
one per cent. the relative departures from the
simple law of mixtures were linear functions of
the product of the concentrations of water and
salt.

A similar type of relation was found by Biron%
to hold for the departures from ideal behavior
measured by the volume changes accompanying
the mixing of liquids. He used the formula
AV/V = kNN, where AV/V is the relative ex-
pansion on mixing and N, and N, are the mole
fractions of the components. Hildebrand and
Carter?®® have confirmed this relation for some
liquid mixtures. As Avogadro’'s law does not
hold for liquids, it is thought that the number of

(24) Biron. J. Russ. Phys.~-Chem. Soc., 41, 569 (1909).
(25) Hildebrand and Carter, TH18 JoUrRNAL, 54, 3595 (1932).
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moles per unit volume is a better unit than the
mole fraction, especially when the components
of the solution differ widely in molecular volumes.

Summary

Experimental measurements of the compres-
sions to 1000 bars of various solutions of sixteen
salts (mostly those of potassium) and of acetic
acid have been made over the whole concentra-
tion range. An equation expressing the apparent
compression of the salt as a linear function of the
square root of the volume concentration is the
most generally useful way of representing the re-
sults within the error of experiment, although, in
a number of cases, the weight ratio or the molality
may be used instead of the volume concentration.
The effects of different salts on the compression
of water increase with the charge on the solute
ions and decrease with the ionic radius, but exam-
ination showed that it is probable that some other

properties of the solute besides these two are also

active in determining the behavior of the solution
under pressure. The effective pressure of the
salts in the solution is directly proportional to the
product of the concentration of water and salt.
It is also shown that the equation for the volume
of a solution as a function of the pressure, based
on the hypothesis of the effective pressure, gives
values for the compressibility of solutions at 1 bar
which are in accord with those obtained from
sound velocity measurements even though the
effective pressure is determined from data at
1000 bars.

For acetic acid solutions the bulk compression—
concentration curve passes through a minimum
but as far as the apparent molal compression—
concentration relations are concerned there is
little difference between the acid and any strong
electrolyte. The apparent compression of water
in acetic acid solutions is a linear function of the
square root of the concentration only at the water
end. The relative departures from the simple law
of mixtures of the compressions of acetic acid solu-
tions and of salt solutions vary linearly with the
product of the concentrations of salt and water in
the solutions. The freezing curve of benzene,
expressed as a quadratic equation in a previous
paper, and used to determine the pressure scale
between 500 and 1000 bars, is slightly modified
as a result of improvements in technique.
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