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red indicator for the sodium hydroxide determinations 

Results and Discussion 

Tables I through VI1 present total pressure data as a function 
of the salt concentration for the seven salts studied. For 
comparison purposes Figure 1 presents a plot of the activity 
value 

a =  P/Ps 

(Pis total pressure, Ps is vapor pressure of solvent) vs. molality 
for the system LiCI-methanol along with the data of Skabic- 
hievski ( 7 7 )  at 25 OC. The agreement between the two sets 
of data is satisfactory. 

An examination of Ihe vapor pressure depression 

A P =  P S -  P (2) 

for the two salts with I- as common ion (NaI, KI) indicates that 
increased A P  values i:NaI > KI) follow decreasing values of 
cation crystallographic radii (Na' < K'). For the three salts with 
Na' as common ion (NaOH, Nal, NaBr), however, increased 
values of A P  (NaOH > NaI > NaBr) do not correspond to 
decreasing values of anion radii (OH- < Br- < I-). Finally, to 
establish the order of iincreasing APvalues for the three salts 
with CI- as common ion (LiCI, CuCI,, CaCI,) consider Figure 2 
where A P  is plotted against the ionic strength, I 

(3) 

where rn, = molality of ion i ,  zi = charge of ion i ,  and N = 
number of ion types per molecule. 

Use of I ,  instead o f  m ,  is made in this case to take into 
account the fact that LiCl is a 1-1 salt and CuCI, and CaCI, are 
2-1 salts. The plots indicate that increasing APeffects (LiCI 

> CaCI, > CuCI,) again do not follow decreasing ionic radii (Li' 
< Cu2' < Ca''). Similar observations can be found in the 
literature. For example, while Tsiparis and Smorigaite ( 72) report 
that the salting-out effects of acetic acid in mixtures with water 
increases with decreasing ionic radius, the results of Sada et 
al. indicate that this is not the case for tetrahydrofuran-water 
mixtures (9) or for the solubility of toluene in aqueous salt 
solutions ( 70). Apparently, the ion solvation, which determines 
the Peffect, cannot be related in a simple fashion to the ionic 
crystallographic radii (6). 

An attempt to correlate vapor pressure depression effects 
to salt solubilities in methanol (5) provided also inconclusive. For 
the three salts with Na' as common ion, and the two with I-, 
increased AP effects correspond to increased salt solubilities. 
However, this was not the case for the three salts with CI- as 
common ion. 

Literature Cited 

ASTM-D1160, Annu. Book ASTM Stand., Part 23, 555 (1974). 
Bekerman, H., Tassios, D., National Meeting of the American Chemical 
Society, Chicago, Ill., 1975. 

~ , Bixon, E., M.S. Thesis, New Jersey Institute of Technology, 1975. 
(4) Dever, D. F.. Finch, A,, Grunwald, E., J.  Phys. Chem., 59, 668 (1955). 
(5) Janz, G., Tomkins, R., "Nonaqueous Electrolytes Handbook", Academic 

Press, New York, N.Y., 1973. 
(6) Martir, W., Alegria, A., Stevenson, G.. J .  Am. Chem. SOC., 98, 7955 

11976\ 
~ _,. 

(7) Othmer, D. F., Ind. Eng. Chem., 20, 743 (1928). 
(8) Othmer, D. F., Ind. Eng. Chem., 35, 614 (1943). 
(9) Sada, E., Morisue, T., Miyahara, K., J.  Chem. Eng. Data, 20, 283 (1975). 
(10) Sada, E., Kito, S., Ito, Y., J .  Chem. Eng. Data, 20, 373 (1975). 
(11) Skabichievski, P. A., Russ. J .  Phys. Chem. (Engi. Transi.), 43, 1432 

(1969). 
(12) Tsiparis, I. N., Smorigaite, N. Yu., Zh. Obshch. Khim.. 34,  3867-3872 

(1964). 
(13) WeaSt, R. C., Ed., "Handbook of Chemistry and Physics", The Chemical 

Rubber Co., Cleveland, Ohio, 1970, p E-1 

Received for review June 29, 1977. Accepted August 23, 1978. 

Solubility of Carbon Dioxide in Aqueous Electrolyte Solutions 

Akira Yasunishi" arid Fumitake Yoshida 

Department of Chemical Engineering, Faculty of Engineering, Kyoto University, Kyoto, Japan 

The empirical Setschenow equation has often been used to 
correlate between the activity coefficient of the nonelectrolyte 
solute and the concentration of the electrolyte up to the 
moderate concentrations and has in many cases given sufficient 
results for correlation, though this equation is a first approxi- 
mation valid at low electrolyte concentrations. As was shown 
by Markham and Kobe (6) and Clever and Reddy (2), however, 
the equation was not valid in systems, Markham and Kobe 
(6) proposed a two-parameter equation to fit the data of these 
systems. 

The method of van Krevelen and Hoftiizer ( 7 7 )  based on the 

The solubility of COz in aqueous solutions of 16 
electrolytes has been1 determined by the gas volumetric 
method at 1 atm and temperatures of 15, 25, and 35 O C .  

The maximum concentration of each aqueous electrolyte 
solution was above 60 wt % of saturation. For the 
solubility of CO, over the wide ranges of electrolyte 
concentration, it was found that the empirical Setschenow 
equation was not applicable to some systems. The data 
of those systems were correlated by a two-parameter 
equation within a deviation of 2 % .  

, . I  

The solubility of carbon dioxide in aqueous electrolyte solutions 
has been investigated by many workers, However, there have 
been few data which were measured over wide ranges of 
electrolyte concentration with a sufficient number of points to 

of gas for each solution. 

empirical Setschenow equation has widely been used to estimate 
the solubilities of gases in electrolyte solutions. The estimated 
results by this method are Often poor, however. 

In this experiment, solubilities of carbon dioxide in a number 

tration were determined to inspect the applicabilities of the 
correlating and estimating methods. 

investigate the effect of electrolyte concentration on the solubility Of aqueous electrolyte solutions Over wide ranges Of concen- 

The electrolytes used were NaCI, NaNO,, KCI, KNO,, NH4CI, 
* To whom correspondence should be addressed at the Department of En- 
vironmental Chemistry and Technology, Faculty of Engineering, Tottori University, 
Tottori 680, Japan 

(NH4)2S04i Na2S04r K2S041 MgC123 Mg(N03)29 MgS049 CaCI'2t 
Ca(N03),, BaCI,, AIC13, and AI,(S04),. 
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Table I. Comparison of Experimental Solubility of Carbon 
Dioxide in Pure Water with Literature Values 
(Ostwald Coefficient) 

experimental solubility 

no. of 
determin- 

temp, "C av value ations av dev.' % lit. ( 6 )  

15 1.0634 4 0.06 1.075 
25 0.8264 10 0.11 0.828 
35 0.6675 5 0.24 0.67 1 

This means the average deviation of individual observed values 
from their averaged values. 

Experlrnental Section 

The experimental apparatus and procedure are essentially 
the same as those described by Tokunaga ( 70). The absorption 
chamber used in this study was 30 cm3 in volume. The ap- 
paratus was housed in a constant-temperature air bath controlled 
within f0.05 OC. 

The aqueous electrolyte solutions as the solvent were made 
by weighing the proper amount of guaranteed grade reagent and 
dissolving in a weighed amount of deionized water. The 
concentration of each solution was determined by chemical 
analysis or by evaporating a known weight of salt solution and 
then weighing the dry salt. 

Carbon dioxide used was superpure grade, 99.96 %,  from 
Nippon Tansan Co. Ltd. 

Results 

The solubilities were evaluated by the Ostwald coefficient, L ,  
being defined as the ratio of the volume of gas absorbed at the 
observed temperature and pressure, VG, to the volume of the 
absorbing liquid, VL, that is 

A small increase of liquid volume due to gas absorption was 
evaluated from the value of the coefficient of dilatation, 0.0016, 
estimated from the partial molal volume of carbon dioxide in 
water, 35 cm3 (3). 

In order to evaluate L ,  the data of water vapor pressure for 
the aqueous electrolyte solutions at the experimental tem- 
peratures are needed. The data of vapor pressure were taken 
from literature (8, 9). 

The accuracy and reliability of the equipment and procedure 
were determined by measurement of the solubility of carbon 
dioxide in pure water. These data are summarized in Table I. 
The values agree quite well with the values in the literature (5) .  

Solubility data obtained in this experiment are given in Table 
11. For the systems investigated by Kobe and Williams ( 4 ) ,  
Markham and Kobe (6), and Onda et al. (7) at 25 OC, the results 
obtained in this experiment agree well with their results. 

Discussion 

The empirical Setschenow equation is represented as follows 

log L , / L  = KC, (2) 

where Lo  is the Ostwald coefficient of the gas in pure water, 
C, is the molarity of electrolyte, and K is an empirical constant 
dependent upon the particular gas and electrolyte pair. Figure 
1 shows the plots of log L,/L against molarity for the systems 
of sodium nitrate and ammonium sulfate, as examples of the 
measurements in this work. In  the figure, broken lines show 
the straight line representing eq 2. I t  is, then, apparent that eq 
2 is well applicable to the sodium nitrate system but not to the 
ammonium sulfate system. 
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Figure 1. Plots of log L l L  against molarity of sodium nitrate and 
ammonium sulfate at 25 C. !3 

Over the whole ranges of electrolyte concentration, the 
Setschenow equation fitted fairly well the data for the systems 
of NaNO,, KNOB, Na2S04, KzSO4, BaCI,, AICI3, and A12(S04)3 
and fitted approximately for NaCI, KCI, MgCI,, Mg(N03),, MgSO,, 
and Ca(N03),. 

Using the experimental data, the value of K has been found 
for each system mentioned above by the method of least 
squares. These values are given in Table 111. 

The maximum deviation of the observed data from the 
solubilities calculated by eq 2 with values of K in  Table I11 was 
about 1 % for each system of NaN03, KN03, Na2S04, K2SO4, 
BaCI,, AICI3, and A12(S04)3, 1.7 YO for NaCI, Mg(N03),, MgS04, 
and Ca(N03),, and 2.5% for KCI and MgCI,. 

The following empirical equations proposed by van Krevelen 
and Hoftijzer ( 7 7 )  have been used to estimate the solubilities 
of gases in aqueous electrolyte solutions 

log L o / L  = k l  (3) 

k = i+ + i- -t i, (5) 

where parameters i + ,  i-, and i, are the contributions to the 
salting-out parameter k referring to the species of positive and 
of negative ions and to the species of gas, respectively. Values 
of i+, i-, and i, have also been given by Onda et al. (7) and 
Barrett ( 7). The values of Kcalculated by eq 5 and 6 using the 
values of igiven by Onda et al. (7) are given in Table 111, column 
5 

K = k I /  C, (6) 

where l i s  the ionic strength corresponding to C,. The maximum 
deviations of the solubilities calculated by eq 2 with the values 
of K i n  Table 111, column 5 ,  from the observed date are also 
given in column 6. It is apparent that the solubilities estimated 
by the method mentioned above give the comparable values 
to the corresponding data observed for the systems of NaN03, 
Na2S04, K,S04, BaCI,, AICI,, NaCI, and MgCI, but not for the 
others. 

When the allowable range of electrolyte concentration to apply 
the estimation method by van Krevelen and Hoftijzer ( 7 7 )  is 
limited to an ionic strength of 2 mol/L, however, the deviation 
of the estimated solubilities from the observed data is within 5% 
for all systems summarized in Table 111. 

The Setschenow equation could not be used for the systems 
of NH4CI, (NH4),S04, and CaCI, and used only approximately for 
those of NaCI, KCI, MgCI?, Ms(NO,)~, MgS04, and Ca(N03)*. 
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Table 11. Experimental Data for the Solubility of CO, in Aqueous Salt Solutions at 760 mmHg 

r , " C  C,, mol/L L r ,  "C C,, mol/L L t, OC C,, mol/L L r, "C C,, mol/L L 

15 

25 

35 

NaCl NaNO (",),SO Na,SO 
0.478 0.9404 15 0.608 0.9498 35 0.276 40.5974 25 0.210 0.7165 
0.965 
1.506 
2.055 
3.071 
3.205 
3.753 
4.722 
0.455 
1.000 
1.442 
1.945 
2.486 
3.098 
3.400 
4.216 
5.096 
0.449 
0.880 
1.438 
1.949 
2.264 
2.767 
2.997 
3.544 
4.014 

0.8309 
0.7314 
0.6346 
0.5032 
0.4939 
0.4363 
0.3487 
0.7343 
0.6508 
0.5842 
0.5187 
0.4653 
0.4037 
0.3727 

0.2584 
0.6016 
0.5456 
0.4821 
0.4307 
0.4036 
0.3637 
0.3456 
0.3083 
0.2782 

0.3144 

4.860 0.2330 
KCl - 

25 0.498 0.7576 
0.980 0.7041 
1.890 0.6177 
2.702 0.5554 
3.505 0.5063 
4.131 0.4703 

35 0.420 0.6227 
0.804 0.5826 
1.340 0.5433 
1.723 0.5136 
2.201 0.4787 
2.727 0.4493 
3.048 0.4363 
3.619 0.4057 
3.660 0.4028 
4.110 0.3817 

KNO, 
25 0.288 

0.801 
1.101 
1.412 
1.630 

35 0.275 
0.661 
0.961 
1.549 
1.692 
1.768 

0.7994 
0.7592 
0.7399 
0.7164 
0.7023 
0.6503 
0.6285 
0.6119 
0.5805 
0.5709 
0.5693 

0.690 
0.993 
1.442 
1.838 
2.360 
2.766 
3.106 
3.349 

25 0.253 
0.519 
0.845 
1.235 
1.474 
1.836 
2.089 
2.486 
2.873 
3.351 
3.358 

0.7830 
0.6903 
0.5764 
0.4930 
0.4085 
0.3575 
0.3228 
0.3042 
0.7378 
0.6572 
0.5794 
0.4978 
0.4529 
0.3952 
0.3622 
0.3161 
0.2802 
0.2465 
0.2495 

1.370 
2.01 9 
2.760 
3.565 
4.503 
5.929 

25 0.382 
0.871 
1.388 
2.139 
3.092 
3.670 
4.455 
5.177 
5.911 
7.256 

0.620 
0.997 
1.279 
1.688 
2.003 
2.387 
2.704 
3.137 

35 0.346 

0.8161 
0.7235 
0.6210 
0.5300 
0.4413 
0.3376 
0.7723 
0.7098 
0.6500 
0.5646 
0.4749 
0.4277 
0.3711 
0.3253 
0.2876 
0.2257 
0.6320 
0.6071 
0.5703 
0.5466 
0.5091 
0.4794 
0.4536 
0.4306 
0.3999 

3.645 0.3686 
3.967 0.3463 
5.186 0.2829 

NH,Q 
15 0.244 1.03 86 

1.724 0.9055 
2.356 
2.590 
3.772 
4.209 

25 0.375 
0.476 
0.501 
0.760 
0.811 
0.980 
1.147 
1.163 
1.508 
1.923 
1.973 
2.338 
2.353 
2.816 
3.006 
3.152 
3.682 
4.104 
4.421 
4.973 
4.995 
5.480 
5.645 

35 0.590 
1.165 
1.541 
2.179 
2.285 
3.129 
4.012 
4.147 
4.475 
4.477 

Na,SO, 
15 0.285 

0.587 
0.786 
0.888 
1.063 

0.8716 
0.8599 
0.7980 
0.7863 
0.7958 
0.7892 
0.7880 
0.7678 
0.7704 
0.7576 
0.7460 
0.7472 
0.7328 
0.7059 
0.7102 
0.6915 
0.6879 
0.6721 
0.6677 
0.6610 
0.6452 
0.6358 
0.6258 
0.6121 
0.6126 
0.6015 
0.5979 
0.6313 
0.6030 
0.5903 
0.5660 
0.5547 
0.5358 
0.5142 
0.5160 
0.5069 
0.4976 

0.7995 
0.6632 
0.5743 
0.5247 
0.4803 

0.611 
1.011 
1.324 
1.669 
1.965 
2.090 
2.703 
2.825 
3.195 
3.867 

MgC1, 
15 0.356 

0.767 
1.215 
1.588 
2.141 
2.568 
2.921 
3.572 
3.766 

25 0.363 
0.738 
1.252 
1.633 
2.018 
2.392 
2.797 
3.141 
3.609 
3.955 

35 0.146 
0.411 
0.514 
0.973 
1.218 
1.810 
2.172 
2.511 
3.253 
3.743 

0.5196 
0.4468 
0.3961 
0.3508 
0.3145 
0.3009 
0.2507 
0.2415 
0.2198 
0.1 865 

0.9098 
0.7642 
0.6262 
0.5374 
0.4286 
0.3631 
0.3121 
0.2332 
0.1876 
0.7023 
0.6038 
0.4813 
0.4112 
0.3537 
0.3045 
0.2643 
0.2314 
0.1879 
0.1648 
0.6241 
0.5685 
0.5428 
0.4486 
0.4048 
0.3216 
0.2805 
0.2468 
0.1965 
0.1604 

CaC1, 
25 0.227 0.7458 

0.558 
0.893 
1.237 
1.601 
2.008 
2.396 
2.809 
3.486 
3.801 
4.528 

35 0.295 
0.807 
0.809 
1.283 
2.137 

0.6477 
0.5434 
0.4701 
0.4118 
0.3380 
0.2969 
0.2544 
0.2026 
0.1876 
0.1705 
0.5786 
0.4742 
0.4708 
0.4010 
0.2864 

Ca(NO,), 
25 0.232 0.1630 

0.510 0.7027 
0.801 0.6363 
1.158 0.5584 
1.476 0.5014 
1.788 0.4460 
2.062 0.4067 
2.504 0.3430 
3.581 0.2370 

0.219 
0.261 
0.440 
0.510 
0.625 
0.657 
0.770 
0.949 
0.951 
1.190 
1.529 
1.710 
2.205 

35 0.215 
0.439 
0.683 
0.940 
1.202 
1.481 
1.763 

K,SO, 
25 0.093 

0.188 
0.283 
0.454 

0.7081 
0.6874 
0.6040 
0.5792 
0.5363 
0.5273 
0.4859 
0.4318 
0.4287 
0.3627 
0.2954 
0.2601 
0.1828 
0.5825 
0.5066 
0.4270 
0.3687 
0.3191 
0.2645 
0.2243 

0.7816 
0.7435 
0.7059 
0.6442 

Mg(NO,), 
25 0.203 0.7771 

0.364 0.7435 
0.415 0.7328 
0.636 0.6873 
1.003 0.6129 
1.007 0.6112 
1.076 0.5975 
1.158 0.5805 
1.170 0.5767 
1.350 0.5463 
1.746 0.4801 
1.925 0.4508 
2.186 0.4186 
2.587 0.3656 
2.930 0.3253 
3.372 0.2796 

MgSO, 
25 0.118 0.7634 

0.418 0.6480 
0.724 0.5355 
1.020 0.4513 
1.375 0.3636 
1.643 0.3047 
2.013 0.2382 
2.274 0.2049 

BaC1, 
25 0.155 0.7640 

0.317 
0.505 
0.646 
0.658 
0.763 
0.899 
1.078 
1.119 
1.356 
1.564 

0.7061 
0.6436 
0.6008 
0.5914 
0.5624 
0.5270 
0.4834 
0.4750 
0.4264 
0.3862 

Alc1, 
25 0.411 0.6582 

0.936 0.4888 
1.370 
1.868 
2.570 

0.3854 
0.2917 
0.1907 

Al,(SO,), 
25 0.186 0.6117 

0.392 0.4327 
0.628 0.2753 
0.850 0.1913 
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Table 111. Comparison of Experimental Salting-Out 
Coefficients with Values Estimated by the Method of van 
Krevelen and Hoftijzer for CO, Solubility 

obsd calcd 

t e ~ p ,  Cs.max? max dev,c 
electrolyte c mol/L K ,  L/mol K , ~  L/mol % 

15 
25 
35 
25 
35 
15 
25 
35 
25 
25 
25 
25 
15 
25 
35 
25 
35 
15 
25 
35 
25 
25 
25 

5.93 
7.26 
5.19 
1.63 
1.77 
1.06 
2.21 
1.76 
0.45 
1.56 
2.57 
0.85 
4.72 
5.10 
4.86 
4.13 
4.11 
3.77 
3.96 
3.74 
3.37 
2.27 
3.58 

0.084 
0.078 
0.071 
0.044 
0.039 
0.344 
0.297 
0.274 
0.240 
0.214 
0.245 
0.747 
0.104 
0.100 
0.095 
0.062 
0.061 
0.184 
0.179 
0.174 
0.136 
0.269 
0.150 

0.0825 
0.0770 

0.0591 

0.3123 
0.2958 

0.2421 
0.1998 
0.2478 
0.6645 
0.1011 
0.0956 

0.0777 

0.1878 
0.1713 

0.1155 
0.2404 
0.1218 

2.4 
-2.3 

-5.7 

7.0 
1.4 

0.4 
4.2 

-2.4 
14.8 

3.9 
4.2 

-16.1 

-3.7 
5.5 

20.6 
14.5 
28.8 

a Maximum salt concentration observed in this experiment. 
Values calculated by the method of van Krevelen and Hoftijzer 

(11) with values of contributions of positive ion, negative ion, and 
gas to salting-out parameter k evaluated by Onda et al. (7). 

Maximum deviation of the calculated Ostwald coefficient from 
the observed data within the maximum salt concentration measur- 
ed in this experiment. 

Table IV. Parameters of Equation 7 for Solubility of CO, 

electrolyte temp, "C A ,  L/mol B,  L/mol 

NH,C1 15 0.0477 0.123 
25 0.0435 0.133 
35 0.0434 0.136 

(",),SO, 15 0.207 0.0787 
25 0.198 0.0752 
35 0.190 0.0770 

CaCl, 25 0.211 0.0572 
35 0.190 0.0529 

NaCl 15 0.112 0.0201 
25 0.105 0.0124 
35 0.0989 0.0112 

KCI 25 0.0754 0.0671 
35 0.07 3 1 0.0599 
15 0.186 0.005 1 
25 0.188 0.0172 
35 0.181 0.0191 

Mg(NO,), 25 0.128 -0.0246 
MgSO, 25 0.250 -0.0361 
Ca(NO,), 25 0.145 -0.0127 

To correlate the data of these systems, the empirical eq 7 
previously proposed ( 72) has been applied. 

log L o / L  = ACs/(l + BC,) (7) 

in which A and 6 are empirical constants dependent upon the 
particular solute present and A corresponds to the limiting value 
of Kat  an infinite dilution of electrolyte. Using the experimental 
data, values of A and 6 have been found for each system by 
the method of least squares. These values are given in Table 
IV.  The solid line in Figure 1 shows the plot of eq 7 for the 
system of (NH,),S04. 

The maximum deviations of the values estimated by eq 7 from 
the observed data are about 0.6% for the system of "&I, 

Table V. Maximum Deviation of Estimated Ostwald 
Coefficient from Observed Data 

~ 

calcd 

temp, Cs,max? max dev,c 
electrolyte "C mol/L ~ , b  L/mol % 

NH,a 15 4.21 0.0457 -13.2 
25 5.65 0.0402 -18.0 

(",),SO, 15 3.35 0.1461 16.2 
25 3.36 0.1296 24.5 

CaCl , 25 4.53 0.1776 7.6 

a,brc Refer to footnotes a, b, and c of Table III. 

1.4% for (NH,),SO,, and 2% for CaCI, when the concentration 
of CaCI, is less than 3 mol/L. For the system of CaCI,, however, 
the maximum deviation becomes about 6 % when eq 7 is applied 
over the whole range of the salt concentrations observed, 
because the plot of log L o / L  against C, curves sharply above 
3 moVL of the salt concentration. 

As to these three electrolytes, the values of Kcalculated by 
eq 3-6 with values of igiven by Onda et al. ( 7 )  and the maximum 
deviation of the values estimated by eq 2 with the calculated 
values of K from the observed data are summarihed in Table 
V. 

The maximum deviation of values estimated by eq 7 from the 
observed data are about 1% for the systems of NaCI, KCI, 
Mg(N03),, MgSO,, and Ca(N03),, and 2% for MgCI,. 

Equation 7, therefore, in most cases fits the data of the gas 
solubility in electrolyte solutions as a function of concentration 
accurately enough for practical purposes. 
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salting-out parameter in eq 2, L/mol 
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volume of gas dissolved in liquid at observed tem- 

volume of aqueous salt solution, cm3 
ionic valency of i species 
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