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Solubility of Water in Compressed Carbon Dioxide, Nitrous
Oxide, and Ethane. Evidence for Hydration of Carbon Dioxide
and Nitrous Oxide in the Gas Phase1
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Abstract: The solubility of water in compressed carbon dioxide, nitrous oxide, and ethane has been measured
over pressure ranges of 1-60 atm and temperatures ranging from 25 to 100". Second cross virial coefficients representing deviations from ideality caused by gas-water pair interactions have been evaluated from these data. The
cross virial coefficients involving water with carbon dioxide and nitrous oxide are found to be considerably more
negative than those for water with ethane at all temperatures. The anomalously large values of these coefficients
for water with carbon dioxide and nitrous oxide are interpreted as indicating that a reversible hydration reaction occurs between these gases and water vapor in the gas phase. Values of K,, and the standard enthalpies and entropies
of reaction for these equilibria are estimated.

H

ildebrand and Scott2 have presented considerable
evidence based on solubility data for the existence
of specific chemical interactions involving carbon dioxide, nitrous oxide, and acetylene with many solvents
in the liquid phase. In the C02-water system, an acidbase reaction is postulated, resulting in the formation
of carbonic acid. Considerably less is known regarding
the association of nitrous oxide or acetylene with such
solvents. There is some evidence that these gases behave in a similar manner in the gas phase. Prausnitz

and coworkers3" have examined PVT properties of the
ammonia-acetylene system and conclude that weakly
bound complexes exist in gaseous mixtures of these two
compounds. Other evidenceab indicates that C 0 2
forms a very weak complex with naphthalene vapor at
room temperature while N 2 0 does not.
This paper reports measurements of the solubility of
water in compressed carbon dioxide, nitrous oxide, and
ethane which were carried out in order to assess the
nature and significance of any chemical forces that

(I) This work was supported by theNational Science Foundation.
(2) J. H. Hildebrand and R. L. Scott. "The Solubility of Nonelectrolytcs," Reinhold, New York, N.Y., 1950; reprinted by Dover Publications, New York, N. Y., 1964, p 248.

(3) (a) H. Y. Cheh, J. P. O'Connell, and J. M. Prausnitz, Con. J .
Chem., 44, 429 (1966); (b) A. D . King, Jr., J. Chem. Phys., 49, 4083
(1968).
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Figure 1. Schematic diagram of equipment.

might exist between water and the gases C 0 2 and N 2 0 in
the gas phase. This information is valuable in that it
provides thermodynamic quantities useful in interpreting the liquid-phase properties of these same systems. Such an understanding is important considering
the biological and industrial importance of these two
systems.
The solubility of a liquid in a compressed gas is determined by two factors: variations in the fugacity of the
liquid phase, caused by hydrostatic pressure and dissolved gas, and deviations from ideal behavior of the
fugacity of the liquid component in the gas phase. At
low to moderate pressures the concentrations of gas
dissolved in the condensed phase are quite low so that
the liquid component in the condensed phase exhibits
ideal solution behavior. However, in the gas phase,
deviations from ideality caused mainly by pair interactions between molecules of the liquid component and
those of the gas are often quite significant. As a consequence of this, solubility determinations for liquids in
compressed gases can be used to provide accurate values
of second cross virial coefficients represent'ng such deviations from ideality. The magnitude and temperature dependence of these cross virial coefficients provide
the information necessary to characterize the weak physical and chemical forces present in the various watergas systems studied here.
Experimental Section
The experimental technique used here for determining the solubility of water in these compressed gases is a modification of a
method used by Prausnitz and Benson4 and is described in detail in
ref 5. The method entails measuring the concentration of water
vapor in equilibrium with its liquid phase in the presence of the
compressed gas by means of a flow system shown schematically in
Figure 1.
The gas to be studied is allowed to flow under high pressure from
its storage cyclinder (A) through a Matheson Model 3 pressure
regulator (B) into a cylindrical steel equilibrium cell (C) containing
water. This cell is identical with that described in ref 5 with the
exception of a Pyrex liner added to prevent corrosion. In use, the
cell was filled with water to a I&el approximately 2 in. from the
top. The high-pressure gas entering the bottom of this cell is
dispersed into smaU bubbles by a fritted glass sparger (pore size 14
p) to ensure rapid equilibration between the gas and water as the
bubbles pass up through the liquid phase. There were no problems
with water entrainment or splashing at the surface provided adequate
dead space was maintained over the liquid surface. The temperature of this cell was controlled to within iO.05" by a constanttemperature oil bath (D).
The vapor-gas mixture leaving the cell passes through a heated
section of tubing (E) and is expanded through a heated stainless
steel needle valve (F)into a trapping section (G). This trapping
section consisted of either three cold traps connected in series and

suspended in a cold bath maintained slightly above Dry 1acetone temperature (-75') or a magnesium perchlorate trapping
system similar to that used by Rigby and Prausnitz.' After
leaving the traps, the gas stream passes through an American Meter
Co. Model AL17-1 wet-test meter (H) which measures the volume
of diluent gas passing through the system during a given experiment.
The pressure of the gas-phase system in the high-pressure section
between the regulator (B) and the expansion valve (F)is measured
with a 1000-lb/in.l range bourdon gauge (I). This gauge was
calibrated against an Aminco Model 47-2221 dead-weight tester.
The experimental procedure followed is very simple. The
system containing water is loaded with high-pressure gas and
allowed to come to equilibrium for at least 12 hr at the desired
temperature. The needle valve (F) is then adjusted to give the
appropriate flow rate (0 5-1 0 1. min) and, after a short delay to
assure steady-state con
T-%itions
e expanded gas-water vapor
mixture is directed through the trapping system (G). After a
desired period of time, flow of the gas-water vapor mixture through
the traps (G) and wet-test meter (H) is stopped and the weight of
water trapped and volume of dry gas at ambient temperature and
pressure accompanying this water are recorded. The amount of
water collected ranged from 0.3
2 depending upon the temperature of the gas-water mmture in t e cell and duration of flow.
Since the trapping systems used here were very efficient, no effort
was made to correct for loss of residual water vapor. No variation
of water vapor concentration with Row rate was detected over the
ranges used in these experiments. indicating that complete saturation
was obtained in the equilibrium cell under these conditions.
The gases ethane (CP grade) and nitrous oxide were obtained
from Matheson Gas Products having purities of 99.0 and 98z,
respectively. The carbon dioxide was obtained from Selox Corp.
with a quoted purity of 99.8%. Ordinary distilled water was used
in all experiments.

+
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Results and Discussion
A single determination of the mole fraction of water
in a given diluent gas at a known pressure and temperature provides sufficient information for determining the
second cross virial coefficient for that system at that
temperature if (a) the solubility of the gas in the
liquid phase is low and is known at that pressure, (b)
the second virial coefficients of pure water vapor .and
pure diluent gas are known at the temperature df the
experiment, and (c) the pressure is not so great as to require. the introduction of third and higher virial coefficients to describe the gas-phase properties of the mixture in the equilibrium cell.
The fugacity of water (component 2) in the liquid
phase,f2L, is related to the mole fraction of dissolved gas
(component I), XI, and the total hydrostatic pressure
of the system, P, by
fzL

- X1)P204'0 exp[V201L)(P
R T- PtO)] (1)

Here P20and 42O are the vapor pressure and fugacity coefficient of pure water vapor at temperature T, while
-yZL and V20(L) are the activity coefficient and molar
volume of water in the liquid phase, assumed t o remain
constant over the ranges of pressure encountered here.
When the mole fractions of dissolved gas are low as in
these experiments, -yzL can be taken to be unity without
introducing appreciable error. The fugacity of water
vapor in the gas phase, fiG, is a function of the mole
fraction of water in the gas phase, Y2, its fugacity coefficient, &, and the pressure

hG=

(2)

The condition for equilibrium i s h G = f2L, SO that the
vapor-phase concentration of water is related to the hy-

(4) J. M. Prausnitz and P. R. Benson, AIChE J., 5,161 (1959).
( 5 ) C. R. Coan and A. D. King, Jr., J. Chromarogr., 44.429 (1969).
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(6) M. Rigby and J. M. Prausnitz, J. Phys. Chem., 72,330 (1968).
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Table I. Vapor Composition in Binary Systems Containing Water

Temp, 'C
COz

25

50

75

100

25

50

Total pressure, Mole fraction of
atm
water, Y3
22.4
29.4
29.6
36.8
36.9
17.1
25.2
25.5
35.9
35.9
45.7
23.0
36.9
37.0
50.6
50.8
36.3
36.7
44.2
44.2
50.8
50.8
24.0
29.3
31.5
31.6
36.5
36.7
36.7
43.3
23.0
29.4
29.6
30.1
36.5
38.4

Temp. 'C

0.00195
0.00163
0.00167
0.00145
0.00149
0.00841
0.00595
0.00598
0.00466
0.00463
0.00396
0.0200
0.0125
0.0126
0.0104
0.0102
0.0328
0.0323
0.0277
0.0274
0.0248
0.0251
0.00172
0.00158
0.00144
0.00144
0.00127
0.00151
0.00137
0.00124
0.00659
0.00537
0.00520
0.00510
0.00462
0.00481

NtO

75

Cae

25

50

75

100

drostatic pressure of the system by

If contributions arising from third and higher virial coefficients are neglected the fugacity coefficient of water
in gas mixture can be expressed as
where Ylrepresents the mole fraction of diluent gas in
the gas phase, V is the molar volume of the gas mixture,
and the symbols B(7') denote second virial coefficients
representing deviations from ideality caused by pair
interactions between molecules of the species designated
by the subscripts. Z represents the compressibility
factor of the gaseous mixture.
It is seen in eq 3 that a given experimental measurement of the mole fraction of water vapor in a particular
diluent gas at a known temperature and pressure and a
knowledge of the mole fraction of gas dissolved in the
liquid phase'under these conditions are sufficient to
evaluate the ratio of fugacity coefficients cp20/$2. The
second cross virial coefficient B12(T)for that particular
water-gas mixture can then be evaluated from this ratio
fugacity coefficients through an iterative procedure

Total pressure, Mole fraction of
atm
water, YI
23.7
23.9
24.0
24.3
29.3
29.4
30.8
35.9
36.0
36.4
36.6
37.2
21.9
29.2
29.3
29.4
29.4
34.9
35.9
36.0
43.0
43.0
49.3
49.3
24.1
29.3
35.5
35.6
22.5
29.3
29.3
29.3
35.3
35.8
23 .O
23.4
29.9
35.8
25.6
28.9
29.5
35.9

.

0.0189
0.0190
0.0180
0.0177
0.0158
0.0158
0.0149
0.0135
0.0134
0.0129
0.0130
0.0132
0.0507
0.0404
0.0407
0.0392
0.0377
0.0350
0.0326
0.0329
0.0282
0.0288
0.0251
0.0252
0.00142
0.00111
0.00090
0.00093
0.00563
0.00432
0.00432
0.00437
0.00354
0.00354
0.0175
0.0169
0.0132
0.0109
0.0414
0.0367
0.0360
0.0296

using eq 4 and a trial value of BI2(T)in the appropriate
virial expansions for the molar volume V and compressibility factor Z to make initial estimates of these
quantities. In the computations used here gas fugacities along with Henry's law constants obtained from
data found in ref 7-10 were used to estimate XI of eq 3
as a function of pressure for the various gases involved.
Values of pure component second virial coefficients
used in solvingeq 4 were taken from ref 11-16.
Table I lists the experimentally determined mole fractions of water vapor in the various mixtures. Figure 2
is a graphical representation of the data in Table I. I t
(7) R. Wiebe, Chem. Reo., 29,475 (1941).
(8) A. E. Markham and K. A. Kobe, J. Amer. Chem. Soc.. 63, 449
(1941).
(9) W. Kunerth, Phys. Reo., 19.512 (1922).
(10) E. D. Washburn, Ed., "International Critical Tables," Vol. 3,
McGraw-Hill, New York, N . Y., 1928. p 259.
(11) A. Michels and C. Michels, Proc. Roy. Soc.. Scr. A , 153, 201,
(1936).
(12) A. Michels, J. C. Abels, C. A. Ten Seldam, and W. De Graa5,
Physica, 26.381 (1960).
(13) K. E. MacCormack and W. G. Schneider, J. Chcm. Phys., 18.
1269 (1950).
(14) L. J.Hirth and K.A.Kobe, J . Chem. Eng. Dora, 6,229 (1961).
(IS) A. Michels. W. Van Straaten, and J. Dawson, Physica, 20, 17
(1954).
(16) J. P. O'Connell and J. M. Prausnitz, Ind. Eng. Chrm. Fundam.,
8.453 (1969).
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Table 11. Second Cross Virial Coefficients for Water with Various Gases
Temp,
Gas

"C

COZ

25
50
75
100
25
50
75
100
25
50
75
100
25
50
75
100

N o

CSIS

A+

B~dr),~
cma/mol

-214 f 6
-151 f 6
- 107 f 4
-89 i 2
- 188 i 9
-152f 9
-119 f 6
-94 f 7
-125 f 6
-94 1 3
-78f 5
-72f 2
-37i 6
-25* 5
-20f 4
-14 f 3

Error expressed as average deviation from mean.

~ ( d ~ r p ) ,

crnJ/mol

BV-~,

cma/mol

- 19
- 16

- 93
- 72

- 14
- 12

-MI
-51
- 103
- 82
- 69
- 59
-10f 6
-95 k 5
-81 32 4
-69f 3
-40
- 27
- 21
- 16

-9

-8
-7

-6

B14T)pb~.
cma/mol

-112 1 6
-88 i 5
-74 f 4
-63 f 3
-112k 6
-90 3~ 5
-76 i 4
-65f 3
-120 z!z 6
-95 f 5
-81 f 4
-69 f 3
-40
- 27
- 21
- 16

K,, atm
120f 1 1
210 26
433 25 79
588 f 79
161 f 23
214 f 34
332 48
528 i 138

*

* Data taken from ref 6.

is evident from this figure that the solubility of water is
considerably greater in compressed C 0 2 and NzO than
in G H 6 even though the physical properties of these
three gases are very similar. Figure 3 compares the
data taken here for the water-COz system with that
measured by Wiebe.7 It is seen that, with the exception of one point at 75O, the agreement is quite good.
There are no data available for comparison in the cases
of NzO and G H s .

sured by Rigby and P r a u s n i t ~ . ~A t a given temperature, the magnitude of the cross virial coefficients involving Ar, CH4, and CsHo increase with gas critical
temperature as expected when intermolecular forces are
physical in nature. The cross virial coefficients involving COZwith water are considerably more negative
than those of ethane at all temperatures, and show a

1
)

Figure 3. Mole fraction of water in Cot: 0,this work: 0,from
ref 7.

Figure 2. Mole fraction of water in CO, (X), NrO (O),and C2H6
(O), as a function of pressure.

Second cross virial coefficients for the various watergas mixtures have been calculated from the data of
Table I. Within experimental error, no trend with
pressure was observed among the values of BIz(T), calculated for each system at a given temperature. Average values of these Bu(T) are listed in column 2 of
Table 11. The data for COz and CzHsare shown graphically in Figure 4, along with values of second cross
virial coefficients of water in methane and argon meaJournal of the American Chemical Society

somewhat greater variation with temperature. The
BI2(77's of N 2 0 with water are not included in Figure 4
for the sake of clarity, but are of the same magnitude
and show a temperature dependence very similar to
those of COz.
Although the nature of the physical interactions between molecules of C o t , N20, and CzHsin the pure state
differ somewhat with regard to origin3b (Cot and N20
molecules are less polarizable but have much larger
quadrupole moments than GHs), the net effect of dispersion and angle dependent forces between these molecules is about the same as evidenced by the similarity in
their critical temperatures (304, 310, and 3 0 5 ° K respec-
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lively). Since any effects arising from weak dipolequadrupole forces between water and the two quadrupolar gases are estimated to be small at these temperatures there is no reason to expect physical forces between water and these three gases to differ appreciably.
This suggests that chemical association in the gas phase
between water and the gases C 0 2and N 2 0 is responsible
for the large discrepancy between the cross virial COefficients involving these two gases and those with CzHa,
a conclusion not wholly unexpected in the case of COZ.
Lambert, Rowlinson, and coworker^^^-'^ have
shown that orientation-specific interactions such as
chemical bonding present in addition to usual physical
forces can be treated from a mass action standpoint,
allowing the second virial coefficient to be expressed as
a sum of two terms, describing the physical and chemical contributions to nonideality separately. For
weakly associated mixed systems, the expression for the
second cross virial coefficient becomes
(5)
Bu(T) = B ~ P ( D RT/2Kp
~ ~ ~
where B12(T)physrepresents deviations from ideality
caused by physical forces and K, is the equilibrium constant describing in this case the chemical equilibrium
between water, the chemically reactive gas (COZ or
N20), and the resulting complex in terms of the respective partial pressures

Figure 4. Second cross virial coefficients of water with Ar, CH4,
C2H6,
CO1, and N20as a function of temperature (Ar and CHI
data from ref 6). Solid line denotes c q e described by 6-12 potential with clllk = 151 "Kand air = 4.18 A.

-

Here p ~ el,
, and a1 are the dipole moment of water, the
quadrupole moment, and polarizability of the gas inv o l ~ e d . ~The
~ terms
and a* represent LennardJones force constants which describe the dispersion
Kp = PIi,~Pgflrnmplu
forces between water and gas molecules and y = 2.
Various methods have been used to estimate B .
(cU/k~)'/'. The functions Hs(y) and H8(y) are listed
in ref 21. The term B ( r i n d contributes least t o B12(T)
(T)phpa. These include calculating B(nPh, from the
Berthelot e q u a t i ~ n l ~ *or
' " other
~ ~ representations of reand can be considered to be the same for these gases
duced virial coefficients based upon the principle of corwithout introducing appreciable error. The dipoleresponding statesJ.l9using critical properties, and elabquadrupole term will make an important contribution
orate calculations based on the Kihara pptential with
in the cases of COz and NzO but can be neglected for
appropriate core parameters and force ' c o n ~ t a n t s . ~ mixtures of water with ethane or argon.
These methods cannot be used here, however, because
The ~ ( ~ " pterms
)
for water with C 0 2 and N20 are calof uncertainties concerning the role hydrogen bonding
culated as follows. Experimental data for a homoplays in determining the critical properties and force
morphic gas-water system are used as a reference and
constants of water vapor.Ie
corrections are made for the slight differences in disAn alternate approach which avoids these problems
persion forces of the gas-water systems of interest by ex,~~
is used here. According to Pople21and K i e l i ~ h virial
panding at constant temperature about the virial cocoefficients of polar gases and their mixtures can be exefficients of the homomorph on the B(T), elk, a surface
pressed as a series of terms. one for each type of interdefined by a Lennard-Jones 6-12 potential. An exmolecular interaction occuring between the molecules
pansion to the first order in covolume bo (bo = 2/r*.
involved. For the water-gas systems studied here disNua) and second order in elk results in the following expersion force B(diSp), dipole-quadrupole ~ ( f l ) , and
pression relating the cross virial coefficient to be cal~
~
f will
l
) be' impordipole-induced dipole ~ ~ - ~ terms
culated, Baz(dis"),to that of the homomorph at the same
tant.
temperature, B12(&+p).
Bl2('ZJphyl = ~ ( d i s p )+ B(r+) + ~ ( r - i n d r)
(6)
where
~rp2~&~N
~ " - 8 '= Hs(y) higher order terms (7)
192~12~fi2~
and

+

~ G t - i n dr)

=

-

X ~ I P 2N
Z ,H&)
24aEac12y

+ higher order terms
(8)

(17) E. A. Alexander and J. D. Larnbert, Trans. Faraday Soc., 37,
421 (1941).
(18) J. D. Larnbert, G. A. H. Roberts, J. S. Rowlinson, and V. J.
Wilkinson, Proc. Roy. Soc., Ser. A, 196,113 (1949).
(19) J. S. Rowlinson, Trans. Faraday Soc., 45,974 (1949).
(20) J. D. Larnbert, J. S. Clarke. J. F. Duke, C. L. Hicks, S. D. Lawrence, D. M. Morris, and M. G. T. Shone, Proc. Roy. Soc., Ser. A , 249.
414 (1959).
(21) J. A. Pople, ibid.. A, 221,508 (1954).
(22) S.Kiclich. AcfaPhys.Pal., 20.433 (1961).

The usual combining rules, tb= (eaeb)'/l and cab= 1/2(a,
ub) allow the force constants for the gas-water
system of interest (t32/k, cat) to be related to those of the
homomorph (ell/k, all) in a manner which avoids introducing the force constants of pure water, c2/k, u2

+

(23) Values for molecular quadrupole moments of the gases are those
recommended by D. E. Stogryn and A. P. Stogryn. Mol. Phys., 11,371
(1966). The dipole moment of water is taken to be 1.85 D.

Coan, King / Sol~rbiliryof H20in Compressed C01, N t 0 , and CaH4

and
Methane-water second cross virial coefficients were
used as a reference. A 6-12 potential fit to these data
(solid curve, Figure 4) yielded the value en/k = 151,"K
and b4, = 91.9 cm3/mol for this system. Force constants for the other gas-water systems were determined
through eq 10 and 11 using viscosity force constants for
the respective gases found in ref 24. Values for B(~'"),
B W , and BphPcalculated using these force constants
and eq 6, 7, and 9 are listed in Table 11. These results
are shown as dotted lines in Figure 4 for water with Ar,
COZ,and C2Hs. The excellent agreement between calculated and experimental values in the Ar-H20 and
C2Ha-Hz0 systems suggests that values of B(~'") calculated using eq 9,10, and l l are quite accurate.
Values of K, calculated from eq 5 for the C02-Hz0
and N20-HrO systems are listed in Table 11. I t is apparent that COz and N20 are associated with water to
about the same degree in the gas phase. The standard
enthalpy and entropy of hydration (standard state of 1
atm, 298°K) corresponding to these K, are

These data when combined with heats of formation and
entropies of the reactants in the appropriate standard
statesz5yield the followin-gvalues for the standard heats
of formation and entropies of the hydration products at
298°K

The hydration of COr in the liquid phase is a subject
of great interest to biochemists and ecologists by virtue
of the central role this reaction plays in respiration and
decay processes. Consequently, the equilibrium of
C02 and its hydrate in the liquid phase has been studied
by many investigators using a wide variety of techniques. While the results obtained by the various
laboratories are not entirely in agreement,16 their data
indicate that the hydration of C 0 2is endothermic to the
extent of about 1 kcal/mol in the liquid phase with a
K, in activity units of the order of l P 3 . If it is assumed that the hydration product in the gas phase is the
same as that in the liquid phase, namely carbonic acid.
then the data assembled here can be combined with
(24) J. 0.Hirschfelder. C. F. Curtis, and R. B. Bird. "Molecular
Theory of Gases and Liquids." Wiley, New York, N. Y.. 1954, Appendix
I-A.
(25) "Selected Values of Thermodynamic Properties," National
Bureau of Standards Circular 500, U. S. Government Printing Office.
Washington. D. C,, 1952.
(26) D. M. Kern. I . Chem. Educ., 37.14 (1960).
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those for the liquid phasen to give the thermodynamic
quantities associated with solvation of carbonic acid.
The results are summarized in the thermodynamic cycle
shown in Scheme I. The numbers in brackets in
Scheme I
-4

R

Scheme I represent Gibbs free energy changes, while the
others are the changes in enthalpy associated with the
various steps in this cycle at 298OK. All values are
given in kilocalories per mole. The standard state for
all components in the gas phase is 1 atm. In the aqueous phase, COz(aq) and HzC03(aq) are in Henry's
law standard states having mole fractions of unity.
The standard state for water is the pure liquid. T h e
data indicate that the degree of solvation for carbonic
acid molecules in water is intermediate between that of
molecules of CO, and molecules of water itself in the
aqueous phase.
The hydration product of NzO with HsO has the same
empirical formula as hyponitrous acid (HONNOH)
and nitramide (H2NN02). However, it is not likely
that either of these compounds is in fact the hydration
product since the standard heats of formation of aqueous solutions of these two compounds from their elements (AHfoZ9%
= - 13.725and - 16.gZ8kcal/rnol, respectively) are considerably more positive than the heat of
formation for the gas-phase hydration product found
here. A more likely possibility is that this hydration
product is the same as the intermediate thought to exist
in the decomposition of nitramide.29.s0 This intermediate can be thought of as having one of several
structures (see 1 and 2), all of which resemble that postulated for carbonic acid. However, the fact that no
OH
+/

N=N

'OH

NH
+/
O=N

'OH

t

qI

I

!

NH

*&N

+I
'OH

exchange of oxygen occurs between NzO and water enriched with 1803'.s2suggests that structures 2 are the
most likely representation for the product resulting from
the hydration of N20.
(27) Thermodynamic constants recommended by J. T. Edsall and
J. Wyrnan, "Biophysical Chemistry," Academic Rus, New York.
N. Y., 1958, Table IV,p 561. The enthalpy values in parentheses are
those obtaincd by K. F. Wissbrun. D. M. French, and A. Patterson.
Jr., J.Phys. Chem., 58,693 (1954).
(28) J. D. Ray and R. A. Ogg, Jr., ibid., 60.1460 (1956).
(29) K. J. Pedersen, ibid., 38,581 (1934).
(30) C. A. Marlies and V. K . LaMer, I . Amer. Chem. Soc., 57. 1812
(1935).
(31) L. Friedman and J. Bigeleisen, I . Chem. Phyr.. 18,1325 (1950).
(32) F. Bonner and J. Bigeleisen, J. Amer. Chem. Soc.. 74. 4944
(1952).
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