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Molecular Thermodynamics of Gas Solubility

Y. Hu " Y. N. Xu
Department of Chemlstry
East China Instltute of Chem1ca1 Technology, Shanghai
and

J. M. Prausnitz

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and
Chemical Engineering Department
University of California, Berkeley

Abstract

A molecular-thermodynamic model has been established for the solu-
bilities of gases in non-polar and polar solvents and in aqueous solutions
of electrolytes. To obtain an expression for the Helmholz energy of the
mixture, the pure components are first mixed isothermally to form an ideal
gas mixture. Then each particle in the mixture is inflated iﬁto a hard
sphere. Finally, all pa:ticles are charged with an appropriate potential
to form a real liquid mixture; this charging step is based on an ordered
first coordination shell and a random mixture beyond that first shell.
This model agrees well with compdter—simulation data. Calculated and
observed Henry's constants are in good agreement over a wide range of
temperature for Qarious gases in benzene, cyclohexane, n-hexane, hexa-

decane and water, and in aqueous solutions of NaCl and KOH.

This work was supported by the Dlrector, Offlce of Energy Research,
Office of Ba51c Energy Sc1ences, Chemlcal Sc1ences Division of the T. S.
Department of Energy under Contract No, DE-AC03-76SF00098.
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Introduction

Numerous efforts have been made to correlate the solubilities of
gases in liquids using a molecular theory of fluids. Success has been
limited primarily because previous authors have given inadequate atten-
tion to the radial distribution function for a gaseous solute in a liquid
solvent as a function of solvent density and temperature. In this work,
we use an algebraic approximation to the radial distribution function;
in our previous work on liquid mixtures, this approximation - -has shown
gond agreement with computer-simulation results and with experimental

data for simple 1liquid mixtures (23)

Pierotti's work in 1963-1965(1’2’3) provided a -pioneering step in
apolving a mrlecular theory of fluids to'gas solubility} In Pierotti's
‘theory, the process of dissolving a gas in a liquid was described by first
creating-in the solvent'a'qavity=with the diameter of the solute, then
charging the dissolved snlute with an appropriate potential. The work
_required,for creating a cavity was calculated using scaled-particle
, thesry (4), For thé-sécond-step, Pierotti ignored the radial distribution
- function; he used a' random distribution'and>a.Lennarerones potential to
calculate the potential energy. Pierotti's theory can be used to correlate
Henrv's constants for gases in non-polar solvents and water as shown by
several éuthors, including Wilhelm, Battino and Wilcock(30) and Schulze
and Prausnitz(s).}Shoor and Gubbins(6,7) and Masterton and Lee(8) applied
scaledjparticle theory to correlate solubilities of gases in concentrated
glectrolytic solutions: their results are superior to those obtained from
standard electrostatic theories such as those of Debye and MbAulay(g),
Conway, Desnoyers and Smith(lo), and from the internal- pressure theory
of Long and McDevit(11l)  pespite this success, some of.Pierotti's basic
assumptions have evoked much controversy: in particular, Pierotti used
the pressure of the svystem instead of that of the corresponding hard-
sohere mixture as required by the scaled-particle theory, and for real
liquid mixtures, he ign&red short-range order, Several authors have

commented on these assumpcioﬂs(12,l3,14).
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In 1967, Snider and Herrington obtained results similar to

those 6f Pierotti's by adding a van der Waals attraction term to the hard-
sphere equation of state. In 1973, Neff and McQuarrie(lz) derived a

formula for Henry's constants using the perturbation theory of Barker and

Henderson(16’17); Tiepel and Gubbins (18,19) extended this method to
electrolytic solutions by applying the WCA perturbétion theory(zo). How-~
ever, in that theory, it is neccessary to calculate the radial distri-
bution functions of hard-sphere mixtures, and that requires an excessive
amount of computer time. In 1981, with the use of direct correlation
functions, Mathias and O'Conne11(21) developed a method for calculating

Henry's constants in several solvents from that in a fixed solvent.

With increasing availability of large computers, it has become
posSiblesfcalculate thermodynamic properties of mixtures by computer si-
mulation using Monte Carlo or molecular-dynamic techniqués(zz). On the
basis of these computer-simulation results, Hu, Lidecke and Prausnitz(23)
proposed an algebraic expression for the Helmholtz energy of a mixture
which givesresuits in good agreement with Monte Carlo data reported. by.
Shing and Gubbins (24) | In this work, we extend that expression to calcu-
late Henry's constants in non-polar or polar solvents, including aqueous

snlutions of electrolytes.

Molecular-Thermodynamic Framework

Based on our previous work(23), we first establish an expression for
the Hélmholtz energy A of the liquid mixture as a function of volumeVV,
temperature T and mole numbers 01,02,...,0 of all species including neu-
tral molecules and ions. We begin with pure components in the standard
state (ideal gas at 1 bar). We then calculate the isothermal change in

Helmholtz energy produced by three steps.

In the first step, the pure ideal gases are mixed to
form an ideal-gas mixture at system volume. The corresponding change in

Helmholtz energy is"
R R



AA; = E nRT & (RRT/V) (1)

In the second step, the ideal-gas mixture is changed
isometrically | to a hard-sphere mixture by inflating each particle i

to diameter 0, . For this step we use the Boublik(zs)-Mansoori-Carnahan-

Starling-Leland(zs)equatidn.

3DE £ - E? E? ,
— _F F, _F E* _ .
AAI[ v(‘_g) + (‘_;g,)x'*( Fl. l)e'l(f §) (2)
where ‘

K

D = ¥ x:0;
K 2

E = X x.0

-
N
-

Here N, is Avogadro number.

.In the third step, the hard spheres are charged with an appropriate
potential £ to form a real mixture. For this step, we introduce a sim-
plified but physically realistic picture for a liquid mixture as shown

in Fig. 1 for a binary mixture. The essential idea of this picture is

Fig. 1 Short-range order and long-range disorder. After first
conrdination shell, the fluid is random.

A}.
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that the radial distribution in a real 1liquid mixture can be described
effectively through a short-order first coordination shell followed by
a random environment. As discussed previously (23){ the radius of the

*%

first shell r™" and the location of the particle centers within this

shell r* are proportional to the collision diameter Gy ,

ﬂ»

t, K UQJ 4 . rij'* = K“ O"J (3)

Proportionality constants K* and K** are taken from our previous work(23);
they are 1.150 and 1.575 respectively. The change in Helmholtz energy in

the third step can then be written as:

AA NAvZZ[n _n(r )P E (r Y¢n; I P C”(I')A-TCI' df] (4‘)

=l et

Where elis the number density of species j. In deriving this equation, we
have neglected the density-dependent local compositions within the first
coordination shell. This simplification is reasonable because we are here

concerned only with dilute solutions,.

The Helmholtz energy of the liquid mixture is expressed as:

A = I mAL + A, » AAy + BAg (5)

(-4
~Where Aj 1is the molar Helmholtz energy of species i in the standard

state, The chemical potential can be found from

#‘. = (6'1‘)7\/'\(.) R (6)
Henry's constant is then obtained from
Ku. = &im [pexp(—--&;z)] (7y
2,0

Where Z is the compressibility factor and F& is the residual chemical po-
tential defined by: |

{ = pa(Tv, x) - el v x) (8)

Differential heat of solution, entropy of solution and partial molar vo-

lume of solute i can be calculated from thermodynamics:

-5 -=



AH,, = (—a—i"—'—(-"—‘—-),, | A' (9

i 0(1/RT)
A gs; = (Agsg "‘RTe'l Ku; )/T . ' (10)
o= .., o

To apply fhese relations, it is neccessary to adopt an expression
for the potential energy. For molecule-molecule interactions; we use
the Lennard-Jones potential with dipole-dipole and dipole-induced dipole
contributions, ‘ '
2 /—7 ;‘/7 ;‘

O-Jt 0‘,. C'—“"éj_—_: ’
E (r) —4—6J‘ [( )-( ) ] Jqu, s T re (12 .

Where ﬁk and oli are dipole moment and polarizability of mqlecule‘i respec-
tively. For molecle-ion interactions, we also use a Lennard-Jones po-

tential with additional ion-induced dipole and ion-dipole contributions,

T Z eta: o Zje'i; *
: . (r E—] - (- L - 4 13)
€ji [( NG DN 2r*D 3«T  r*D ¢

where e is unit charge, D 1s-die1ectric constant and Z3 is charge number of

ion j. Because of the compensation effect caused by ions of different signs
surrounding the central neutral molecule, the last two terms in Eq.
(13) may overestimate the contributions of ion-induced dipole and_ion?
dipole interactions; therefore we omit the long- range contribution in Eq. (4)
as an approximation. Appendix I gives equations for calculating Henry's |

constants and other thermodynamic functions from Eq. (5);
Comparison with Computer-Simulation Results .

Results from compufer simulation studies proVide a sfricf'sténdard to
test anv theory for predicting fluid properties. In 1983, using an
umbrella sampling technique; Shing and Cubbins(24)~presented systematic
results of Monte Carlo simulation for Lennard-Jones fluid mixtufes The
Henry s constants. they obtained are plotted against energy parameters and

size parameters in Fig.2 and 3. Henry's constants from -our model and from

— 6 ==
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Pierotti's theory are also presented using model parameters identical to
those used in the computer simulation. These figures indicate that our

model gives results in good agreement with those from computer simulation.

The figures.also show that Pierotti's model is unsatisfactory,1especially
when the size difference between the solvent and the solute is appreciable,
no matter whether calculations use the pressure of the system (curve 2) or
the pressure of the corresponding hard-sehere mixture (curve 3). The success
of Pierotti's model in correlating experimental Henry'S-codstants may

follow from cancellation of errors.

10 7
6,"61 /
4’ g . /' 1
-3
/
0 ’ y
: c
g E 4
3 ¢
% -10 y
3 £
v
: <
-20
'w i . A A
(] ) .0 2.0
€/ €a CVLN
Fig.2 Henry's constants for Fig.3 Henry's constants for
- Lennard-Jones mixtures with vari- Lennard-Jones mlxtures with vari-
ous energy ratios €u/é€a ous size ratlos U,‘/O':u. |
€12 /X=100K,T=120K,0e=3. £0SA,E00 =0.7 . €u/k=100K,T=120K,0,=3. 4054, 90’ =0.7
e —- computer simulation data " (for symbols, see caption to
1t -- present work ' Fig.2)
2 -- Pierotti's model using psystem
3 —— Fierotti's mocel using Prs

In Fig. 2, the apparent disagreement for very small

values of €;/€x. follows from different limits: When€,-0, our theory is
that for a hard-sphere solute whereas far Shing and Gubblns 1t is an
ideal-gas solute

7



Henry's Constants for -Gases in Non-polar Solvents

When we apply a molecular theoryof fluids to real systems,the first
problem is to obtain model parameters, For Henry's constants in a binary mix-
ture, the parameters needed are O; and g, for solute and solvent respec-

tively, and interaction energy parameter €,. In this work, we obtain @,

from experimental second virial coefficients for various solutes (except
for quantum gases). To obtain g, for solvents, we follow Pierotti's pro-
vcedutef we first calculate g, at 25°C from Henry's constant for a hard-
sphere solute; we obtain that by extrapolating Henry'e constants for He
and Ne with feSpect to solute polarizability, We then determine the tem-
perature dependence of 0, by using Henry's constants for Ar in that sol-
vent at various temperatures, The only adjustable parameter €, is then
estimated by fitting experimental data for'Henry's constants. For quantum
gases Hy, He and Ne, we first estimate €. using the geometric mean of |
€. and €. (taken from second virial coeff1c1ents) we then obtain an-

effective o by fitting experlmental-data for Henry's constants,

Tables 1,2 and 3 show Henry's constants for_various.gases in benzehe,
cyclohexane and n-hexane,'respectively; Henry's constants for a hard-sphere
solute are obtained from extrapolation using solubility data for Ne and He.
These tables show that with only one adjustable parameter (éu,or-Cﬂqy);

the correlation is satisfactory. Appendix I1 gives all parameters used here.

To examine the model for a wider temperature range and for. 1arger
'dlfferences in size and energy parameters, we examine Henry's constants
for various gases in hexadecane. The results are shown in Table 4 and Fig.
4. In these calculations, €,1is set equal to lfmgéz; here €2 of the sol-

vent is determined as a function of temperature using Henry's constants for

Ny as .reference while €, for Ny is taken from second-virial-coefficient data,

Because of the orientation effect caused by the long chain of hexadecane,
it is neccessary to introduce a temperature dependence for €;. For other
gases, €,y is then estimated by fitting experimental data for Henry's
constants, Table 4 and Fig, 4 indicate that for some systems, Henry's

-~ 8 --
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Tab., 1 Henry's constants for gases in benzene
én (Kn /bdr)
hard sphere |  Ar He Ne N.0
T/K | expt.| cale. |expt.|cale. |expt|cake.|expt.|cale. | expt [cale
G N 7.e82 7.881 S.387 S.2e8 |a.115 4,297
ZB8. 15 (13.@75 18.109 |[7.8ES T.Q€S | 9.647 %636 | 9. 228 G.2BE | 4.198 4,749
8315 [1B@E 18.&2% |7.856 7.056 [S5.578 9.565| G155 947 | 4267 4.29:
85,15 | K343 9.%9 |7.84E T.BAE | 9,499 S.4% | S.087 8,883 |4.332 A T2
R - S.872 17.0%. 7.236 |9.432 9,438 9.@ic Q@S |&.48f 4.372
W15 | we1s 9738 [7.827 .27 (9.4 9368 | £.98E £.971 |&.4E5 4,811
MILIS | 8754 S.7E {7.817 7.0 9.7 9.385 | £.262 B.917 (4529 4. 449
J1E. 15 Cj7.e87 7.887 |9.237 8238
ref. (32) (33) (33) (35)
Ha Ne O. C.He CHa
T/K | expt.|cale. |expl|cale.|expl | cale. | expl.|cake. | axpl.|cale
BLD J BAlE 8303 |T.817 7.B2€ |7.158 7473 | 4,821 4,088 [E.217 6.274
U515 [ B.26E 8.3 |T.TBE 7,794 [7.150 7.:SE | 4053 4125 |E.325 6.3BE
29515 | B318 E.2BY |7.75E 7,763 7141 7. 18S ' £.328 6,33
9IS | BRIT B/264 7.7 LTI (7131 7.137 ) 4223 4,233
®31S | 826 e.20S {1782 7.705 [7.122 7.129
I98.15 | BB B.1%¢ T.E76 7.676 (7.111 70197 | 4.3 4.3
34315 | B.181  B.14@ [7.651 7.B5: |7.899 7.@95
MES [ &80 B.105 17.EX T.B2T |7.BE7 CL@E3 | 4.456 6.4:%
32315 ([ Bose B.@7s ({7.6B2 7.597 |1.875 7T.@71
1815 | 7.9%  8.Ber |7.578 7,511 {7.BE) 7.@5S | 8,557 4.517
315 | 7.9 B.E39 17.5%6 7.545 |7.849 7. @k
JE. 15 ' T.84 7.8
ref. |36 €14) (38> €39y (A1)




. Tab. 2

Henry's constants for gases in cyclohexane

eﬂ.(Ku/bdr)

hardsphu! Ar N‘g O;,
T/K |{expl.|cale. |expl|cak. |expl.|cake. |expl|cale.
28315 [ €.535 6.55 | 7.282 7.25! [E.78s £.724
26815 [ 9.€7¢ G.€@ | €529 6.5W | n2:1 1.2
28%15 | 9.547 9.545 | €.529 €.527 | 7.281 7.8S | E£.781 E.70E
298,15 | 9.471 %472 [&.522 £.526 | 7,185 .11 |
LIS {9,410 9.482 | E.522 6.521 | 7.16E 7.162 | €.E9E E.E
W45 [ 3] 93; 6515 6.517 | 1B Tos
U315 |9.771 .26 | £.515 E.513 - 6.69¢ E.E7S
1815 £.509 6.588-
ref. | (32) (37) (38)

) . He Ne » CHe Hz
T/K |expl.|cale |expl.lcale. | expllcale. |expl.|cale.
ZEo. 15 €.6i€ 8.776 | 3,557 3.G0E
208,15 [9.165 9.144 | E.744 8.718 | 3.632 3.€68 _
293.:5 [9.832 9.8%0 [E.675 8.663 | 3.78E 3.738 | 7.877 7.832
298,15 [9.82¢ 9.B1E | £.611 B.E0Q | 3.785 3.788 | 7.88% 7.809
393,15 |8.9%1 B.953 |'E.S45 8.558 | 3867 3.846 | 7.767 .7
I8.15 |©.B%s B.98¢ |.E.48s B.587 | :
313,15 |€.87 B.847 [ B.42% B.45 | 19 3.%2 { .75 1.739
38,15 |8.766 B.TEE : {3.9e3 &.002
T323.15 6,043 4.B50
128.19 6,297 4.298
3715 8.1 4,145
I8 15 8,263 4.198
143,15 6,25 4,234
248, 15 4385 4.276
I3 1S 635 4317
ref. |3 (33) (39.42) (36)

-— 10 —-
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Tab. 3

' .
Henry's constants for gases in n-hexane

“n (Kn/bar)

hard sﬁhere

Ar

He

2
n

T/K

L

cale.

expl

cale.

£

b

7715 LB Lef
®.18 : .05 Lo
2E.15 [E.792 ETHE | S.95¢ 5.%9 | E.TE EIB | T.E 1.3
X735 [6.735 TR | 5977 5977 | B.32T £.%E | 7.9 TEE | Zoape LaX
292,15 |3.652 E.657 | 5.997 5,996 | B.266 B.160 | 7.5 7.910 [ 3.eBs L 5ee
300,05 18,92 £.625 | 6.8:3 E.@:7 [ 8215 E.ZT | 7.878 T8 | 1557 L5
WE.15 |8.98% £.55¢ | 6.B31 £.87 | B.162 €167 | T.84: T.BSE
NT.1S .64l B.Sia | €.843 E.858 [ B3l 215 | T.BE7 LB
}E. 15 | e.e66 b.0E2
ref. (32) (33) (3%) €39)

He CHa N1O Oa

T/K |expl.|cale T/K |expl.|cake. [expt. expl.|cale
213,15 [7.B9% - 7.588 7315

%7015 [7.8:0 7.56E 298.15 6912 3.972| .23 6.358
27715 |1.728 7,579 W5.15 | 5.2%63 S5.:53

23,15 |1.655 7,575 33.15 | 5.296 5.9 | 4. 13 4173 | E.SBC E.3E7
252,15 {7.5% 7.571 318.15 | 5.321 S.32 :
67,15 |7.52 7.555 373,15 | 5.4 5. 751 5.58% S.5e&
273,15 [T 662 7,532 8.5 [S.363 5.

82,15 |T.687 T.S0E T1.16 [ 5.F¥1 5.9

6£.:5 [7.3B1 T.4%S 815 [ S.3% 5.2

20,15 |7.355 7,487 W15 | 5.3% S5.I95

296.15 1 |7.332 746

ref. [(36) (42) (35) 38)

_—1] -




Tab. 4. Henry's constants for gases in n-hexadecane

~
fn Ky /bar)
. Ng_ NH’ CO H;S CO;
T/K |expl|cake. | epl. |cale . | expl.|cale. | expl. ,@q“-Cdk
W [£.625 6.685 | 3.837 3.869 | £.301 6.32 | 3248 4301 4.488
35 6,626 E.628 | 4.091 4.093 | £.288 6.277 | 3497 4545 4.E3
358 |6.5BE E.SEE | 4.389 4.297 | E.257 6.252 | 3724 4,730 478
WS (6.7 E.567 | 4.485 &€l | &3¢ 6223 | 919 4,873 LST3
4  |6.435 B5.479 | 4.518 4.6BE [ E.19 E.1E2 | 4089 8,87 L.9%
8% [6.79 £.369 | 473 4.709 | €166 613 | 62X S¥3 ST
852 [B.TIE 6.316 | 4817 4016 | £.0897 £ | W52 <17 S.enc
475 [5.25: 261 | 4873 4W7 | RO €.858 | 6426 187 5. 187
ref. | 4n #3) (+3) 43) (#3)
SO‘ CHJ. ' ) CgH‘ C) H‘ v Ha
| T/K |explicake. | expl.{cale | explicale.| expl. expl. | cale
{380 |2.7% 2866 | S.145 S.167 | nIT AW | 217 7.BE. €92
3% f3.18 2192 | 5.5 S.25: | nE:@ Zeer | 257 1887 .95 .05
™ O[S.ae0 2aET | 5.3 SN | Lese L9 | 9% e 5.8 g.70T
575 |3.78T 696 | T.ue@ SIET | alil &7 | 3047 2.9 £7% .72
M |3LT 3800 | S.44 Sefi | AR 4265 [ NSIE 2767 SET RET
ox fao1es aQef | fusE S.eel | aes: wT) LT 38 £57 ==
0 [e.2S3 W2i2 | 4T SS9 | WST a5k | 927 I Dase £
075 fa.T8 w786 | ST ST | WEl fBer | w0ER 19T LT i
ref. [cus) a5) (19) (o) (4 (36)

constant increases, while for others, Henry's constant decreases as the

temperature rises from 300 to 475 K. The correlation for most gases is
satisfactory; however, those for long-chain molecules and those for mole-
cules with a significant quadrupole moment are not as good. For these mo-

lecules, the correlation is much improved if a small temperature dependence

for €.¢ 1is introduced, as shown in Fig. 5.

Table 5 compares calculated with experimental differential heats of
solution, entropies of solution and partial molar volumes for gases in

benzene. The predictions are in good agreement with experiment. In these

15 -
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ln(Kn/bdl’)

"2.»\‘(K../b_'a.-r)‘ '

o expl.
—— thiswork

I d. L 4 -l

- 350 400 450
) T/K
€1e45 o, = 231.546 + 112143/ T
CoHg =2 649.026 +139263.8/ T
RO HZ 460753 + 4329.7/T

350 %00, 4%0
2o | T/K
- Fig. 4 Henry's constants for - Fig. 5 Henry's constants for COj
various gases in n-hexadecane C3Hg and n-C4H1p in n-hexadecane

( é.leﬁ =a+b/T)

‘ oL
calculations, since the density dependencesof r* and r** have not been
considered, only the hard-sphere contributions are used to calculate

partial molar volumes. (We neglect the very small contribution from the

solvent's compressibility.)

- 13 --



Tab. 5 Thermodynamié'properties of gases in benzene(25°C)

] AHg, /kTml| A4S, [T Vo /bl

QaQ - ) Ny
g “cale. expl. (ref) calc. expt cale. | expt(ref) ’ ~
He 9. 997 | 1B. 320 (38)] -85, 75 |-4e,f 3.7

Ne 18,498 | 10.2:8 ¢33 -80.21 |41 6 59,8 :

Ar 53 1,535 (33| -5T,4E |-S3.%2 47.5 63,0 (50) 44.6C5T)

Ha | 5285| €767 06| -58.45 |45, 7 IBE | 3[.2¢50) IS.4¢s) I5.I(54)

Na 8.%5 | e.108 (58] -49.73 |-, 2 se.2 | snewmoy

O: -1.905 | -1.566 (38) -52.93 |-5N.¢5 £9,1

CHa -8.575 | -1.500 (34) -S6.3a | 7 59,9 | S2.8 (50) SI.I¢51) S&.8(53) St :(s2

N.O -5.97: ] -9.91 ¢35)| ~56.86 |-67.45 8.9

CiHe | -7.768] -8.23¢ wse)y| -61.13 |-€5.97 £8.5 | 72.B(52)

Henry's Constants in Water

A severe test of the theory is provided by Henry's constants in water
over a wide temperature range. For typical gases, a plot of Henry's constants

in water versus temperature shows a strong maximum.

The temperature dependence of g; for water is again obtalned u31ng
Henry $ constants for Ar as reference, as in non-polar solvents. For other
gases, €, (or Gegfor quantum gases) are estimated by fitting'experimental
data for Henry's constants, Figures 6,7 and 8 show Henry § constants. for
_vérioué gases, Agreement between calculated and experimental values is
satisfactory in view of experimental uncertainties. For plots of Henry's
constants versus temperature, the maxima are predicted well. If a'slight
temperature dependence is introduced for €, or Ty , the results can be v,

improved further, Appendix II gives all parameters used here,

Table 6 compares calculated and experimental differential heats of
solution, entropies of solution and partial molar volumes. Agreement is

ood, considering experimental uncertainties.
b

- 14 --



£n (Ku/ bar)

8 A. " A A Y "
L7318 37815 AT3.5 sn.l_s
T/K
® (30) om (31) Aacs8) —— this wori_c

Fig.- 6 Henry's constants for Ar, Kr and Xe in water

Fig.

12

fn (Ky/bar )

10

9 1 e L L A 4
273,15 37345 471315 5731
T/K .
@ (AT) A (31) e (30) ¥ (38 — thiswork

7 Henry's constants for 0,, Ny and CH, in water
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€n (Kn/bar)
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Fig. 8 Henry's constants for Hp, He and Ne in water

Tab'. 6 Thermodynamic properties of gases in water (25°C)

as AHg, /kImd™ | A5 /Tmol W7} V, / el mat™
g calc. |expt (refy |cale. | expl. calc expt. cref)

He B A 8.£9 ) | 97.5 |ig1.® 15. 1 15.5(5T)

Ne LR I.E7T (3% {189.6 [118.4 21.2

Ar 1268 1 12.26 ¢32) 1381 |128.1 2 3.7 (8Y 32,2 (58)

Kr (.2 ] 15.88 (300 [138.3 |135.9 Js.a

xXe .13 ] 1881 30 |161.4 | 14Q.4 4.7

Ha M 2,07 (362 11956 |1QE.6 3.8 25.208) 18,557 28.8(56) 28,8 28)

Ne 18, & 1338 a7 1805 {1, 7 32.5¢sT 40,8 ¢56)

Os 12,8 12,86 38 (1324 |129.5 .8 3.6 18) 2.0 €58 1B (28) 1.2 (58> 15.2¢857)
CHa 188 1712.75 (30) [147.7 [:134.2 48,4 .8 08> I7.1 (59> 1.9 58y TR caty 5. 3csw)
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i,

Henrv's Constants in Aqueous Solutions of Electrolytes.

To apply our theory to aqueous solutions containing electrolytes, we

require ion parameters. Toward the end, we use Mavroyannis-Stephen's dis-

persion theory(26) to estimate energy parameters for ions:

€ == 3146 107*a M ZI'V /Tt (erg) (14)

' *
Here Z; is number of electronsand oli denotes polarizability for ion i. For
size parameter ¢;, Masterton et 31(8) used twice the crystal radius of Pau-

ling(27l. Tiepel and Gubbins (19) suggested therelation
¢ = 1.04 grst (15)

In this work, we use

¢ = 7 gort | (16)

Where 7 1is a temperature -dependent constant obtained by fitting Henry's

constants for Ar in ten aqueous solutions of electrolytes as shown in

’Fig. 9. Table 7 gives 7 at different temperatures. In Fig. 9, data for

LiCl were not included.

" Table 8 and Figures 10 and 11 compare calculated and experimental
Henry's constants for Ar in aqueous KOH and NaCl solutions at various elec-
trolyte concentrations and various temperatures. Table 9 shows calculated
Henry's constants for other gases in aqueous KOH solutions;.also shown are

calculated results reported by Shoor and Gubbins(617), In general, our
calculated Henry's constants are somewhat better than those of Shoor and

Gubbins, but they are appreciably better for high electrolyte concentra-

tions and for systems with a large size difference such those where neo-

pentane is the solute.

Fig. 12 shows‘thé temperature dependence of Henry's constants for
O2 in aqueous NaCl solutions: the maximum of the curves is predicted
well, The results shown in Table 9 and Fig., 12 are tfuly predicted (not
fitted) results,

-— 17 --



Fig. 9 7 for various electrolytic solutions

Tab. 7
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Tab 8 Henry's constants for Ar in aqueous solutions of KOH and NaCl

KOH ' ) -en(Ku/bar3 - rcf. <7
298.15 K 313.5KK ‘33315 K 353051
C/M  expl- cale. | /M expt. cale. | c/m  expl. cake. | /M  expl cale.

0.000¢ 1@.5%6 1@8.626 | 9.2228 10.8313 19.B38 | 0.0002 11,887 11.887 | B.e00¢ 1:.187 11.B81
8.8287 11.843 18,961 | B.923 !1.223 11.164 | @.9153 11,364 11.324 | B.9853 11.385 11.419
2.EBS? 11.755 11,519 | 2.6695 11.B6E 11.681 | 2.645% 11.959 11.B17 | 26326 12016 12,887
4,9784 12,677 129564 | &4 953 12.769 12,852 | 4.9817 12.774 12,738 | 48866 12.825 12.9%63
7,538 13.725 13651 7,2285 13.681 13.823 | 7.16B6 13,787 i3.548
10.7889 14.851 14,971 | 1B.3367 14.897 14,321 | 18.2498 14.832 14.86. | 99235 1L RS 14.58E

Na(l €1 (Ku/bar)  ref.o2)
278.15 K 293.15IC 298.15K 3235 348.151KK
C/M | expt. cale. | expt. cale.| expl. cale. | expl. cale.| expt. cale.

9.0008 | 18.168 18.282 | 18.537 18.5% | 18.623 18.626 | 1B.922 18.937 | 11.877 18N
@.5008 | 18,354 10,356 | 18.8S5 10.664 | 10.778 1@.756 | 11.8B3 11.02% | 11.212 11,183
1.0008 | 18. 558 10.549 | 10.851 10.822 | 10.931 18.916 | 11.28@ 11.162 | 11.348 11.312

1.5088 | 18.746 10.7264 | 11.810 18.972 | 11.883 11.@52 | 11.344 11.301 | 11.477 11,421
2,8002 | 18.939 10.6S% | 10.1B4 11.122 | 11.232 11.198 | 11.4B1 11,438 | 11.584 11,558
2.5088 | 11.134 11.866 | 11.320 11.283 | 11,787 11,382 | 11,621 11,557 | 11,746 11,698
3.0000 | 11,325 11.286 | 11.475 31.437 | 11.537 113581 11.765 11,718 { 11.873 11.821
3.5008 | 11.518 11,446 | 11.631 11,608 | 11.684 11.662 | 11.B95 11.841 | 11.9% 11.961
4.8000 | 11.789 11.839 | 11.795 1L.775 | 11.B37 11.85@ | 12.847 11.998 | 12,137 12.1@7
4.5000 | 11.899 11.841 11,942 11,992 | 11.889 11,993 | 12,178 12,19 | 12.285 i2.252

50008 | 12.891 12.064 | 12,100 12.165 | 12.140 12161 | 12.718 12308 | 12.7% 12.428
5.4000 | 12.263 12,257 | 12,271 12.32% | 12.267 12316 | 12426 12463 | 12.497 12.543

Ay - NG.C"‘ H.O

&n (Kn /bar)

Fig. 10 Henry's constants for Ar in aqueous NaCl solutions
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Tab. 9 Henry's constants for various gases in KOH solutions
KOH én (Kn /bar) ref.(1)
= . Shoor , Shoor Shoor
expl. Jeate (853, { expt. [eate [ U] expt. [cate. |EE2,
-He a2 Arc
e 1.3 11,83 11862 11,17 1.3 111 18.68 18.62 12.28
18 |1z 1% 1199 1176 11.88  11.86 1.46 11, 11,85
2 (1323 133 1286 12,46 1261 12.% 1239 12,2 11.99
3 4.2 14,28 13,83 13.28 1346 13,483 13.45 13.% 13.%
(] 14,87 1438 14,54 1678 18,77 14.48
3@ 15.13 - 1528 16.16 '
Os CHs C(CH3)s
g |10.72 12.78 1B.48 18.62 1843 10.59 11,52 1.4 1.9
10 |15 1.4 11,29 1.5t 115 1.3 1380 12,62 1.5
2 129 128 1226 12,56 1218 12.49 18,87 1499 lE.4k
3 13.%8 13,68 134 13.78 1348 13.67 16,8t 16,92 19.88
42 14,81 14,24 14,83 14,51 1691 15.18
B 1.8 1.1t 16.69
38315
He Ha Ar
g |1L.75 11.E3 11.43 11.25 1131 18,68 .11 1.8 1282
10 12,48 12,18 12.12 11.88 11.B4 1.9 11,71 1.7 1.8
20 1312 12,99 128 12.58 1258 12,68 | 12.% 12.68 125¢
3 14,18 13.77 1372 3.8 1328 13 13.33 1.3 1359
49 16,19 1408 14,74 14,47 4. 14,92
e 15.30 1581  16.8%
Ou CHa CCCH;3)a
8 |11.16 1118 10,85 | 1116 1115 11,19 1z 1.3 11,43
1 (1.8 1188 1LT73 1.7 1.7 1.8 13. 14,37 16,4
2 12.61 12.E8 1267 12.63 1265 13.11 | 1S, 15,95  19.4!
R 13.63 13,62 13.84 13.69 1333 1.% ! 7.8 - 2311
48 14,73 14,98 1513 15.98 1497 15.80
R 16.%8 16,55 1683

-- 21




Conclusion

u The simble model_bresented here appears to be useful for describing
solubilities. of gases in liquids. The model is consistent with computer-
simulation results; for real systems, using only one adjustable parameter €.
(or'G@”),Henry's constants for gases in nonépolar or polar solvents can be
correlated well over a wide range of temperature. The results for predic-
tidg Henry's constants in aqueous electrolytic solﬁtions are also
encouraging. For these solutions, no additional adjustable parameters are

needed.

Because we have not considered the density dependenée'of r* and r**,
and because we have neglected local-composition effects within the first
| coordination shell, our model does not satisfy the low-density 1imit;'
that is, the model does not provide an equatioh of state valid for all fluid
densities. Nevertheless, the model appears to be applicable to liquid-like
densities and therefore it is useful for correlatihg solubilities of
spafingly-soluble gases in liquids, including aqueous solutions of

electrolvtes.

-— 22 -.



List of Symbols

A Helmholtz energy

A charge number of ion i
C molar concentration Zi number of electrons in ion i
D,E,F variables in BMCSL k  Boltzmann constant
equation D dielectric constant:
e charge of electron
b 4 fugacity
G Gibbs energy
H enthalpy
X number of components £ potential energy
K. Henry's constant € energy parameter
NAv Avogadro number 0 size parameter
n  number of moles § variables in BMCSL equation
P pressure M chemical potential
R gas constant iz dipole moment
r distance ol polarizability
S entropy op Coefficient of thermal expasion
T temperature : :
vV volume Br isothermal compressibility
@  number density

i partizl molar volume
mole fraction

N oW <)

compresibility factor
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Appendix 1 Equatiohs for Calculations
For solute 1,

Ky = tn (kT;"t P:) + Gui /RT + Gui/RT

Gm /RT = [514025 Z €: €1 03 +2.01696 Z (2=

+ad, a3 PZe
. +d.,‘4s d,u.)-rZ 2!6“35 (,,[' SRT)]
Gn(/RT = - 4&n(1~Y; )+ pha, ,T?-'J—,T%-"_ﬁ_f
s -
Y.0, 2

+ 3( == v, )[fn(‘ “Ys) e 1?9, ZZ 31)]

- Y. 0, - Yy (2~
‘(—'—y )[2{’1.(1 U,)&.—‘;‘_—y,z‘—]

YW= + = edl

izg

he Y, 8Y.Y, 3Y - Y, 4
P "‘J; 1'(l-*.f.)‘,q"_(4.-“:1,)’ C1-Ys)?

AH;, = dpRT*-RT + Hg * Hae

odp : coefficient of thermal expansion

d (Gg:/RT)
H = cragy/ L/
mt (SScvary 2(1/7RT) ]
"H — a(G' :/RT
o 3(1/RT)]P
\71 == @B+RT + Vg +Vg == (+RT + Vg,

Br: 1sothermal compressibifsby

_Vn'i —_ [B(Gnt/RT)]
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td)
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(f):
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Appendix II ~ Parameters

Tab. A Ma!c'cu-lar parameters

(g and é'from second veérial coefficients )

gas |G/A |€/k/K |10"/nt} gas g/ lem/ic | 10"t /mt
hard sphere f| 2,55 ] ] g.egef HCL MR 348,70 258
He 2,63 £. 87 B. W SO, 4,11 1 3I5.40 377
Ne ] .90 B. 337 N.O L WLALR 9z
Ar 3.48 122 00 1.E38 CHae J.E T8 16 78
Ke l.E2 171. 0@ Z. 460 CHe 1 3.5 7¢. 02 6,38
Xe 4,10 2z1.00 4.0 CGHg hS.B4 P
-, 287 8,28 8832 || mCuHinf] &.97 iSL
Na 7 85. 22 1. 738 CeHe |52 448,80 18.32
Os .46 116,08 1,568 || m-CeHe | 5,81 a1l 28 11.7¢
co .7 1B, 38 1.932 CeHu || 6.89 AW ] 18.7¢
CO, 887 285. 38 2,598 O 1.47
HaS TR 381,18 I.E48 ’ (J:.Pale moment) 1. 84

ref. Hirschfelder, J.0., Curtiss.C.F., B./rd ,R.B., "Molecular Theory
of Gases and Leguids ". John Wiley and Sons Inc. New York .
N.Y., 1345 . p. 252 ) .
Reid .R.C.. Prausnitz. .M., Sherwood . T-IC. The F’rvfdtoés
of gases and Lf;u.ids " 3ed.ed. McGraw-Hill Go_ok Company . 1977,

Tab.B  Pamameters forsolvents in this work wi th temperatures

Ce H¢ cyclo-CeHn n-CeHwm n-CoHss H.O
v /4 | T/ /8 | i a/A | T em/k] Tac o/A
233,18 S.1E2) ZEL19 5. %l 21315 S, 2.8 Ses.ss 273.:% 782
22E.15 5.1782 208,15  5.5551 223,15 5.8 .8 SisR 292,19 .73
3.1 S. 1746 29%.15 S.5510 23315 | 5.ECSe 358.88 S22 323.:5 - 4799
29E.15  S5.i78S 298.15  S.%462 28315  §5,B3RS 375.88 52374 148,15 I 7882
RIS S.1666 I8%.15  S.5624 25315 95,8355 402.88 SiZ.& 373,15 2.7318
- 3ee. i 9. 1832 388,15 S5.5%8@ 26315  5.833% 475.% 5e.8: 18818 2.
1318 5199 3115 5.548 273,15 S.B056 | 45e.89  456.X3 427,15 Z.70%t
318,15 S.1568 318,15 3.5%7 28315 5,839 475.88 468,37 842,15 I, BBRS
215 5.152% 215 §,5279 288,15  S.83%¢ : 47315 2,675%
32615 S. 1493 378,19 5.5234 295,15 S.E3BE 88,1 2.5846
1S S. 146! 33RN15 5.5199 296,15 5.&356 307.:5 0 85T
TE.1S 5.14832 338.15  5.5!6E I8N 15  S.8357 SLE, 15  Z.E530
.15 5. 1408 JaL1S S.51%73 Jes. 15 5.8357 o $73.15  2.65:1
346,15 5,512 Ji 5. 8357
35% i 5.9071 318,15  5.8397
32315 5.B3%7
328.15 5.8397
33315 9.8397
JI1S  S.B397
1S S.8397
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Tab.C Parameter for gases in several solvents

Solvenl H20 Ce He n-CoHin cyelo-CoHin . n-CuHis
gas |a/A ep/r| a/h_e/v/m| a/A K| a/A ek Qas | a/A ef/K
- He LW 2B.5E | Z7R ABE | L7SER 41,32 | 2758z  84.22] Na 3.7 122,58
‘Ne 2847 7k L8ITD IBLI7 ) 3786 98.4B | 32261 105.85] MHa 0452 xE.®
- Ar TP 13T.85 1 .48BC 19D.5) | L4QBE 165.85 | Z.4928 197.R| NH, 2.%00¢ 186.83 -
Ke |36 we.ss| co | 3.7e® 183,97
Xe [&i0e@ 12133 | Hes | 6@ 2273
Ha 20EBET  ES.BY | LBl SAIE) 773 SB.92 | 2.7880  9E.82] Hce 3,332 22074
Na  |Z.7000 148.88 | 7800 2264.8E .78 215.23| co, | 4.B70R ZEi1s
O. 3.4808 136,77 | 3.46BE 193.0E | LAEDB 161,45 | 14500 196.74| so, | 4.112B IS5.14
CHa |3.8370 (35,951 817 21810 | L8tTB %15 CHe | J.8i78 208.5B
CaMHs 3.356@ IB4.72 | L9548 277.49 | I.e@ 31212| CaHe | 3.9%4@ 3@6.E0 -
N.O 4,5988 118.78 | 45900 275,23 CiHg | 5.£378 226.8
: NCo M |6.5718 IBE.SE

Or= s.wosi

Tab.D Paremeters for cons

lon | Z8 [10d/ml | 0 /A
G 2 [ ees | 1
Na® (1B | 8.8 1.902
K* 18 8.£7 2,650
Rb' | % | .68 | 2.%8
€' s | 2.2 | 3380
o™ | 18 1.6 2,947
ce” |18 3.00 3.570
8 | X | 41| 390
I | | 6.2 | 430
ref. (63(8)
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