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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 e~ectrolytes. 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 into a hard 

sphere. Finally, all particles 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 computer-simulation data. Calculated and 

observed Henry's constants are in good agreement over a wide range of 

temperature for various gases in benzene, cyclohexane, n-hexane, hexa

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

This work was supported by the Director, Office of Energy Research, 
'.' . . . 

Office of Basic Energy Sciences, Chemical Sciences Division of the c. 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 ~ 

s0lvent 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 

~o0d agreement with cnmputer-simulation results and with experimental 

data f0r simple liquid mixtures(23). 

Pierotti's work in 1963-1965(1,2,3) provided a pioneering step in 

aoolving a m,lecular theory of fluids to gas solubility., In Pierotti's 

theory. the process of dissolving a gas ina liquid was described by first 

creating in the solvent a cavity with the diameter of the. solute, then 

charging the dissolved sol~te with an appropriate potential.- The work 

required for creating a cavity was calculated using scaled-particle 

the,r,y(4). For the s~cond step, Pierotti ignored the radial distribution 

function; he used a random distribution and a Lennard,.Jones potential to 

calculate the potential energy. Pierotti's theory can be used to correlate 

Henrv's C0nstants for gases in non-polar solvents and water as shown by 

several authors, including Wilhelm, Battino and Wilcock(30) and Schulze 

and Prausnitz(S). Shoor and Gubbins(6,7) and Masterton and Lee(8) applied 

scaled-particle theory to correlate solubilities of gases in concentrated 

electrolytic solutions: their results are superior to those obtained from 

~tandard electrostatic theories such as those of Debye and McAulay (9) , 

Conway, Desnoyers and Smith(lO), and from the internal-pressure theory 

if 1-

of Long and McDevit(1l). Despite this success, some of, Pierotti's basic ,., 

assumptions have evoked much cont~versy: in particular, Pierotti used 

the pressure of the system instead of that of the corresponding hard

sohere mixture as required by the scaled-particle theory. and for re~l 

liquid mixtures. he i~n0red short-range order. Several authors have 
. (12 13 14) commented on these assumptLons ' , . 
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In 1967, Snider and Herrington(lS) 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 perturbation theory(20). How

ever, in that theory, it is neccess4ry 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'Connell(Zl) 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 
'bl to POSSl eAcalculate thermodynamic properties of mixtures by computer si-

mulation using Monte Carlo or molecular-dynamic techniques (2Z) . On the 

basis of these computer-simulation results, Hu, Ludecke and Prausnitz(23) 

proposed an algebraic expression for the Helmholtz energy of a mixture 

which givetresults 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 

s01uti0ns of electrolytes. 

Molecular-Thermodynamic Framework 

Based on our previous work(Z3), we first establish an expression for 

the Helmholtz energy A of the liquid mixture as a function of volume V, 

temperature T and mole numbers nl,nZ, ... ,nK 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 t~ree 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' 
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(1 ) 

In the second step, the ideal-gas mixture is changed 

isometrically to a hard-sphere mixture by inflating each particle i 

to diameter O"i • For this step we use the Boublik(28)-Mansoori-Carnahan

Starling-Leland(25)equation. 

-=3::...,:D:::....=E - 5 -
F 
(f - 5 ) 

where 

W' 

D - 2: Xi (J"i 
i=1 

t( 
~ E - 2: X .. o-io 

.at 

t< 3 
F - 2- Xi crt. 

i •• 

Here NAv is Avogadro number. 

,In the third step,the hard spheres are charged with an appropriate 

potential E 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 
c00rdination shell, the fluid is random. 

+ 



.... 

t·· 

that the radial distribution in a real liquid 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 cr~ , 

* .. r·· = K (j'J. 'J 

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: 

"'A - NA"~ ~ ('7t.!.1l(r.~'-CT:.J)e.t: .. (r.~)+" •. J'" p.f.
J
.,(r)4n:r

4 dr] (4) 
I.J m -" ~ ~ • 3 J' J. oJ J' J' ~ oJ '- ,-I Jal ;. 

Where @J is 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: 
. ~ o· . 

A = ~ '11. A-i T .aA1 + LlAJI + t1A.., _=1 (5) 

o 
Where Ai is the molar Helmholtz energy of species i in the standard 
state. The chemical potential can be found from 

jJ., - (!~. )T.V. ";'" (6 ) 

Henry's constant is then obtained from 

)J.r: 
KHi -, £;", [p e:cp ( R~ - .ert Z ) J 

%.-0 

(7 ) 

Where Z is the compressibility factor and f~ is the residual chemical po-

tential defined by: 

UJaJ. _ jJ.i ( T. V, :t ) - p.o. e gas ( T. V. :t ) 

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

lume of solute i can be calculated from thermodynamics: 
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.c1Hs.: ( ot" KHi )p ( 9) - d (URT) 

Ll SSi - (l1Hs,;-RT~"t'(". )/T (0) 

'" 
~ (f 0 - ( a P )T'''i 

To apply these 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, 

(I~ ) 

Where jI, and aLe are dipole mom~nt and polarizability of molecule i respec-

tively. For molec.le-ion interactions, we also use a Lennard-Jones po-

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

Z 
~ , 

f. .. Ct) = I ~ .. [(2h)'oL_ (0;,)6] _ jed: 
J' ..,. '-J'" r T ::t r"'D 

Z .. ,-I __ ,_ ;e;; 
3kT rio D 

where e is unit charge, D ilS dielectric constant and Zj' is charge number of 

ion j. Because of the compensation effect caused by ions of different signs 

surrounding the c'entral 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 

CiJnstants and other thermodynamic functions from Eq. (5). 

Comparison with Computer-Simulation Results 

Results from computer simulation studies provide a strict sfandard to 

test anv theory for predicting fluid properties. In 1983, using an 

umbrella sampling technique, Shing and Gubbins(24) presented systematic 

results of Monte Carlo simulation for Lennard-Jones fluid mixtures. 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 
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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 fr6m computer simulation. 

The figures also show that Pierotti's model is unsatisfactory, especially 

when the size difference between the solvent and the solute is appreci~ble) 

no matter whether calculations use the pressure of the system (curve 2) or 

the pressure of the corresponding hard-s~here mixture (curv~ 3).The success 

of Pierotti's model in correlating experimental Henry's constants may 

follow from cancellation of errors. 

to ,...----'-----------, 

o 

o 

Fig.2 Henry's constants for 
Lennard-Jones mixtures with vari

ous energy ratios e,a /e-
• s €u/k='OOK.T='20K.Uu=3.~05A,eUu=O.7 

• computer simulation data 

present work 
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Fig.3 Henry's constants for 
Lennard-Jones mixtures with vari-

ous size ratios (J'".l~4 . . , 
. Eu/k=1 OOK, T=1 20K. cru~3. 405A ,~=O. 7 

(for symbols, see caption to 

Fig.2) 1 

2 

3 

Pierotti's rr.odel using Psy~tem 

Fierotti's ~ocel usi n6 Phs 

In Fig. 2, the apparent disagreement for very small 
values of Eq/€u follows from different limits: Whenf,~-+O, our theory is 
that fora hard-sphere solute whereas for Shing and Gubbins it. is an 
ideal-eas solute 
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Henry's Constants for Gases in Non-polar Solvents 

When we apply a molecular theoryof fluids to real systems,the first 

prob lem is to obtain model parameters. For Henry's constants in a binary mix-

ture, the parameters needed are 0; and Oi for solute and solvent respec

tively, and interaction energy parameter c'z. In this work, we obtain a; 
from experimental second virial coefficients for various solutes (except 

for quantum gases). To obtain qz for solvents, we follow Pierotti's pro

cedure: we first calculate Oi at 2SoC from Henry's constant for a hard

sphere solute; we obtain ,that by extrapolating Henry's constants for He 

and Ne with respect to solute polarizabi1ity. We then determine the tem

perature dependence of O"L by using Henry's constants for Ar in that sol

vent at various temperatures. The only adjustable parameter E,~ is then 

estimated by fitting experimental data for Henry's constants. For quantum 

~ases H2, He and Ne, we first estimate (31~ using the geometric mean of 

C. and E~ (taken from second virial coefficients); we then obtain an 

effective a;, by fitting expe-;"'-imenta1 data for Henry' s ~onstants. 

Tables 1,2 and 3 show Henry's constants for various gases in benzene, 

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 (CIL or o;eff) , 

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

To examine the model for a wider temperature range and, for larger 

'differences 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, e,t. is set equal to J ~''!I Ez. ; here €z. of the sol

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

NZ as .reference while e,eg for NZ 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 fl.. For other 

gases, E'tif 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 

• ~n. (KH 1&1,. ) 
ftll.rd ·sphere Ar He Ne Na.O 

T/K ~t.1 calc. expt., caJ.c. expt.f cak. expt.1 CIdt- . e~·lcak. 
:::S3. :5 ?~ 7.BSI S.3e7 9. 2E9 4. 1!~ 4 • .,"e7 
:::B8.I~ 1~g35 a.lllS 7.86S u~s 9.f43 9.63f. 5.m 9.28£ .). 19~ 4.2119 
:'S3.15 Ie.ga: IIl.a28 7.058 7. 'f58 S.57B 9. ~5 5.155 9.:~ 4.26:' 4. :9: 
295. i5 9. '349 9.949 7.84E 7.!M£ 9.495 9.49£ S.\Il3 9.@£3 4.332 4.33~ 
:.e.:. 15 s. 377 9.E72 7.il3E 7. LnB 9.lI32 9.43e 9.0~S 9. e:"5 4. 4B~ 4.3"72 
3es. 15 So 815 9. 79S 7.B27 7.227 9.3C4 9.164 6.94£ 8.971 4. 4£5 4.411 
3!3. IS 9. 754 9.72£ 7.1'17 7.0!8 9. ::a! 9.3eS E.see Ii. 917 4. SZ9 4.449 
:.18.15 7.ee'? 7.007 9.237 9. 238 

ref· (3.l) (33) (33) (35'> 

H .. N .. 0 4 C&H6 CH. 

T/K' eJ1>t.l CAk. e~"r·I~. e.:pt·I~. expt·1 calc . ~·TcJ<. 
2&:., l~ £. 4lE 8.359 7.E17 7.82£ 7.159 7. 173 4.223 4.0~ E.237 6.274 
288. IS 8.366 8.3.'""'2 ?7f.t 7.794 7. lSI! 7. !SS iI.as::: 4.1i5 6.325 6.388 
L'9.3. IS 8. 318 8.~': 7.758 7.763 7.141 7.145 ;. .32£ 6.323 
:'98. i5 8.:m 8.244 i.7<5 7.713 7.131 7.132 4.223 4.233 
3t3. IS 8. 226 E.20S ·7.782 7.7@S 7.122 7.128 
J,BS.IS t:. 183 8.17~ 7.676 7.676 7.111 7.187 4.~3 4.335 
313.15 S.141 8.140 7.651 7.65! 7.099 7. 1m 
318.15 8. 11le E.I06 7.625 7.623 7.087 i. QE3 4.~ 4.4:''9 
323.15 8. ese 8.874 7.f.82 7.597 7.e75 7.11171 
3:'S. 15 7.93/1 8. ill: 1 7.579 7.571 7.~1 7.959 11.557 4.517 
3::.1. 1~ 7.948 B.B39 7.556 7.545 7. ill:9 7. lilt 6 
J!-8.15 7.~.4 7. B!.3 

I ref. (30) (~T) 08> 09) (41) 

.. 
(. 

-- 9 --



I 
I 
1 

i 
I 

I 

. Tab. 2 Henry's constants for gases in cyclohexane 

Rrt(Kwlbar) 

Iw.rJ. 'lihue Ar N;t OA. 

TIt< e.xpt.J C4le. e%pl·l ca.£;. u-pt. I c:.ak. erpt.jecJc . 
<:&1.15 L. 535 6.5~\,,) 7.24t 7.~! 6.780:1 £..724 
~EB.IS 9.L~ 9. £o~~ 6.529 6.532 7.2::1 7.'Z.7 
293. 15 9.54.3 9.545 6.529 6.527 7.211 7.3!5 6.781 E..7eE 
298. IS 9.471 9. 472 . E.. 52<: 6.52.4 7.les 7.183 
383.15 9.41e 9.4e2 E.. 522 6.521 . 7.1f,E; 7.162 €..t.98 £0.692 
~.es. 15 9.:m 9.33:- E.. 515 6.5:7 ~ 1 C t 

I .... U 7.14~ 

~.13.15 9.:m 9..2£.6 6. SIS 6.513 ·6.694 £..675 
318.15 f..~9 6.588 . 

ref. (3%) (31) (38) 

He Ne Ca;H. HA. 
,/t<: e.:ct'4.1 calc. expr.1CAl.c: .. ex~·ICDk .. expr·lo&· 
iw.15 E.SU: 8.776 3.557 3.686 
2SS.15 9.165 9.144 8. 744 8.718 3.632 3.E£8 
29.3. :5 9.99: 9.000 8.675 8.663 3.7r£ 3.7311 7.837 7.832 
~:98.15 9.024 9.01E E.611 8.6110 3.7es 3.788 7.81E 7.800 
383.15 8.$1 S. 959 8.545 8.558 ·3.8£,7 3.E46 7.767 7.770 
308. IS e.894 8.98e £.484 8.581 
313.15 e.B11 B.843 E.424 B.458 . ~ .. 93S. 3.~2 7.735 7.739 
318.15 8. 766 B.7EI. 3.989 4. IE: 

.. 323, 15 1I.1It3 4.1150 
3L8. 1S 11.097 4.e9B 
333.15 1I.15e 4.145 
338. 15 11.283 4.1911 
:!043. IS 11.25/1 4.234 
348. IS 11.3115 4.276 
353.15 4.353 4.317 

ref. (33) (n) CJf.4t) C!6) 
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Tab. 3 Henry's constants for gases in n-hexane 

..f". ( KH I ba.r) 
~ ; 

liard ,pltert At He Ne G.H, 

TIt( e.q>t.\ C41c . ex~·1 coJ.c.. e:cpt~ cJc. ~·Ic:ak ~.\~ 
~T:,. :5 I 3.esE ;, ~2€ 
2E;:,.1~ 1.:~ 

, ~ . 
..... ~'J~ 

288. :~ E.~ 8. 746 5.95, S. 349 Eo 37£ E.1.:~ 7.'3EB 7.954 
lS3. :5 E. 7:5 E.. 7e: 5.977 5. 9i7 Eo .,~.,. 

...J':'.' E. L"98 7.951 7.S3E 3.4~ :'i.~ . 
298. :5 3.£52 E;. 65: 5.997 5.998 Eo 2!;E; e. :::E.e 7.91: 7.9Il! 3.,84 ~, ses 
1r~,. 15 8.~ E. 605 6.e:3 6.2:7 E.2IS £ -~'"" .~.:.. 7.878 7.ffit; :.~ :,5.32 
1r8.15 8.$ 8. S5~ t.e:n &113 .. Eo 16: e. IV i.8~: 7.~ 

113.15 t.~ 8. '514 t. &13 E..950 Eo 1: 1 E. 1~1 7.8117 7.83: 
11£.1S 6.066 6.162 

ref (3.t) (3l) (35) (39) 
.-

HI- CH. N&O 0 .. 

T/K erp t.\ cJ.c T/K e.q>l'.1 cJc. e:cpt .1 <:Ak. eq~.\eak 
2!:. :5 '7.b'9S ' 7.549 Z73.15 
n: .. ls 7. Bla 7.5tS 298.15 4. 91: 1.972 6.:2::S 6.3'5E 
n: .. 15 7.728 7.579 :!m.lS 5.269 5.~ 
24:..15 7. ESS 7.57S :m.ls 5.2% 5. :<34 4.136 4.173 E.Se: E.3B7 
25~ .• 15 7.~o 7.571 318.15 5.321 5.32" 
26:'.15 7.5Z2 i.5s5 323.15 S.343 5. ::'51 S.5~ S.5i!t. 
273.15 7.~' 7.53:, 328. !5 5.363 S. J"7! 
1£:. IS i.bID 7.5e£ 3l3.16 5.381 5."!.~ 

2eB. :5 7.381 7.495 :!:,,s.15 S.39E 5.399 
29:: .. :5 7.355 7.4S:. 34.3.15 S.39E 5.39S 
29B.15 ' 7.332 7.46E 

ref· (36) (4-.1.) 05') (38) 

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

& (KH/ba.r) 

Nt. NH, CO H"S HCe COa 

TIl{ exp(·1 c.c.k . ~·IGAk. errZ.l Calc. e.zpt"-I t:.ok. e.acrl·1 CA.k . e:c,J·1 c.af.c . 
300 6.6B5 f..685 3.837 3.869 6.301 6.~ 3..242 3.128 3.~ 3. 7C 4.3:: 4.4ef. 
325 6.6:4 F..6Z4 4.1/191 4.199 Eo 281' 6.2n 3..497 3.424 4,eI:.'IE 3.9S2 4.5l.Z 4.634 
3Sa 6.~ F.. S£.£. 4.389 4.297 £.257 6.252 3..724 3. rID 4.200 '.190 iI. 7:,: 4.7&4 
375 6.$ F...SB7 '.486 4.4£.3 . £.238 6.m 3.919 3.~· 4, TI4 '.:ltS 4.873 4.8'0 
&sa 6.439 f.. 439 '.518 4. 611e £. 19: £..181 4.as9 .. ~ 4.521 4. 50S 4. ge3 "'.~'" 
425 6. :$9 F..169 ".732 4.7119 £.146 6. 134 4.233 '.m 4.6.3f! •. 6Z: 5.0€3 S.~:~ 

45i1 6.31E F.. 316 4; 817 4.S1E £.~;. £~ !!2 4.352 •• 38S t. 7~ t. 738 ~ . .,..., 5.1l~ .... 1 .. " 

475 6. :S~ F.. 261 4.871 4. 9il7 £.~: £..8:.8 4.4~ •. S:~ 4. 7£.7 •. !m 5. l~~ 5.1':-

ref. (4J> (ofp.,) (-to, ) ("'"') C.,) ( ... ~ ) 
SO .. CHI, • .C~H, C,H, n-C .. H,o H" 

I 
I TIl{ e:tptJeak. ~Ic:ak. ~·Ic:c.lc· #.~t·I~· expt·lca.ic . Q:cpt·l C4lt:. 
I 3a9 Z.728 Z.8B~ 5. lAS S. If.3 'T ~,.., 3.'::'~ 2. 1;4 2.624 B.~9 1.2S7 7. Ir.'£ E.9C 

I 
.--.1 .... 

325 3.116 ~ 192 5.255 5.:51 !. 6:~ 3.~ 2. 572 2. f£: 1. At: 1.~ 6.9:"5 E·.2~ 

~ 3.4Aj 3.. 4E~ 5.33; S.3Z£, :.~ .. 3 •. 914 :.~.£ 3.iJ37 1.97C :. Bii! ... .... -.:: 
~.c __ - ~C' .. t.. ,_ 

37S 3. i'E"7 3..695 ~. u@0 s.~ A. 11 ! ~.l~ 3. 947 3.~ 2.3S":: Z.~ €.7:-? - ... ~ :. .. :. 
48l 3. s:i 3.2ge 5.1.4: 50':; .. A.~: '.~5 ;~ ~IE 3. b./;~ :.7t.: :.E== ;. £.~.:' ~" E""'· . ~ .4. !i?S l...2r.E. ~ ... Sf; ~.t.,,-:, '-~: ,;;.~ 7. '74~ ::.577 3. 0I0~. :. ~"£ . E. S- : .. ~~ 
4511 .:..~: ... 2:~ c . <it- ~.1.'79 ... st~ r..5:·" 3.927 3.7 .. 5 '!.3.r: ~. :~: 

... 'j, €.I..~- I .... .. ' ~ : .......... 
1175 ' *:. ....... .",: ~ .. -... .• ~It 

c .~ • 
•• ". j ~.~~ 4, Et,t ~. FJ.: "'~~ 3.~':: 

i ~ . .,. .- ~ .. ,' ~. tI:-:: :.~ ::. ':'" 

ref. (4foi ) C.Ito$") (39) c"..) (4.) 0&) 

constant increases, \o1hile for others, Henry's constant decreases as the 

temoerature rises from 300 to 475 K. The correlation for most gases is 

satisfact?ry;ho~ever, 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 
f'Jr E.qj is introduced, as shown in Fig. 5. 

Table 5 compar~s 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 

1'2.. 
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Fig. 5 Henry's constants for C02 
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( €'ftJ1 =a+b/T) 

1 1 · . h d . d d f * d ** h t b ca cu at~ons, s~nce t e ens~ty epen enceso r an r ave no een 
considered, only the hard-sphere contributions are used to calculate 

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

solvent's compressibility.) 
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Tab. , Thermodynamic properties of gases in benz·ene (25°C) 

~Hsl IkT:moI ASS//r~ V, /""""'0'·' ga.s 
c.o1.c . ew:pt. C rllf) ca.I.t: . expt. co.k. -e.xpt. (ref) 

He 9.~3 12.32! (5) -45.75 -4J..:1 31.7 
Ne H~.4Se !e.t~a! CIS) -40.21 -41.~ 59.8 

Ar !.53! !.:m (3.1) -53.46 -53.:.3 47.5 4.1. e (SO) 44.6(51) 

HI. ~ ~.s5 £..767 (16) -S0.43 -4:i.97 38.8 35. [ (SO) 35. t. (51) 35.3 (5"4) 

N .. 4. :.45 1..110 (;+) -49.73 -52.ft 5£,.2 SJ. e (SO) 

0& -1.~5 -1. st.€. (.18) -S:.S3 -53.~ 49.1 
CH. -e. S35 -\. see (4) -54.34 

.. ss, 9 52. e (SO) 53.3 (SI) 54.8en) %.:(n 
N~O -5, 97: -9.941 (5S) -5£..~ -£7.~ SE.9 

C .. Ii, -7.748 -S.23e (59) -61.19 -£5.97 64.5 72.e (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 g~ses, a plot of Henry's constant~ 

in water versus temperature shows a strong maximum. 

The temperature dependence of ~ for water is again obtained using 

Henry's constants for Ar as reference, as in non-polar solvents~ For other 

gases, E,& (or a;Eftfor quantum gases) are estimated by fitting experimental 

data f0r Henry's constants. Figures 6,7 and 8 show Henty's constants for 

various gases. Agreement between calculated and experimental values is 

satisfactory in view of expe~imental uncertainties. For plots of Henry's 

constants versus temperature, the maxima are predicted well. If a slight 

temperature dependence is introduced for Cu. or 0:,,, , the results can be 

improved further. Appendix II gives all parameters used here. 

Table 6 compares calculated and experimental differential he~ts of 

solution, entropies of solution and partial molar volumes. Agreement is 

good, considering experimental uncertainties. 

-.., 14 --
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Tab~ 6 Thermodynamic properties of gases in water (25°C) 

oARs. IkJ.rnoI"' 
- .. _ ... V. I ... l.wtq(°' 

9Q.s 
Ll ScI!] "",,/. K 

eo.Lc: . e~t.(rcJ\ GcL£c. e.xpr. ca.J.c. ~t. ,rff' 
He -l ]A 11.£9 un 97.::; 191. B 15. 1 IS.5 (sn 
Ne ::.~ 3.S7 eUl 199.£ 119.1\ 21.2 
Ar 1~.44 1l:.2A (U) 13G.l 129. I 31.2 ::;1.7('81 32.::(~) 
Kr :E..~ l~. 69 (JO) 13E.3 135.9 35. Ii 
xe ~.13 IS. 41 <SO) 161.1. 142.0\ 47.7 
H .. :'46 '.B7 CJ6) li~.6 leE.£' 19. B ;:,. ~ (,8> IS. S (ST) :!E. e c 5"6) :!E. e (.&.8) 

1'4 .. 1~.1i!: :·3.39 (J7) lA:.5 I~.II 37.7 32.S efT) 1111." c{6) 

0 .. 12.95 1:.1!i (j,) 11:.4 12'3.5 3:.4 ::c. Q CIS) 3~,: en) 3!.1I US) 3!.e<S'u :~. 8 em 
CH., IF..~ 1:.7S (SO) 147. :,. !34.3 48.10 7.7.t (.e) :7.1 (S9) 35. '3 <fS) 3!.1! (&6) :::"'Srn) 

-- 1& --
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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: 

(erg) (14 ) 

* Here Zi is number of electrons and oti denotes po1arizabi1ity for ion i. For 

size parameter (Ji.' Masterton et a1(8) used twice the crystal radius of Pau-

ling(27~. Tiepe1and Gubbins (19) suggested the relation 

(J' - 1. 0-4- (j crystAl 
(15 ) 

In this work, we use 

(J' - '1 
a c.rystcll (.6 ) 

Where ~. is a temperature~ependent constant obtained by fitting Henry's 

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

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

LiC1 were not included. 

T~b1e 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 Gub~ins(6,7). 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 the temperature dependence of Henry's constants for 

O? in aqueous NaC1 solutions~ the maximum of the curves is predicted .. 
well. The results shown in Table 9 and Fig. 12 are truly predicted (not 

fi tted) results. 

-- 17 --
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Tab. 7 Temperature dependence of 1f 

T/~ "t T/~ ?'( 

273. 15 1.0/;S5 328.15 1. 0~7E 
278. 15 1. £t4:5 33.1.15 1. i2b4 
283. 15 1.6334 :n5.15 1. e:'SS 
2SB. IS 1. 83&E 34.1. 15 l.@:-S: 
2433. 15 1.~49 348. 15 1. e::liE 
ZS£.. 15 1. ir:>45 ::>'53.15 1. e:'li:: 
29£;. 15 1.~e 363.15 1. 023l:, 
38: .. IS 1.1J:::f: :m.lS 1.@23: y. 

388. 15 1.83:.\ 396.1S 1. @:-:1 
31: .. IS 1. B:-23 423.15 1. e::19 
31B. 15 1.62'3e 443.15 1.~'18 

32Z. IS 1. e:~: 
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Tab 8 Henry's constants for Ar in aqueous solutions of KOH and NaC1 

KOH -€tt (K"/bar ) rtf (7) 

29B.'S K 313.ISK 333.15K' 3S3"5~ 

C/1I1 expr. CAk. C/M (l.JCpt. cede. e/M e~. CA1.c. . e/ll1 eqC. C4.l.c. . 

fa. 0000 111.5$ 10. 62, e. ~0i! lB. 8.13 Ii. B38 1.000e 11.027 1t.e87 e.oooo 11. le7 11.881 
11.9283 1I.1~3 10. 961 e.. 9236 11.225 11.1~ 8.9153 11. 3IUI 11.324 B.98C..3 11.385 11.1119 
2.~ 11.755 11.519 2.6695 1l.S6£. 11. 681 2.6453 11.959 11.817 2. 63~4 lZ.91E. 12. i!Iil7 
4.9784 12.6::.7 12. 5&4 1.9453 12.769 12.652 4.~17 12. nil 12.738 4. BS66 12.825 12.$3 
7.5t.94 13. 7::5 13..651 7.2295 13.681 13.623 7. 16£..0 1~ 7e3 13.640 

19.3989 III. e51 14. 971 IB.:nD3 14.897 14.921 11.2498 14.838 14.Bt: 9.~3S 14. ses 14.68b 

N4.Cl ~ (K,../ba.r) ref. c,%) 

:l78.15'rt" 293.ISK' 298.1 S' K 3B.'5'~ 3't8. ,~t<' 

C/M expt. CA.lt . ~t. cdc. ~pt. etdc . e.~. c.J..c . eJept. rAk. 
1a.0000 18.160 lla.E 18.537 18.534 111. 623 18.624 18.922 10. 937 l1.m 11.871 
Ia.~ 18.354 18.366 18.695 lfa.664 19.na Ie. 7S6 11.863 11.924 11.212 11. 183 
1.8000 a.sse 19.549 18.~1 19.8Z2 lIa.931 10. 914 11.280 11. 162 11.340 11.312 
1. seoo lB. 746 II1l.n4 11. ella 19.972 11.883 11.852 11.344 11.3el 11. 477 11.421 
2.8800 18. S39 111. S94 11.164 11.122 11.232 11.190 11.481 11.438 11.584 11.558 
2.sooe 11.134 II. lEa 11.329 11.263 11.387 11.352 II. 621 11.557 11.7411 1!.698 
3.!000 11.325 11.266 11.475 11.437 11.537 11.581 11.765 11.718 11. 873 11.321 
3.sooe 11.518 11. 446 11.E31 11.6I!IB 11.684 1l.662 11. B95 11.841 11.996 11. 961 
lI.eaoo 1I.711l9 11.F;39 11.795 l1.m 11.837 11.~ 12.847 11.999 12.137 1:.187 
4.seoo 11. B99 11.841 11.942 11.992 11.989 11.993 12.178 12. 169 12.2£>5 12.252 
5.0000 12.891 12.11i4 12.100 12.165 12.14iI 12.161 12.318 12. 308 12:394. 12./.28 
5.4000 12.24.1 12. Zil 12.271 12.324 12.267 12. 316 12.424 12.'463 12.497 12.543 
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Fig. 10 Henry's constants for Ar in aqueous NaC1 solutions 
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Tab. 9 Henry I S constants for various gases in KOH solut ion.s 

KOH 
~n ( K .. /bar ) rvf (7) 

~ rpl \c.J.c \ sltoOf' • expt. \ CAk .1 ='" e>q't. 1 C4k. 1 J:-;. s e· . 6-<..01>0; .. , 

wtr. :lqs. 1 S"K 

.He H~ Ar 
II 11.93 11.&3 11.62 11.17 11.38 11. 11 18. 611 la.62 18. 28 

IS 12.52 12.se 11.99 11.7£ 11.89 11.86 11.46 11.38 11.15 
2i 13.29 13.31 12.$ 12.4£ 12. 61 12.54 12. 39 12.22 11.99 
3a 14.22 14.28 13.63 13.28 13.46 13 •. 43 13.45 13.:!(; 13. :!(; 
42 14.1~ 14. 3S 14.64 14. 711 14.n 14. 48 
~ 15.13 15.28 16.16 

01- CH.,. C (CHI)" 
II !e.n IS.7B 10.48 115.62 18. 43 111.59 11.52 11.40 11.81 

IS 11.54 11.44 11.29 11.51 11.15 11.39 13. ili! 12.62 13.$ 
29 12. 51! 12.44 12.26 12.54 12. IS 12.49 14.87 . 14. SIl 1£.44 
3a 13.58 13.£9 13. 44 13. 7" 13. 4S 13.67 1£.81 16.92 19.88 
42 14.81 14.24 14.83 14.51 14. 91 15.18 
~ IE. II! 17.11 16.6e 

35"3. 1 S' ~ 

He Hit. Ar 
II 11.75 11.£3 11.43 11.25 11.31 111.68 11.11 11. il8 Ie. 82 

Ie 12.40 12.1S 12.12 11.SE 11.84 11.98 11.71 11. 7B 11.61 
29 13.12 12.98 12.83 12.58 12. sa 12.68 12.56 12.6e 12. 51 
3Ia 14.1e n.n 13.72 13.33 13. 211 13. 63 13.53 n.se 13.55 
42 14.19 14. 90 14.74 14.47 14.SIl 14.92 
51! 15.311 15.S1 16.84 

-

04 CH .. C (CHI). 
I ,. 
i 
I 
! 

11 11.16 11. IS 11.115 11.16 . 11.15 11.19 12.37 13.34 II.C 
111 11.00 11.88 11.73 11.79 II.n 12.86 13.61 14.37 16. U 
29 12.61 12.F.8 12.67 12.63 12. 6S 13.11 15. Ie 15.95 19.41 
3Ia 13.63 13.E2 13. B4 13.69 13.53 14.:!(; 16.98 17.98 23.11 

" 42 14.19 14.98 15.13 15.. 14. 97 15. a! 
sa 16.86 16.55 16. 83 
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Conclusion 

\' The simple model presented 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 E.& 

(or a;eJI) ,Henry I s constants for gases in non-polar or polar solvents can be 

correlated well over a wide range of temperature. The results for predic-

ting Henry'S constartts in aqueous electrolytic solutions are also 

encouraging. For these solutions, no additional adjustable parameters are 

needed. 

Because we have not considered the density dependence of r* and r**, 

and because we have rteglected local-composition effects within the first 

coordination shell, our model does not satisfy the low-density limit; 

that is, the model does not provide an equation of state valid for all fluid 

densities. Nevertheless, the model appea~ to be applicable to liquid-like 

densities and therefore it is useful for correlating solubilities of 

sparingly-soluble gases irt liquids, including aqueous solutions of 

electrolytes. 
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List of Symbols 

A 

C 

Helmholtz energy 

molar concentration 

D,E,F variables in BMCSL 

e 
f 

equation 
charge of electron 
fugacity 

G Gibbs energy 
H enthalpy 
K number of components 

KH Henry's constant 
NAv Avogadro number 
n number of moles 
p pressure 
R gas constant 
r distance 
S entropy 
T 

V 

temperature 

volume 

V. partial molar volume 
l. 

x mole fraction 
Z compreeibility factor 

k 
o 

charge number of ion i 
number of electrons in ion i 

Boltzmann COrtstant 
dierectric c.onsta.rtt' 

E potential energy 
f energy parameter 
cr size parameter 
~ variables in BMCSL equation 
~ chemical potential 
fi dipole moment 
~ polarizabil~ty 

el.p Coefficient of thermal expasion 

(3T isothermal compressibility 

e rtUIflber deJ1sit, 
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Appendix I Equations for Calculations 

For solute' 1 , 

v. 

1t K /(' . 

GlIII IRT = - kT [S.H-OZ5 .r: Pi 1: ... cr.~ T 2.01696 ~ (3~T,il; i1~ 
,Q ~z ~ r' 

olp: coefficient of thermal expa1lsiort 

[ a (G.II"IRT) ] 
a(VRT) p 

[ d( Gil IRr> J 
aCIIRT) p 

(3T: isothermal cornpressjbi1ity 

[ a(GlIf IRT) J. 
o~ T 

-- 26 --

(a) 

(b) 

(e) 

cd) 

(e) 

(9 ) 

Ch) 

(i) 

(J) 

t. 
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Appendix II Parameters 

Ta..b. A M,,(ecu(q,. f><Lro.met~rs 

(CTQAd €. {roWl second vir;a.{ coe.fl(·c,~"'f..s ) 

9a.s O"/A €Ik/tc\ ,o'~/",t gclS O"/A E/kIt'{ 'o·~/-( 

Mrd",~re :.55 lUi II. BQi! HCl :.34 144,.78 :. SE. 
Ht. Z.~ f..93 1!.:.?i4 SO&. 4.11 :m.4i :.. 77 

Nf :. 7B !.4. 92 11.337, N..o :!.E3 232. 42 2. 9: 

A,. !.49 12::'911 1.f.10 CI-I. 3.E: 78. 16 :. 78 

Kr 3.£2 171. "I! ~. 4611 C..H. 3.gs 7E. 00 4.3r 

Xe •• H! 2Ll."~ 4.991! CtHa S. E.4 22[" 02 -
He. 2.87 :'9..21! 8. e2:: 1l-C.H,. ~.97 :s~ GI! 

N. 3.79 9:"92 I. nil C. 1-1, s.~ 44£.20 H~.32 

0 .. 3.46 : IE. tll! 1.560 "~H .. 5.91 AI~~0S 11.7E 

CO 3. 76 :B~98 1.9111 c.H. .. 6. il9 324. ee lB.7E 

CO .. '.e7 2!5.ge 2.598 H.o , 1.47 

H4~ 3. E.2 381. II! 3.~8 (d..'poIt .. _e.t) I. 34 

ref. H,·r,c.hfe1cltr. ';1,0., CC4rt;U. e.F., (3,·nL. R ,8., "Mo/ec .. (Q," T~e,,'y 
of 9Cl.s~~ ClIt4I( L,;I...tcU ". Joll4. 'lll/i(tt _CL S ... " Inc. NrVtl y-~ . 

N.Y. , ,qlfS' • /'" ,H. 
R.e~J.,R.C,. Pf"4IJ..S"jtz,. J.M., Slt.ef'''''o-oJ. .T.If., .. Tlt.r. P...D,.vt.·h 
oj 94SU Q.IId L'i",ids ". ~,.J.. ell . . /'-4c C,ro...,J-H,H 13~1<r c-.rAlly. ,q'TT. 

Ta.b.e 

C.H, cyclo-~H/~ 7t-4 H'4 f(-C16 H,. H...O 

T/K a-/J. T/~ U/1. T/~ 0"'/.1 r fE/kit<: T~ O"/A 
183.15 S.IE:I ::B3.l5 5.5C0'.: 2i3.ls ::.~:: Jae.0e 5C.b4 ::::'3.:5 2.7823 
2llE. IS 5.1789 2EE. 15 5.5551 273.15 S.835~ 3~.ee 5~S.~ 298. :5 2.7703 
ZS3.1S 5. i745 293. IS 5.5S1I! 23.:",15 S. E:'5L 35e.Bl! 532.82 3:3. :S 2. 759~ 
ZSE.ls S.l7e5 298. 15 5.5462 'lA! .. 15 S. &:":SS 37S.ge 52:;,.74 ~15 2. 74£2 
3e3.1S 5.1666 38:' .. 15 5.5424 253.15 S.8355 400.ee 512.~ 373.15 2.731S 

. 38t:.15 5.1£32 388.15 5.538IZ 26..'\15 5.835~ 4:'5.~ 5e::.B2 398.15 2.717! 
3:3.15 5.1595 313.15 SS04S 273.15 S.&15E. 45e. at! 4Se;.23 4:::·.15 ~. i02e 
318. IS 5.1$Q 31&'15 5.5307 283.15 S. &.~l 4i5.ae 468. r7 4~.15 1.b8S5 
323 .• 15 5 •. 15.."5 323~ IS 5.5279 2E&. 15 5. s':":S£ 473. IS 2.6755 
32£.15 5.:4S3 328. 15 5.5234 293.15 S.E356 ~9E.l5 2.5046 
3T:' .. 15 5.111£1 33! .. 15 5.5199 29E. ls 5.8356 ; .... .., 4C 

....1._ ... .., 2.&571! 
~E. IS S.I4.3e 338.15 5.5166 38: .. 15 5.E35i 5f.E. 15 2. £530 
343.15 5.1400 3A! .. ls 5.5133 3~.15 5.E..~7 ::73. is 2.6.511 

34&. 15 S.51~ 313. 15 5.8357 
353 .. 15 s.5B71 318.15 5.83S7 

32:! .. IS S. 8357 
328.15 5.8357 
333. 15 5.8357 
3:r.s.lS 5.8357 
343. IS 5.8357 

-- 27 --



i 
I 

I 
! 

-, 

Sol'l(IIr 

gca.s 
He 
Ne 
Ar 
t<'r 
Xe 
H,. 
N .. 
O~ 

tHo. 
Carl, 
N~O 

HLO 
(1"11. ~/K 
2.3E5t. 2S. Sf 
2.e::4i 7:. :e. 
3.4reJ 1TI.es 
3.£m<! 148.99 
l..!iD! leU3 
2.£re3 6.5.89 
3. 7~ 142.88 
1.4t.OO 136.77 
J.mil :55.95 

C.H6 ",-C.H,. eyclo- 4 ""/~ . 

(1"/1, ~/Ir/K CT/). ~Ac/K triA e/kfi( .. fa 

2.We ,2, Be ::. 79E.e 1l.1~' 2.7Se.: Ali. 00 
3.8:35 IIr..:. 97 3..37f,f. 99. 40 3.22£1 1e~es 
3. 4eee 192. 51 :! .. 421[ Is: .... 85 3.4900 197.Sf 
\ 

2. 6941 ~.1E z.n3E 90. 92 2. 79£0 9E..~ 

3..7&00 7.::4.8£ 3.7I!ilil 215.39 
3. 4tllC 131.Q£, 3.4£00 It.:: .. 45 3.46I!1C 19t..7A 
3. 8170 Z::.B.l! :: .. 8170 219. 15 
~ .. 3Sf.0 ::.(14.72 3.9542 277.49 3.954" 312.12 
4. 5900 ::·19.74 4..5900 275. 23 

(0"- Z~ • 10"«1_1 ' a-,./A 
Li· 2 la.ai'S 1.203 
Na· 18 11.210 1.~ 

K· 1S «.£70 2. £,61a 
Rb· 30 I. &00 2.%0 
Cs· 54 2.622 .3.::80 
OM- 1e 1.E:!iI 2.947 
c..C IS 3. f.iS 3.620 
&r- 3E 4.170 3.902 
r 54 6.2a! 4. ~"'g 

rtf. (&)(8) 

- 2.8 -

,"-C,. H 14 

gca.s 
. 

~f,f/t( a-/A 
N .. 3.7M! 122.se 
H,. :!.5~~2 2'? ~i! 

Nf'4. 2.9OOe 1!36.S3 

CO 3.7t.3e 143.97 
HaS 3.6::'~ 292. T3 
Hc:t 3.3390 Z::~. ::.4 
CO,. 4.8700 261.14 
SO~ 4.1120 355.14 

Ct-t. 3. em 200.58 
c...H, 3.9S4e 300.~ 

C.H, 5.£'370 Ub.OO 
ftC.H. 4.9710 30£.SS 

• <h,"'S."IIo6A 

'.' 
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