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THE SOLUBILITY OF CARBON DIOXIDE
IN WATER AT HIGH TEMPERATURES

A. J. ELLIS*
Chemistry Dept., University of Otago. Dunedin. New Zealand

ABSTRACT. There are few results available in the literature for the solubilities of gases
in water over 100°C, and for the geologically important gas carbon dioxide there is no
information. In this paper the presentation and interpretation of high temperature gas
solubilities is discussed, and values are reported for the solubility of carbon dioxide in
water up to 350°C. The anomalous behavior of water compared with other liquids as a
solvent for gases is reviewed briefly.

Extrapolation of solubility data from low temperatures can be completely misleading
unless it is realized that gas solubility coefficients pass through minimum values, usually

in the temperature range 70° to 200°C
INTRODUCTION

In the investigation of many natural hydrothermal processes. a knowledge
is required of the solubility of carbon dioxide in water above 100°C. The pH
of many hydrothermal solutions is controlled by the buffer system bicarbonate-
carbon dioxide, and the conditions for the deposition of many minerals, espe-
cially carbonates and sulphides. are defined in turn by the pH of the solutions.

Detailed information on the system CaCO,—CO,—H,0 was given by
Miller (1952), but his experiments were terminated at 100° because informa-
tion was not available on the system CO.,—H.O at higher temperatures, Re-
sults are given below for the solubility of carbon dioxide in water up to 350°C.
In two further papers, the equilibrium condition in the system Na,CO,—
NaHCO,—CO,—H,0 up to 220°, and the solubility of calcite in carbon
dioxide solutions up to 300° will be reported.

RESULTS REPORTED FOR OTHER GASES

There has been little work on the solubilities of gases in water over 100°C.
Before 1952, results available were for ammonia up to 150° at partial pres-
sures of gas from 0.01 to 10 atmospheres (Clifford and Hunter, 1933), for
nitrogen up to 240°C at pressures of 100, 200 and 300 atmospheres (Sadding-
ton and Krase, 1934), and for hydrogen up to 220° at 31 to 116 atmospheres
(Ipatieff and Teodorovich. 1934).

Pray. Schweickert and Minnich (1952) reported the solubilities of O,, H.,
N., He and A up to about 340° with partial pressures of gas approximately
equal to that of water vapor. Henry’s Law was obeyed within the accuracy of
their experiments (about #=5%) to at least 35 atmospheres for the gases
examined.

The Henry’s Law coefficient does not remain constant at high gas pres-
sures of the order of hundreds of atmospheres, but an improvement is noticed
at higher temperatures (Saddington and Krase, 1934). These workers found
an almost linear relationship between the partial pressure of nitrogen, px., and
its mole fraction in solution, xx., up to 300 atmospheres at 240°.

* Present address: Dominion Laboratory, Dept. of Scientific & Industrial Research, Well-
ington, New Zealand.
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METHODS OF EXPRESSING GAS SOLUBILITY

The results from gas solubility or distribution measurements at constant
temperature are usually expressed by means of one of the following coefficients.
B (mean Bunsen absorption coeflicient) is the volume of gas (measured at
N.T.P.) dissolved in one volume of solvent, when free of gas, divided by the
partial pressure of the gas in atmospheres,
A (Ostwald coefficient) is the fraction

grams gas/cc. liquid phase

arams gas/cc. vapor phase (as defined by Saddington and Krase).

K = po/x (Henry’s Law coeflicient). pg is the partial pressure of the gas, and
x is the ratio of the moles of gas to the sum of moles of gas and water in
solution.

The coefficient 8 was designed originally for interpreting solubilities at
room temperatures where the concentration of water in the gas phase is small.
In the presence of a steam phase of moderate density it is often convenient to
use distribution coefficients of the Ostwald type. In the present work two other
distribution coeflicients are used. These are defined below.

(1) A= nla/nlﬂzo

————— . where n, is the number of moles of gas (a), and
n u/n Hy0

Ny,o the number of moles of water in the liquid (1) and vapor (v)
phases.

(2) D =x%/x"%, where x, = n,/ (n, + n,, ) in the liquid and
vapor phases.

(3) It can be shown that D = A [1 + (n"./n"w,) (1 — D)] where
the value of (1 — D) is close to unity. except at temperatures ap-
proaching the critical point. When p, is very much less than
Pro- D is approximately equal to A.

B and K relate the amount of gas dissolved in the liquid to the partial
pressure (or better. the fugacity) of the gas in the vapor phase, while A, A,
and D express the distribution of the gas between two phases.

The Henry's Law coeflicient is equivalent to K = p./x,. = P/D,
where P is the total pressure of the system, water + gas. The partial pressure
of a gas is defined by the equation p, = P.x,. This will not be the actual
pressure exerted by molecular species (a) unless the gas mixture is ideal. To
obtain the chemical potential u of (a) from the equation

pa = pa(T) + RT 1n paa,
the fugacity coefficient @, must be evaluated. a, incorporates all the deviations
from ideal behavior caused by gas imperfections and interactions.

The coeflicients A and D are useful for showing the distribution of small
amounts of gas between water and steam phases. This situation is often met
with in geological systems. Along with the Ostwald coeflicient they have the
advantage of becoming equal to unity at the critical temperature of the mix-
ture, but they become insensitive as an indication of gas distribution at high
gas pressures.
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P Piso T Pa
D = - - -
K K

If K is assumed to remain constant with variations in pressure, when p, is
very much greater than py,, . D becomes approximately proportional to the

pressure of the gas and therefore of little value.
The relationship of A to B is given by the equation

,8. 1\11130 « Piyo 'P”u'
I\‘Ia . fIL_,n . P1

M, and My, are the molecular weights of (a) and water, p' the density of
the liquid phase, p° the density of the gas (a) at 0°C and 1 atmosphere,
and f,,, the weight fraction of water in the liquid solution.

The coefficients 8 and A show minima for many gases at temperatures in
the vicinity of 100°. An example is the solubility of nitrogen at 100 atmos-
pheres pressure (Saddington and Krase, 1934). The actual temperature of
maximum solubility depends on the solubility coefficient used.

TasLe 1
TeC 50 65 80 125 180
1003 1.10 0.96 0.95 1.13 1.45

The Henry’s Law coeflicient K for each gas shows a maximum with in-
creasing temperature. At the critical temperature of the mixture, K = P (total
pressure) .

Weight distribution coefficients such as A or D do not show minimum
values with increasing temperature, but increase continuously up to the critical
point distribution of unity. The distribution of gas between liquid and vapor
changes rapidly just below the critical region due to rapid changes in the
structure of water.

If the values of the solubility or distribution coeflicients are extrapolated
to zero gas pressure, constants (e.g. K° A° or D°) are obtained for a gas at
each temperature. It is considered that the constants at zero gas pressure pro-
vide the best measure of the solubility of a gas in a liquid, or its distribution
between two phases. Values at high gas pressures emphasize factors arising
from imperfect gas behavior. At zero gas pressure the coefficients A and D
become equivalent.

In figure 1 (from Ellis and Fyfe, 1957) a plot of log D° versus log
(p"/ p*) is given for various gases for which experimental data are at present
available. Lines of slight curvature from room temperatures up to the critical
temperature are obtained. The density of a phase seems to be the factor con-
trolling most vapor-liquid distributions. Styrikovich, Khaibullin, and
Tshvirashvili (1955) found that the coeflicient, A, for the distribtuion of
Si0. NaCl, CaCl;, and Na,SO, between vapor and liquid water phases was
related to the density, p, by the following relationship
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Fig. 1. Distribution of various gases between liquid and vapor phases of water up to
the eritical point,

A= ( Pl ) ", where m is a constant for each substance.
p
From this type of graph it is possible to predict the approximate high
temperature solubilities of gases from values below 100°C, In figure 1. A" =1

is given as a line of reference. Along this line the mass of gas is the same in
unit volumes of both liquid and vapor.

CO» SOLUBILITY AT LOWER TEMPERATURES

The two most important sets of results are those ol Zel'venskii (1937)
and Wiebe and Gaddy (1939. 1940). These workers reported values for car-
bon dioxide solubilities up to 100° at gas pressures ranging from 25 to 700
atmospheres. In table 2 the values reported have been extrapolated to zero gas
pressures and values of K". and A" or D" obtained. The agreement hetween

Tanre 2
ToC - K° .(‘.ll.) ‘ D® or ,;l\“ P = (ar)
Source* (Henry's Law) X 10 Hy0

0 Z 680 8.9 0.00603
18 A\4 1450 14.0 0.0203
25 Z 1640 19.0 0.0312
31 w 2000 22 0.0442
50 Z 2870 42 0.121
50 W 2980 11 0.121
75 Z 3900 98 0.380
75 W 4230 90 0.380
100 A\4 5270 190 1

100 7 5150 195 1

% 7. = ZelI'venskii, W = Wiehe and Gaddy.
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the solubility values reported by the two workers is usually better than = 5
percent. Wiebe and Gaddy's results were obtained by a rather more satisfactory
technique.

An abstract of Zel'venskii's paper stated that a “corrected thermodynamic
form of Henry's Law™ was obeyed to 30 atmospheres at 25°, 55 atmospheres
at 50°. and 95 atmospheres at 100°C. The original was not available but this
presumably refers to Henry’s Law applied to the un-ionized fraction of carbon
dioxide in solution.

APPARATUS AND PROCEDURE

Saddington and Krase (1934) analyzed both the liquid and vapor phases
in equilibrium with a continuous stream of high pressure gas. Wiebe and
Gaddy (1939). and also Pray. Schweickert and Minnich (1952) analyzed the
liquid phase only and recorded the total pressure of gas + water vapor. This
is satisfactory only at high gas pressures. Wiebe and Gaddy (1941) later de-
termined the solubility relationships in the vapor phase of the system CO,—
H.0.

VALVE CONTROL

TEFLON LH
PACKING 7
TO ANALYSIS
TRAIN
FIG. 2 N
AUXILIARY
HEATING
FURNACE
- FINE NEEDLE
VALVE
STANDARD
CONE IN CONE
COUPLINGS
THERMOCOUPLE
THERMOCOUPLE
/ INSERT
INCHES

Fig. 2. Bomb with sampling valve.

In the present investigation the apparatus shown in figure 2 was used. A
system of known composition was contained in a stainless steel bomb of ap-
proximately 100 cc capacity. The liquid volume was approximately half to
two-thirds of the total bomh volume at the temperature of the experiment. The
whole assembly up to the lead-off tube to the analysis train was heated in a 3”
diameter electric tube furnace. The temperature gradient between the thermo-
couple inserted in the liquid and the one in the bomb head was usually about
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2-3°. the top being hotter. Stainless steel was used for all parts except the
lead-off tube which was silver.

The vapor phase was sampled through a needle valve capable ol fine
control. It was necessary to maintain the sampling valve assembly at a higher
temperature than the bomb (about 10-20°) by means of an auxiliary furnace
to prevent condensation of the steam sample. The valve chamber was sealed
and vacuum tight.

A known mixture of carbon dioxide and water was generated in the bomb
by the reaction of sodium bicarbonate with hydrochloric acid. Known amounts
of water and bicarbonate were placed in the bomb, and standard hydrochloric
acid placed in a thin-walled 7 cc stainless steel tube which was too wide to [all
below the top of the thermocouple insert. The bomb-head and valve were con-
nected, the bomb quickly evacuated, and the assembly was then inverted and
agitated to ensure complete mixing of the acid and bicarbonate solutions,

Preliminary experiments showed that if the apparatus was maintained at
a temperature overnight this was suflicient time for equilibrium to be estab-
lished between the liquid and gas phases.

A fraction of the vapor phase (about 10 percent of the phase) was then
sampled. The sampling train is shown in figure 3. With valve 2 closed and the
remaining valves open, the sampling train and the valve chamber were evacu-

SILVER

VACUUM
RESERVOIR

WATER VAPOUR / ACUUM
TRAP PumMP
ANHYDRONE
MANOME TER
| CARBOSORB FIG. 3 CARBOSORB
cB
=| ANHYDRONE

Fig. 3. Train for analysis of steam phase.

ated. Valves 3, 4 and 5 were then closed, and a sample of steam allowed to
escape from the bomb in a single burst lasting only about a second. The water-
vapor trap in an ice-salt mixture, and the silver coil which was also cooled,
collected almost all the condensed steam. Condensation did not occur until the
steam reached the silver coil as the lead-off tube was short and was kept at
about 100° until after valve 1. Valve 5 was opened and the system again evacu-
ated, thus pulling most of the carbon dioxide through the Carbosorb tube
(CB). Valves 1 and 5 were then closed and valve 2 opened slowly. With valve
5 opened slightly, air purified from water and carbon dioxide was pulled
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through the apparatus through valve 2 for about 30 minutes to ensure that
all the carbon dioxide from the sample was collected in the Carbosorb. The
water in the traps and Anhydrone tube (AN), and the carbon dioxide in the
tube (CB) were then weighed. In this way the weight ratio of carbon dioxide
to water in the steam phase was obtained.

Suflicient acid was added to react with rather less than half the bicar-
bonate present. It was found that a solution of carbon dioxide and sodium
chloride caused appreciable corrosion in the bomb. whereas with an approxi-
mately equimolar mixture of bicarbonate and carbon dioxide corrosion was
negligible. A small correction was necessary for the dissociation of the bi-
carbonate remaining in solution by the reaction

2HCO’; —» CO,” + H.0 + CO,

Information on this reaction is reported in the second paper of this series.

Allowance was made for the increase in volume of the bomb due to
thermal expansion. The bomb volume was 97.3 cc, measured at 20°C with the
tube for HC1 in place. The volume was estimated for other temperatures by
taking the coefficient of linear thermal expansion of stainless steel as equal to
1.0 X 107° deg. —*

The volume of the solution at a temperature was obtained from its volume
at 20° by multiplying by the density (p) ratio for liquid water p*’u,0/ p" 0
obtained {rom the steam tables of Keenan and Keyes (1936).

A typical experiment is worked through in detail below.

T = 257°C NaHCO; added = 1.680 g
(purity 99.7% remainder assumed Na:COs) = 0.0200 moles
HCl added = 0.00797 moles
Volume solution 20° =52.75 cc
Volume solution 20° corrected for H:O in steam = 52.04 cc
Volume solution 257° =659 cc
Volume bomb 257° =98.0 cc '
Volume steam phase =32.1cc
Wi, water in steam sample = 0.0629 g
Wt. CO: in steam sample = 001714 g
Ratio n%,, /0", =10.1131
Density of pure sat. steam, 257° = 0.0225 g/cc
Density of sat. steam over solution (lowering of vapor pressure by ions) = 0.0222 g/cc:
Wt. water in vapor phase =0.713 g
Moles water in vapor phase = 0.0396
Moles CO: in vapor phase = 0.00448
Moles CO: due to acid = 0.00797
Total CO: corrected for HCO';y decomposition = 0.00805
Moles CO: in liquid = 0.00357
Moles water in liquid phase = 2.850
n'co, /M0 = 0.001253
A = 0.001253/0.1131 =0.0111
D=ATIl + (n'cog /n¥y ) (1 -D)] =0.0123

The bicarbonate used was B.D.H. Analar which was exposed to an at-
mosphere of carbon dioxide in a desiccator for some weeks before use. The
water and CO. samples were weighed to the nearest 0.1 mg on a semi-micro
balance. The lowering of vapor density due to ions in solution was estimated
from experimental results reported in the second paper of this series. It was
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assumed in calculating values of A that the vapor density of saturated steam
over the ionic solution was the same in the presence of about 10 percent
(mole) of carbon dioxide, as over the solution with no other volatile present.

The experiments of Pollitzer and Strebel (1924) show that this is a safe
assumption. These workers determined the concentration of water in the
saturated vapor phase in the presence of various pressures of carbon dioxide.
Table 3 shows approximate interpolations of their results at 50° and 70°C
given as the ratio x. where x == grams of water per liter of vapor/grams water
per liter of pure saturated water vapor.

TaBLE 3
Pco, 5 10 20 30
x (50°) 1.10 1.15 1.35 1.6
x (70°) 1.05 1.10 1.15 1.4

The interaction of gaseous CO, and H,O molecules becomes less at higher
temperatures. As the pressures, peo, . in the present experiments were usually

under 5 atmospheres. it is unlikely that the assumption above introduces more
than 1-2 percent error into the values of A or D.

To obtain values of K = D/P the total pressure P is required. It is as-
sumed that P = p’,,,[1 + (n"co,/ n'u,0) ] where p’,,0 is the saturated
water vapor pressure above the solution at the temperature, corrected for the
salts in solution. The correction for dissolved carbon dioxide is small and is
neglected.

In the example taken. at 257°, p%,,, = 44.08 at., where p°y,o is the

vapor pressure of pure water, and p’,,,, = 43.6 at.
Therefore P = 48.5 at.,
and K = P/D = 3940 at.

This assumption is examined again below.

RESULTS

Two series of experiments were completed.

Series A.—Materials added were, 0.02 moles NaHCO,. 2 cc of a solution
containing 0.00797 moles HC1, and either 40 cc or 50 cc of
water (20°).

Series B.—Materials added were, 0.007 moles NaHCO,, 50 cc water
(20°). and 5 cc of a solution containing 0.00302 moles HCI.

Tables 4 and 5 give the results obtained from Series A and B respectively.

It was found in Series B that the results obtained with the first sample of

steam from a bomb filling were not so consistent as those from second or third
samples taken after time was allowed for equilibrium to be re-established. This
effect did not appear to be important in Series A, and no simple explanation
can be offered. The results from the first samples of steam from each bomb
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filling in Series B are not reported. The quantity given in column 4 of the
tables is the CO, which was present in the bomb at the time the sample was
taken. This value does not include the correction for the decomposition of
bicarbonate.

v r T "7 L] | T
FIG. 4
- | -
-LOG A
- 2 -
L 3 VALUES UP TO 100° ]
WIEBE & GADDY, AND
ZELVENSKII
o SERIES A
| 4 a4 SERIES B ]
/ ----6.53% NoCl SOLN.
I’l
V7 100 200 300°C
n 1 i 1 L 1 A

Fig. 4. Variation with temperature of the distribution coefficient A for carbon dioxide.

Figure 4 shows the values of log A at various temperatures and figure 6
the values of Henry’s Law coeflicient K at various temperatures, The results
for A and K in Series A can be compared directly with those in Series B if it
is assumed that Henry’s Law is applicable. This is likely to be the case at
partial pressure of CO. of the order of 5 atmospheres, especially as the ioniza-
tion of H,COj; in solution is repressed by the presence of excess HCO’; ions.

l)
All + ('1"(‘4)2 /“"uz«r) (1-D)]

= p,n34> [1 + (“vt‘u: /nvuga )]
A[l + (nvvoz /n‘.uzu) (1 - D)]

K=Pp/D =

= p'u,0 - B/A
~ }),Hzl) /A

B =~ 1, as at low temperatures (1 — D) = 1, and at higher tempera-
tures n" oo, /n"y,0 becomes small compared with unity. Writing B = 1 does
not introduce more than 0.3 percent error into any of the results, This is not
significant.

P m,0 at constant temperature is an average of 0.5-.7 percent higher in
Series B than in Series A because of the smaller electrolyte concentration. It
cannot be expected that this will be reflected in the values of A given as it is
doubtful whether they are more accurate than about == 5 percent.
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The results at temperatures [rom 100-200° provide a test of the assump-
tion P = p'u,0 [1 + (n"co, / n"uy0) 1. In Series A the ratio n"co, / n"y0
ranges from 0.28 at 195° up to 2.15 at 114°. In Series B the ratio is 0.12 at
197° and 0.20 at 163°. If the assumption was not reasonable the values of A
and K from Series A should show a definite trend away from Series B. This is
not apparent.

Even if a complex of type CO..nH.O was formed in the vapor (Pollitzer
and Strebel’s results at 50° can be explained by a complex H.0.CO,) the total
pressure may not be affected greatly. The total pressure, which is assumed to
be the sum of peo, + p'iye , may actually be due to peomie + P o

where peo, = Pcoy.n1150+

SALTING-OUT OF GASES BY ELECTROLYTES

The solubilities of carbon dioxide reported in tables 4 and 5 are for
solutions containing both NaHCO; and NaCl. The difference between the
solubility of CO. in these solutions and that which could be expected in pure
water is now examined.

The fraction of carbon dioxide ionized in a pure water solution is given
approximately by

x = (K%/m. y*+)"% where K', is the apparent first acid dissociation
constant of carbonic acid. m the molality of the solution. and y+ the mean
molal activity coeflicient of the ions. K', is not likely to rise above 7 X 10~7
(Ellis and Fyfe. 1957). m in the present experiments was not less than 0.02
moles/1000 g. and y* + at this concentration is approximately 0.96 at 25°
(Harned and Owen, 1950, p. 547) and is unlikely to change by more than a
few percent in liquid water at higher temperatures (Leitzke. 1955). The
value of x is not likely to exceed 0.006 at the temperatures and pressures of
gas used.

As the presence of excess HCO'; ions represses the ionization of H.CO,,
the solubility of carbon dioxide in the bicarbonate solutions will be not less
than 0.994 of the solubility in pure water (ignoring salting-out effects). This
difference between unity and 0.994 is not considered further.

The solubility of a non-electrolyte in a solvent is changed by the addition
of an electrolvte. The empirical Setschenow equation is often used to relate
the ratio of solubility (B) at salt concentration, m. to the solubility in the
pure solvent (B.).

An example of the magnitude of the effect is given by the results of Morrison
and Billett (1952) for the salting-out of n-butane from water solution.

The salting-out coeflicient decreases with increasing temperature. and ex-
cept for a few anomalous cases this hehavior is general.

Electrostatic theories such as that due to Debye and McAulay (1925)
consider that salting-out arises from the solution component of highest dielec-
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tric constant being concentrated around the ions by their electric field. and
the component of lower dielectric thereby being concentrated in the remaining
solution. As the dielectric constant of water is usually higher than the solute,
the latter is ““salted-out™ of solution.

TasLE 6
Values of k in Setschenow Eqgn. (m in moles salt/1000 g H.O)

Salt NaCl KCl HCl
T°C

12.5 0.243 0.200 0.080
30 0.217 0.182 0.049
49.5 0.194 0.164 0.031
71.5 0.176 0.144 0.028

McDevit and Long (1952) suggested that salting-out might be related to
the volume change when the electrolyte is dissolved in water, or to the related
“effective pressure” of the electrolyte as derived by compressibility measure-
ments.

Neither the electrostatic theories nor the internal pressure theory are
generally valid. although each can be applied with success to a limited number
of systems (Morrison and Johnstone, 1955).

Salting-out is a rather complex phenomenon. It depends on the size of
the added ions, their charge. the nature of the non-electrolyte, the salt concen-
tration. and the temperature. The simple theories mentioned do not take into
account specific interaction between ions, solute molecules and solvent mole-
cules.

Although there is no satisfactory detailed quantitative theory to predict
the change in salting-out with temperatures much above room temperatures,
qualitatively it can be predicted to decrease. The effect is related to the solva-
tion of the ions and solute molecules in solution. and to changes in the struc-
ture of water in the presence of ions (Frank and Evans. 1945). The average
number of water molecules associated with the solvation sheath about an ion
decreases with increasing temperature, while at the same time water tends to
a random arrangement of molecules.

The solubility of CO, in a 6.53 percent solution of sodium chloride is
given by Seidell (1940). The values of the Bunsen coefficient 8 and the co-
efficient A are given in table 7 for pure water and the salt solution.

The figures arve probably not of great accuracy but they show the marked
decrease in salting-out between 0 and 60°. From these figures it appears that
at 100° the ratio of solubility in water to that in a 4-5 percent salt solution is
about 1.05. The trend of solubility in a 6.53 percent NaCl solution is shown
with the present results in figure 4.

The solubilities reported for Series A are possibly 5 percent low about
100°. but over about 150° it can be anticipated that the solubilities will equal
those in pure water within the reproducibility of the present experiments. The
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TaBLE 7

Ratio
A (water)

ToC Bo B 653% NaCl Ao X100 A(653NaCX 10° A (NaClsoln)
0 1.713 1.234 0.835 0.614 1.36
10 1.194 0.875 117 0.877 133
20 0.878 0.664 1.64 1.27 1.29
30 0.665 0.517 2.26 1.79 1.26
40 0.530 0.414 3.14 251 1.25
50 0.436 0.370 434 3.76 , 115
60 0.359 0.305 5.81 5.04 115

solubilities from Series B can be taken as equal to solubilities in water within
the significance of the results.

DISCUSSION OF CARBON DIOXIDE SOLUBILITY

The solution of gases in water compared with solution in organic solvents
is unusual in many respects.

The temperature coeflicients of gas solubility in water are negative at low
temperatures, and the rate of change of solubility with temperature is very
high, i.e. the partial molal heat capacity C, of the gases in solution is very
large. Eley (1939. 1944). and Frank and Evans (1945) pointed out that at
room temperatures the entropy change. AS;, associated with the solution of a
given gas is 10-12 e.u. more negative for water than for organic solvents. At
room temperatures the partial molal volume of the dissolved gas is smaller in
water than in organic solvents.

It is convenient to consider the energy of solution of a gas in a liquid as
the sum of two terms (Eley, 1939, 1944).

AE; = AEq + AE,
AEg is the energy of creating a cavity of a sufficient size in the liquid to con-
tain the gas molecule, and AE, is the energy associated with placing the gas
molecule in the cavity. AS, can be divided in the same manner.

ASy = ASe + AS,

Eley showed that AE, and AS, for the solution of an inert gas do not
differ greatly for organic solvents and water. The differences between solvents
arise mainly from the terms AEg and ASq. At low temperatures in water Eley
concluded that AEg; was very small, and that solution of gas occurred into
interstitial positions in the open structure of water. This would also explain
the low values of the partial molal volume, V, for gases in water.

AEg = T. V. a/B, where « is the thermal expansion coefficient of the
solvent, and B its compressibility. The rapid increase in « with temperature
causes a similar increase in AEc.

At low temperatures in water AEg < — AE, and the temperature coeffi-
cient of solubility in the liquid is negative. With increasing temperature, as
AEg becomes equal to and then greater than —AE,, the temperature coefficient
passes through zero and then becomes positive.
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In organic liquids and high temperature water a dissolved gas molecule
occupies one of the quasi-lattice sites in the close-packed structures. The energy
AE of forming a cavity on this site is greater than —AE, and therefore the
temperature coefficient of solubility is positive (Eley, 1939).

There is a loss of entropy through the confinement of a gas molecule when
it is dissolved in the solvent. There may be also a breaking-down of the solvent
structure with a consequent gain in entropy. This is significant mainly in sol-
vents with a close-packed structure. The large loss of entropy and the negative
values of AH; associated with the solution of inert gases in water at room
temperatures was explained by Frank and Evans (1945) by the structure of
water heing modified towards greater crystallinity. They suggested that each
gas molecule is surrounded by an “iceberg” or region of definite solvent
structure.

In the vapor and liquid phases the chemical potential (u.,) of a gas (a)
is given by

e =p% (T) + RT In f, and

pta = p*a (T) + RT In x,.y.
where p', and p*, are the chemical potentials in the standard states of unit
fugacity in the vapor phase and a hypothetical mole fraction of unity in the
solution, f, is the fugacity of the gas, and x, and y, the mole fraction and
activity coefficient of the gas molecules in solution.

At constant temperature for the solution process

a(vapor) — a(solution)
at equilibrium. AG = 0 = p', — p",

. Xa Ya
=pu'—p's + RT In —f

a

Xa Ya
= AG% + RTIn ———
pu a,

(« is the Tugacity coeflicient of the gas).

Il

Where Henry’s Law is obeyed y./e, = 1, and AG% = —RT In
RT In K

Figure 5 shows the relationship of RT In K to temperature. AS°, was ob-
tained from graphical differentiation of this type of plot, and AH’ from the
equation

a

AH® = AG® + TAS

The values of these three thermodynamic functions are given in table 8. The
bracketed values are those given by Frank and Evans (1945). The values are
intended mainly as an illustration. and at higher temperatures can be regarded
as only semi-quantitative. '

The change in heat and entropy associated with the vaporization of gas
from solution decreases as the temperature rises. This can be correlated with
the change in water structure from an open tetrahedral arrangement of mole-
cules at low temperatures to a close-packed liquid at high temperatures.
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Fig. 5. Graph of the free energy of solution of carbon dioxide versus temperature.

TaBLE 8
Te°C 25 40 100 150 200 250 300
AGY (cals.) 4380 4840 6270 7130 7880 8500 9030
-AS% (e.u.) 31.5 28.5 20.5 16.0 13.5 12 8
(30.6) (28.2)

AH% (cals.) -5010 -4090 -1380 370 1490 2200 4400
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Fig. 6. The variation with temperature of the solubility of carbon dioxide repre-
sented by the Henry's Law coefficient, K. The results up to 100° are from Wiebe and
Gaddy, and Zel'renskii.

°C

About 200°, AS for vaporization of carbon dioxide from solution becomes
approximately equal to that for vaporization of an inert gas from an organic
solvent at room temperatures. For the latter process AS is not expected to vary

greatly with temperature (Eley, 1939).

Table 9 gives for comparison the values of AS% for solution of helium
and water in methyl alcohol-water mixtures (Law, 1949). The change in
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AS°; with increasing methyl alcohol content is similar to the effect of increasing
temperature for pure water solutions. In both cases there is a collapse of the
open structure of low temperature water.

TABLE 9
Entropy of Solution at 25° for Helium and Argon in MeOH—Water Mixtures

Mole % MeOH 0 20 40 60 80 100
-AS® (Argon) 29.4 23.2 19.3 18.0 17.2 16.6
-AS% (Helium) 25.1 21.0 17.7 16.2 14.8 13.9

For the carbon dioxide solutions AG% reaches a maximum at about 340°C
and AS% becomes zero. At higher temperatures AS° becomes increasingly
positive, reaching a high value at the critical point. Near to the critical point,
insertion of gas molecules into the liquid further weakens the already weak
water-water adhesive forces and ultimately causes the liquid phase to become
unstable with respect to a supercritical fluid. A large positive entropy change
is associated with this process.

APPLICATION OF RESULTS

The present results, while not of high precision, are the only high-tem-
perature solubility values available for carbon dioxide. They demonstrate the
general solubility behavior of gases in water at high temperatures.

The principles involved in calculating conditions of equilibrium in systems
containing carbon dioxide and metal carbonates have been adequately dis-
cussed by Garrels and Dreyer (1952). The methods of calculation can be used
at any temperature. It is sufficient in this paper to point out the fallacy of
extrapolating results from low-temperature gas solubility experiments by as-
suming a continuous decrease in solubility with increasing temperature. This
procedure has been used in several geological and mineralogical papers. The
partial pressure of a gas above a given solution does not increase continuously
with temperature, but after passing through a maximum value, approaches a
pressure determined by the mole fraction of the gas and the total pressure in
the system.

The information summarized in figure 1 is useful in interpreting processes
of liquid-vapor separation that occur in natural hydrothermal systems, At high
temperatures, carbon dioxide and ammonia remain more soluble than gases
such as hydrogen, oxygen, nitrogen and the rare gases, but the distribution
behavior of small quantities of all gases tends to become equivalent near the
critical point of water.

Information on the temperature of separation of liquid and vapor phases
in hydrothermal systems can be obtained by utilizing the ratios of the more
soluble gases, ammonia and carbon dioxide, to the less soluble gases such as
nitrogen or hydrogen contained in the gas of the steam from fumaroles, hot-

springs or drill-holes, e.g., Wilson (1955).
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