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In a previous paper? the authors reported the hydrogen-ion concentration
of a series of benzoic acid—benzoate buffers in aqueous potassium chloride
solutions. From these values and the composition of the buffer the
product of the concentration of hydrogen and benzoate ions was calculated.
In all cases the solutions were saturated with benzoic acid so that a deter-
mination of the solubility of the acid in these solutions enables one to
calculate the classical dissociation constant and the activity coefficient of
the molecular benzoic acid. The solubility of the molecular acid is ob-
tained by subtracting the hydrogen-ion concentration from the total
concentration of benzoic acid as determined by titration. Column 3 of
Table I gives the solubility of benzoic acid in the various solutions and
Column 5 gives the amount present as molecular acid.

TABLE I

THE SOLUBILITY OF BENZOIC AcCID IN PoTassiuM CHLORIDE SOLUTIONS AT 25.15°
Moles per liter

Total Molecular
Electrolyte Benzoate  benzoic benzoic
KCl + NaB X 108 acid Ca+ X 108 acid Average
0.0013 131.0 0.02781 131.0 0.02650 0.02650
.1000 529 .4 .0261 48.5 .0256
767.3 .0256 32.8 .0253
1025 .0259 25.1 .0256 .0255
.2000 761.6 .0251 .34.3 .0248
1660 .0250 15.9 .0248
3301 .0254 7.79 .0253 .0250
.3000 1663 0242 15.6 .0240
1744 .0241 15.0 .0239
2481 .0244 10.5 .0243
3301 .0244 7.94 .0243 .0241
.4000 1663 .0235 15.6 .0233
1744 .0228 15.0 .0226
2480 .0229 10.2 .0228
3302 .0236 7.82 .0235 .0231

! Abstracted from the thesis of Elwyn F. Chase presented to the Faculty of the
Graduate School of the University of Pennsylvania in partial fulfilment of the require-
ments for the degree of Doctor of Philosophy.

? Paper presented before the Indianapolis meeting of the American Chemical So-
ciety, March 30-April 3, 1931.

3 Kilpatrick and Chase, THIS JOURNAL, 53, 1732 (1931).
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TABLE I  (Concluded)
Moles per liter

Total Molecular
Electrolyte Benzoate  benzoic benzoic
KCl + NaB X 108 acid Cu+ X 105 acid Average
0.5000 320.5 0.0232 80.1 0.0224
1989 .0223 12.9 .0222
4329 .0231 5.78 .0230 0.0225
.6000 1662 .0220 15.0 .0218
1743 .0219 14.3 .0218
2480 .0221 10.0 .0220 .0219
7000 1661 (213 14.3 L0212
2480 L0213 9.64 L0212
3300 0216 7.09 0215 .0213
.9000 1661 L0199 13.5 L0198
2479 0200 8.88 .0199
3300 .0202 6.60 .0201 .0199
1.012 874.3 L0184 24.3 .0182
1334 .0192 15.8 .0190
1660 .0193 12.8 .0192
1987 .0191 10.5 L0190 |
3299 .0191 5.97 .0190
3336 .0193 6.36 .0192
4328 .0190 4.66 .0190
5004 .0194 4.14 .0194 .0190
1.500 296 .2 .0169 55.8 .0163
1861 .0168 8.98 .0167
1984 .0164 8.17 .0163
4329 .0170 3.67 .0170 .0166
2.000 635.8 .0135 18.3 .0133
1245 .0138 10.1 .0137
1859 .0141 6.53 .0140
4301 .0139 2.81 .0139 .0137
2.500 632.3 .0120 14.8 L0119
1242 .0121 7.42 .0120
1980 .0123 4.54 .0123 .0121
3.000 597.1 .0102 11.1 .0101
994.7 .0103 6.69 .0102 .0102

These results and those in the previous paper can be calculated to mole fractions or
molalities with an accuracy within that of the measurements by using the densities for
potassium chloride solutions as given in the ‘“‘International Critical Tables.”

Figure 1 shows graphically the change of the solubility of molecular
benzoic acid with the nature and concentration of the solvent electrolyte.
With our values at 25.15° are shown those of Hoffmann and Langbeck,*
and Freundlich and Seal® at 25° in potassium chloride solutions. Their
solutions were not buffered and their determinations give only the total
solubility of the benzoic acid. We have calculated the ionized part from

¢ Hoffmann and Langbeck, Z. phystk. Chem., 51, 385 (1905).
8 Freundlich and Seal, Kolloid-Z., 11, 257 (1912).
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our values of the classical dissociation constant and have subtracted that
part from their values. As the plot shows, the agreement is good. The
values of Berry® in potassium chloride and sodium chloride solutions at 20°
are shown with those of
Giintelberg and Schiodt” at

the same temperature. 3501
Finally the values obtained |

by Larsson at 18° are shown

for potassium chloride and 3001 4

sodium benzoate solutions.®
Larsson finds a decidedly op-
posite effect for sodium ben-
zoate, that is to say, the solu-
bility of molecular benzoic
acid is increased by the sol-
vent salt, sodium benzoate.®
The effect of sodium benzo-
ate is noticeable in our buffers
but is probably less than 19,
for the benzoate ion concen-
trations used. It does, how- 100
ever, emphasize the depend-

ence of the electrolyte effect

upon the individual nature 50
of the solvent salt. For the

solvent salts potassium chlo-

250
R
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Solubility, moles per liter X 104

ride and sodium chloride the ol L ‘
solubility of molecular ben- 0 1 2 3 4 5
zoic acid decreases rapidly Concn. of electrolyte.

with increasing salt concen- InKCli ©,K.+C; <,F.+8; 0O, H. + L.
tration. The effect is greater at 25°; X, B. at 20 ; +, @ L. at 18°. In Na

for sodium chloride than for Benzoate: =, L. at 18°. In NaCl: @, B. at 20°;
. . V,A, G. 4+ S. at 20°; @ unbuffered 4 buffered.
potassium chloride.

. Fig. 1.—Solubility of molecular benzoic acid.
In Table II the classical

dissociation constant, K. = Cy+ Cg-/Cyp has been calculated from our
determination of Cy+ Cg- by the electrometric and catalytic methods, and

¢ These determinations were carried out by Mr. W. H. Berry with one of us (M.
K., Jr).

7 Giintelberg and Schisdt, Z. physik. Chem., 135, 393 (1928).

8 Larsson, ¢bid., 1484, 304 (1930).

® Since this thesis was submitted Larsson has reported a number of salts which in-
crease the solubility of benzoic acid. He has also investigated the effect of temperature
on the activity coefficient of molecular benzoic acid. Larsson, ibid., 153A, 309, 466
(1931).
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from the solubility of molecular benzoic acid in the solutions at each elec-

trolyte concentration.
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TaBLE I1
THE Di1ssocIATION CONSTANT OF BENzOIC AcID IN PoTassiuM CHLORIDE SOLUTIONS
AT 25.15°
Ca+ Cp- CHB, Ko K,

X 107, moles X 108, X 108,
cat, per liter cat. e . m. f.
25.8 0.0255 10.12 10.08
27 .4 .0250 10.96 10.43
26.8 .0241 11.12 10.83
26.9 .0231 11.64 11.18
24.9 .0225 11.07 11.32
25.5 .0219 11.64 11.38
.0213 11.12

22.5 .0206 10.92
.0199 11.10
19.3 .0190 10.16 10.79
15.3 .0166 9.22 9.94
11.8 .0137 8.61 8.84
.0121 7.58
.0102 6.52
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Figure 2 shows the change of the dissociation constant of the acid with
increasing electrolyte concentration.
Table III gives the values of the dissociation constant obtained by Berry
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Conen. of electrolyte (KCI).
O, E. m. f.; +, catalytic; <, conductivity.
Fig. 2.—Electrolyte effect on the dissociation
constant of benzoic acid.

and by Giintelberg and Schisdt
for potassium chloride and so-
dium chloride solutions.

In order to emphasize the
fact that the change of dissocia-
tion constant with changing
electrolyte concentration is dif-
ferent for different acids of the
same type in the same solvent
salt, we have plotted in Fig. 3
the ratio K./K, for benzoic acid,
acetic acid, formic acid and
carbonic acid. The values for
acetic acid and formic acid are
calculated from the papers of
Harned and Murphy'® and
Harned and Owen,!! respec-

tively. The values for the first dissociation constant of carbonic acid are
from Giintelberg and Schiodt.”

10 Harned and Murphy, THIS JOURNAL, 53, 8 (1931).
11 Harned and Owen, ¢bid., 52, 5079 (1930).



July, 1931 DISSOCIATION CONSTANT OF BENZOIC ACID 2593

TasLE 111
COMPARISON OF K. FOR BENzOIC ACID IN SODIUM AND PoTASSIUM CHLORIDE SOLUTIONS
Cg+ Cp- nfggs K, K.
KCl1 + NaB, X 107, per liter, X 104, X 108,
moles Berrey, Berry, Berrey, G, s.rml° S,
per liter 20 20 20 20
1.0 16.9 0.0166 10.18
2.0 9.81 .0123 7.98
3.0 5.33 0880 6.06 5.84
NaCl + NaB
1.0 16.2 .01500 10.80
2.0 8.61 .00918 9.38
3.0 4.20 .00656 6.40 6.25
3.0 1.76 .00442 3.98 4.03
5.0 0.717 .00313 2.29 2.46

The curves for formic and acetic acids are similar, while that for carbonic
acid is strikingly different, the maximum value of K, for carbonic acid be-
ing over three times K, In
general the K./K, curve is dif-
ferent for different monobasic 30t
acids. These differences are
attributed to two causes, the
salting out effect on the ions
and molecules and the inter-
action effect which dependson 4«

the deformability. Giintelberg 1.88
and Schiodt’” have given an : %

3.2

e e e eI N Nt e St it
A RV N
interesting discussion of the %
effect of these factors upon the M \
dissociation constant of a given
acid in different solvent salt
solutions.
The change of the mean ac-
tivity coefficient of the ions of
benzoic acid with potassium

chloride concentration as de-
termined in a previous paper® (7

1.5

n L i A "

is given by the extended o 1 9 T3
Debye-Hiickel equation Electrolyte concentration.
0.5 /¢ All in KCl: >, carbonic aecid, G. + S.; O,

—log Vfa+ fo- = 1+ + 8¢ benzoic acid; +, acetic acid, H. + M.; O, formic

where k = 0.33 X 10® /¢, b ac;’ H3 +I?./K ectro] .
is the apparent average ionic g 9—Ro/Rs vs. electrolyte concentration.

diameter, taken here as 5.15 X 10—® cm., B is an empirical constant taken
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equal to —0.139, and ¢ is the electrolyte concentration in moles per liter.
Below we show that
log fes = 0.138 ¢

Since

fHB
K. =K,
fr+ fa-

we have ‘
log K. = log K, + log fup — log fu+ fa-
and substituting

log Ko = log Ks + 0.138 ¢ + 2 [1 0.5 /¢

Fi0ve T 5‘]

Taking K, = 6.31 X 107% we have
- - Ve
log K. = —4.200 + TFi70ve
an equation which gives our values for K, for solutions containing from 0.1
mole per liter to 3 moles per liter of potassium chloride within 29,

Since all the solutions were saturated with benzoic acid, the activity of
the molecular benzoic acid remained constant and equal to its solubility in

pure water

—0.140 ¢

aus = fmB cHp
the activity coefficient, fyp, being set equal to one at zero electrolyte
concentration. Upon subtracting the ionized part as calculated from con-
ductivity measurements from the solubility of benzoic acid in water, and
upon making a small correction for the ion concentration (u = 0.0013),
a value of 0.02650 mole per liter is obtained.® Thus
fup = 0.02650
CHB
The values of the activity coefficient calculated in this way are given in
Table IV and for comparison we have included a summary of the results
of Berry, Hoffmann and Langbeck, Giintelberg and Schiodt and Larsson.
An inspection of the table shows that for low electrolyte concentration
the activity coefficient is practically independent of temperature over the
range given.
Some of these values are shown graphically in Fig. 4, where the logarithm
of the activity coefficient is plotted against the electrolyte concentration.
An equation of the form log f = kc expresses the results very well. For
our results at 25.15° in potassium chloride solution

logf_ 0.138
c
For the results of Berry at 20° and of Giintelberg and Schiédt at 25° in

sodium chloride solution
1°f—f = 0.176
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TABLE IV
COMPARISON OF VALUES OF fmp

Electrolyte, %iréy
KCl, Hoffmann Freundlich 0.02265
moles and an Larsson, Larsson G. and S. -
per Buffers, Langbeck, Seal, buffers, unbuff., buf., Cap
liter 25° 25° 25° 18° 18° 20° 20°
0 (1.00) (1.00) (1.00) (1.00) (1.00) (1.00) (1.00)
0.05 1.02

.1 1.04 1.04 1.04

.2 1.06 1.07

.26 1.08 1.09

.3 1.10

.33 1.11

.4 1.15

.5 1.18 1.18 1.18 1.18 1.18

.6 1.21

7 1.25

.9 1.33

1.01 1.40 1.39 1.37 1.37 1.37
1.5 1.60
2.0 1.94 1.86 1.81 1.84
2.5 2.19
3.0 2.61 2.57 2.55 2.58
NaCl

0 (1.00) (1.00) (1.00) (1.00)
0.25 1.11

.5 1.23 1.24

1.0 1.51 1.49 1.51
2.0 2.26 2.25 2.47
3.0 3.38 3.35 3.40 3.46
4.0 5.05 5.14
5.0 7.50 7.25

At 18° Larsson gives the values

k = 0.137 for KCl

k = 0.177 for NaCl
When the concentrations are expressed in moles per 1000 g. of water, and
log « is plotted against m, the points do not lie on a straight line as in Fig. 3.
The best line which can be drawn, however, is represented by the equation

logy = 0.12m
Using the data on the solubility of benzoic acid available at that time,
Randall and Failey!? gave 2 = 0.13 for potassium chloride and 0.18 for
sodium chloride solution.

The activity coefficient of benzoic acid is larger in sodium chloride
solution than in potassium chloride solution, that is to say, the solubility is
less in sodium chloride than in potassium chloride solution of the same
concentration. Since the salting out effect depends on the change in the

12 Randall and Failey, Chem. Reviews, 4, 291 (1927).
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orientation of the water molecules toward the neutral molecule, one would
expect the smaller sodium ion to have a greater effect than the larger
potassium ion. This is in agreement with the facts and theory as dis-
cussed by Debye and McAulay?® and Scatchard and others.!* As pointed
out by Scatchard, various Hofmeister series have been put forward for the
cations and anions.. Glasstone and Pound, who studied the electrolyte.
effect on the solubility of ethyl acetate, give the order Li+ > Nat+ > K+ >
Rb* > Cs* and Cl~ > Br~ > I~ for decreasing solubility of ethyl acetate.
Linderstrom-Lang!® shows the same order for hydroquinone, quinone and
succinic acid (uncorrected for the dissociated part).

1.0

0de™ . . . -
0 1 2 3 4 5

Conen. of electrolyte.
O, E.m. f,, 25°% <, Berry, 20°; X, G. 4+ S., 20°, in KCI;
0O, Berry, 20°; +, G. + S, 20°, in NaCl.
Fig. 4.—Activity coefficients of molecular benzoic acid in
potassium chloride and sodium chloride solutions.

Haesseler!” finds the same general order for benzoic acid. Haesseler
reports the solubility of total benzoic acid and has not corrected in any way
for the part present as ions. Larsson demonstrated that the salting out of
benzoic acid is, roughly speaking, an additive property of the ions of the
solvent salt, <. e.

log f = ke = [k + ka-Ic

he arbitrarily set kx- equal to k-, and calculated salting out constants
for all the ions of the solvent salts studied. )
In Table V we give some of Larsson’s!® ionic salting out constants and in

13 Debye and McAulay, Physik. Z., 24, 185 (1923).

1 Scatchard, Chem. Reviews, 3, 383 (1927).

15 Glasstone and Pound, J. Chem. Soc., 127, 2660 (1925).

16 Linderstrém-Lang, Compt.-rend. trav. lab. Carlsberg, 15, 4 (1924).
7 Haesseler, Dissertation, Columbia University, 1929.

8 Larsson, Z. physik. Chem., 153, 299 (1931).
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addition the radii of the ions as calculated by Pauling® for crystals. While
these radii will not necessarily be the same in solution they will probably
have the same relative magnitudes.

TABLE V.
ComMpARrISON OF IoNiIc S1zE wITH SALTING OuTr CONSTANT, £
Ton Radius, 4. 3 Ion Radius, A, k
Lit 0.60 0.12 Mg+t 0.65 0.10
Na*t 0.95 11 Cat+ 0.99 .10
K+ 1.33 .07 Srtt 1.13 .09
Rb+* 1.48 .02 Bat+t 1.35 .08
Cs* 1.69 —.08 cl- 1.81 0.07
Br~ 1.95 0.00
I- 2.16 —0.02

From Table V it appears that %2 decreases with increasing ion size. In
order to go further with any theoretical discussion, one would have to have
information as to the change in dielectric constant and freezing points of
these solutions, as pointed out by Debye and McAulay and Scatchard,
as well as some knowledge of the deformability of the ions and molecules.
Larsson points out that his results are qualitatively in agreement with the
available dielectric data. The further study of the solubility of molecular
benzoic acid in salt solutions offers a number of interesting possibilities,
especially in view of the increase of solubility of benzoic acid in solutions

of sodium benzoate (¢ = —0.21) and a number of other salts such as
sodium fS-naphthalene sulfonate (¢ = —0.75).
Summary

1. The solubility at 25.15° of benzoic acid in potassium chloride solu-
tions has been determined and from determinations of the hydrogen-ion
concentrations of these solutions the solubility of molecular benzoic acid
has been calculated.

2. From these solubility values and the values of the ion product
Cu+ Cg-, the classical dissociation constant of benzoic acid has been
calculated at the various electrolyte concentrations from 0.1 to 3.0 moles
per liter.

3. A comparison of the change of the dissociation constant with elec-
trolyte concentration has been given for different’acids in the same solvent
salt.

4. The activity coefficient of molecular benzoic acid in potassium
chloride solutions has been evaluated. The results are expressed by the
equation log f = 0.138c.

5. A discussion of the relation of ion size to salting out has been given.

PHILADELPHIA, PENNSYLVANIA

18 Pauling, THIS JOURNAL, 49, 765 (1927).



