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Regular Soluticns of Gases in Licjuids 

II. Concentrated solutions of hydrogen at high pressure 

by M. G. Gonikberg 

In many caaes the emergence of high pressure technique into the domain 
of chemical and physico-chemical processes has facilitated operation \vith 
concentrated solutions of gases in liquids. Till now, however, we have not 
had at our disposal any theory of concentrated solutions of gases in liquidS. 
This is due mainly to the lack of experimental data connected with inv~stiga­
tions of the equilibrium concentrations in the liquid and· vapour ph~,ses. 
Unfortunately, most investigations of gas/liquid equilibrium are confined to 
the determination of the solubility of the gas; t he error involved in the 
analysis of the vapour phase makes a perfect ir.terpreta tion of thes<.: data 
impossible. 

The most extensive data we have at our disposal are concerned 'wi th 
s:'lutions of hydrogen in a series of non-polar s.olvents at low temperatures. 
These il)c1ude inves tiga tions on the equilibrium H2-N21, 2, ~ H2-CO 1, H2-CH43 ,4, 5 , 
H2-C2H4b, and H2-C2H6t • 

For working out the theory 0f concentrated solutions of gases in liquids 
at high pressure we shall try to interpret these data. 

Anotter difficulty in the treatment of the r~sults of the experimental 
inves tiga tions arises in the errors in the data or) tile compressi bili ties of 
most mixtures of the gases me~tioned. This necessitates calculating the 
fugacity of tho dissolved gases by the Lewis-Randall ruleB which is only 
valid for low concen+'rations of the vapour in the solvent in the vapour 
pr~se. This fact reduces still further the amount of data suitable for 
calculation purposes. 

'.Je now consider the thermodynamic equations for solutions of gases in 
liquids. 

For an infinitely dilute solution, Henry's Law is valid at low pressures:-

(1) 

WHere N1 and f1 denote tlw mole fraction and. the fugacity of the dissolved 
gas and K the Henry coefficient. 

The behaviour of the infinitely dilute solutions at high pressures is 
gi ven very satisfactorily by Kri tschcVlsky and Kasan1owsky' s Equation: 

- 0 
v1 (P-P2) 

= log K + 2.303 RT 

where v1 is the partial molar volume of the dissolved gas~ p the total 
pressure, P2 the vapour pressUre of the solvent. 

In previous .fOrk 10 we attempted to shew the applicability of Hildebra ncl, s 
theory 11 . of regular solutions (with certain assumptions) for solut;ions of gases. 
in liquids at low pressures in the form of eqn. (3). ' 

o v1 ( N2v2 ) 2 (Fa1 ,ra2 ') 2 
= log f 1 + 4. 58T N1 v~ + N2 Vi. I V"1 - V1 p 

where f1 denotes the fugacity of the pure gas at the 'vapour pressure of the 
liquid gas extrapolat.ed to tcrr!per¥-turc T, v1 atjld v2 the mola:...~ volumes of the 
liquid gases at p = 1 atm12 , (a1)2/v1 and (a2)2/v2 the square root of ·the 
internal pressure of the eompon~nts. 
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It was she'wn that at p -+ 0 and N1 ~ N2 

- l .og K 

( / a:t -/a2 ) 2 
where \ --- - --- refers to zero pressure. The caleluation carried out 

. \ v1 v2 p=O 

(la1 F2) 2 according to eqn. (3) shewed10 that th~ value of --- - --- increased vdth 
. \ v1 72 

the pressure. 

In the present communication we shall try to discuss the dependencc of 
this quantity on the pressure and hence work out in addition the theory of 
regular solutions on the basis of concentrated solutions of gases in non­
polar solvents at high pressures. 

To this end we calculate, as in cqn. (2), the change' of f1 with pressure 
increase and subs ti tute t110 molar volumes in Hildebrandt s : equation by the 
partial molar volumes. 

Hence we obtain f.n equation expressing not only the dependence of 
log f1/N1 value en tne pressure but al~o on the eoncentration:-

924 Comparison between eqns . (3) and ·(S) leads to:-

( / a1' ./a2 \ 2 1.982 
'l v1 - '"V2 ) p=O + 82.07 

(S) 

(6) 

The partial molar volume of the dip-solved hydrogen Vias equated by .us 
to the molar volume of liquid hydrogen at p = 1 atm. (as appears probable 
from tho data of Table III).' The same goes for the partial molar vol:ime of 
the solvent. The hypothesis was alS0 advanced of the independence of v1 and 

• 

c 

"2 of p and N. If the values of"1 and "2 are correctly chosen and the 
assumption is val icl, it is evident that we obtain Vfi th graphical rcpresenta tion .. 
of the values calculated frcm experimental data of . . 

( a1 t::: a2 ' )2 (0) (N1 V1 + N2 V'2 " 2 
/ v1 - /'V2 p against P-P2 N2 v2 ' ) a ,straight line with the 

slopc:-

From the intercept of this line with thO' ordinate, the Henry coefficient at 
p, N1 ~ 0 is calculated. 

\ i e tested the applicability of eqn. (S) with the data on the equilibrium 
H2-C01 at 68.1 0 , 73.1-0 and 83.10J< up to 200-225 atro. and 40.1% hydrogen content, 
H2-N21 at 63.1 ° , 68.1 0 and 78.1'1c up to 160-21S atm. and 37.9% H2, H2-CR4S at 
90.30 and 110DJ<: up to 190-220 atm. and 1S.6% H2 and H~C2I\. at 188.10K up to 
SO atm. and 3.6% H2. ~ 

In tht.. following hble are she'l'm, by way of example, the data for the 
system H2-N2. The fH2 value was calculated according t o the Lewis-Randall 
rule and flb as in the previous 12aper.10 The calculating of the fugacities 
was taken frcm Newton diagrama. 1, 
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"lie now consider the change of the log fi/N1 value with the pressure 
according to the data of this table. At 63.1 0K, log f1/Ni increases with 
the pressure so that it appears to follcwf eqn. (2). At 68.1q( 

TABLE I 

! Ni l Ni ' 
1 

i (J&1 _ J52) 2 ; a (N1 vi + N2 V2) 2 P-P2 f1 , 
I Ig- i 

(atm) ; mole fraction I (P-P2) N2 v2 , N1 ! Vi v2Jp i , 

\ . I I 6 0 IT = 3.1 K 
26.6 10.041 0.981 2.768 .10.50 I . 28.3 

I 1 • 

46.0 10.0075 0.982 2.714 10.60 52.0 

55.4 10. 083 0.984- 2.742- I 11.08 63 . 8 

89.5 0.1.20 0.963 2.743 I 11.87 110.0 

118.4 0.146 0.968 2.770 12.85 153.7 

147.3 0.172 0.957 2.810 13.90 206.5 

176.3 0.189 0.937 2.795 14.74 252 

205.3 0.216 0.935 2.823 15.46 304 
I 

215.0 0.222 0.929 2.835 15.75 321 

T = 68.1 0 K 

16.9 0.033 0.973 2.684 8.90 17.7 

26.3 ' 0.046 0.976 2.724 9.46 28. z 

35.7 10.066 0.976 2.691 9.54- - 39.7 . ., 
10.06 45.6 0.076 0.979 . 2.728 . 51 .. 9 

55.6 0.094 0.973 2.709 10.30 65.4 

89.4 0.147 0.953 2.687 11.06 11 6.0 

118.2 0.181 0.944 2.704 12.18 165.5 

147.1 0.219 0.922 2.700 12. 84 . 218.0 

I 176.1 0.250 0.903 2.718 1l~. 30 284 

I I T = 78.1 0 K 

35.5 C.073 0.930 2. 633 8.79 40.1 
• 

54.4 .0.119 0.937 2.600 8.95 66. 8 

78.8 0.175 0.922 2.577 9.71 109.3 

112.5 '0.248 0.895 2.594 11.63 186.5 

1l~.3 0.334 0.840 2.495 11.82 292.6 

I 160. 8 0.379 0.813 2.493 14·.15 381 

, 

I 

, 

log f1/N1 ::. const., which can be constru~d as proof of the appl ;icabili ty of 
cqn. (1). But a t 78.10J< (and at still higper tc."11per a ture2) l og f1/N1 
dccr cn.ses with increase (If prcssure i.e. on calcula ti on wi th e ·qn. (2), . 
nega ti vc value s of the }ld::dial molar volume of hyd,roge~ arise-which' is . 
vcry doubtful . 

I 

\ , 
I 
1 

I , . 
I 

In Fig. 1 the data ~cted n.bove on the solubility of H2 in N2' CO, CH4 . 
alld C2H4 arc plotted in 'a co-ordinate system corresponding to eqn. (6). 

The straight lines obtained from these prove that thc partial molar 
volumes of hydrogen in one and. the same sol vent are equal a t diffc~ent 
concontrations and pressures (within the limits of experimental error). 

- 3 -

·1 
I 
I 



927 

In the following table are given the values of p/0.02415 calculated 
from thesc lines. 

From the dn. ta of these tables it can be concluded that in the neighbour­
hood of the freezing point of the solvent (65&9OK for CO, 63.1OK forN2' 
90.1OK for CH4) the partial molar volumes ' of the dissolved hyQTOgen are 
apprQximatelyequal to one another and moreover seem also to lie very. close 
to tho molar volumes of liquid hydrogen at p ::: 1 atm. (28.6 em3). 

Rcugbly the &am~ values result ydth the approxinnte calculation of the 
solubility data of.H2 in C6H6 at 298.10[14, (since the data on the composition 
of tho YaJ?our prese arc in error.) 

TABm II 

solvent 
T . § 

(OK) 0.02415 

CO 68.1 0.987 

CO 73.1 0.962 

CO 83.1 0.790 

N2 63.1 0.878 

N2 78.1 0.882 

N2 88.1 0.696 

CH4 90.3 0.96.5* 

Clf4 110.0 1.002 

C2~ 188.1 0.787 \. 
I 

*The calcula tion of these data according t o eqn. (2) gave 
vH2 ::: 6 em3• 

{ ~. 

}t shculd be noted that the V112 values 0alculated accord ng to eqn. (5) 
are higher than those calm.l.la tcd. aocording to eqn. (2) (where this is possible). 
This is, per haps, an explar~tion of the fact that the partial molar volumes 
de t ermined by dila tometric methods are alse higher than those calculated 
according t o eqn. (2).15 . 

It seems to us . tha t the data and calculations outlined above bear out · 
the applicability of the theory of regular solutiqns to concentrated s ulutions 

928 of hydrogen in ncn-polar liquids at high pressures. 

The constancy of the VH2 valucs thus obtained with different co~centra­
tions and pressures obviously proves that the dcpendenuc of the partial molar 
volumes of the hydrogen on .p and N docs not l ead ' to errors exceeding the 
magni tude of cxpcrimcn tal error. 

The f act tha t the vH2 valUGS under certain condi tiorlS lie close to the 
values of the molar volume of liquid hydrogen is very interesting although an 
investigutionon other gases is also required. 

Unfortuna tely, the pauei ty of experimental data makes the applica. tion of 
the theory of r egular solutions t o the solutions of other gases difficult. 

In the work of Iljinskaya15 , is to be noted ·the similarity of the values 
obtainu<l by her for the partial molar volUlIDs of the gases in water at 273.1 0K, 
to thl. vl'lue of the constant 'b' in the Van der Waals equation. In the following 
table the me~ values of the data obtpined by her and other workers by dilate­
metric methods are compared with the constants 'b' and the molar volurres of the ' 
liquid gasos at p ::: 1 atm. 
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TABLE III -------

Gas V 
L 

V 
(in cm3) 

N2 36.4 39.1 35.0 

H2 24.3 26.6 28.6 

02 27.1 32.3 28.1 

CH4 . 35.3 . 42.7 37.7 

I I. 
co 35.7 .39.9 I 36.0 

I I I , 

From the de. t a of this to.ble it follows tha t the v values of the gf'~ses in 
w"_ter a t their free zing point also approaeh the mo)_a r volumes v of the liquid 
gases a t p ::: 1 atm. 

Further investigations arc .required to det'.l 'iii th ~is question. 

929 If we knew the partial molar volumes of the:1issol vcd gnscs it would 

.. 

•• 

be possible .Ii th the help of thes'o to ascertain all tho other quanti ties 
in the fundruncntal equation of the theory of regular solutions. This is 
apparont from the following simple procedures. 

Fromeqn. (5) we obtain 

V1 (p-p~) 
2-303 RT 

o 
f1 v1 (P-P2) 

If we plot graphicclly the v<~ues of log N1 - 2.303 RT against those 

;' H2 V2 \2 

of \N1 v1 + N2 v21 we shou.ld obtain a straight line 'whose intercept with 

o 
.the ordin~te gives the ~lue of log f 1• From the slope of this line 

16 
cnn be calculnted. 

In subsequent work' ~u intend to test by this method tho applicability of 
the derived equations above for other gases with helF of the most probable v 
values. . 

.s t.lIIlIJlD.ry 

1. An cqQ~tion was proposed which describos gas/non~polar liquid 
equilibrium ni; high conc?ntrntions and prossures. 

2. The npplicabUi ty of this eq\k'\ i;ion to solutions of' hydrogen in 
liquid N2 , CO, CH4 and C2H4 at high prossure~ and oo~ccntrations of the 
dissolved gas was shev~ . 

3. It was shewn tha t under certain conditions, the values of the 
partial molar volumes·of the dissolved hydrogen in the solvents investigated 
lie closo to one another and to the molar volume of liquid hydrogen at 
p ::: 1 ntm. 
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4. It has been shewn that the assumption about the independence of 
the partial molar volume from the concentration and the pres~ure for the 
system considered docs not give rise to errors in excess of the experimen~l 
error. 

• 
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Fig. 1. 1 - H2 - C2H4 (188.10J<.); 2 - H2 - C~ (90.30-1<:); 

3 - H2 - 'cH4 (110.0OJC); 4 - H2 •• CO (68.1~); 

5 - H2 - N2 , (63.1'1C); · 6 - H2 '- co (73.1'1<); 

7 - H2 - N2 (68.1'1C); 8 - H2 - co (83.1O}C); 

9 - H2 - N2 (78.1'1<) • 
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