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Abstract

The Krichevsky-Ilinskaya equation for gas solubility is derived from an
equation of state. First, the ratio of fugacity to mole fraction for the
solute is obtained by calculating the fugacity coefficient of the solute at
infinite dilution. Then, the logarithm of this ratio is expanded in a double
Taylor series with respect to préssure and composition. Only first-order
terms are retained. Using a simple equation of state with conventional mixing
rules, an experimental value for Henry's constant is used to obtain the
equation—of-st;te's characteristic binary parameter. The remaining parameters
in the Krichevsky-Ilinskaya equation (partial molar volume and Margules
constant) are then obtained from the equation of state.

To illustrate, results are given for the solubility of hydrogen in

ethylene diamine and for the solubilities of methane in n-hexane and in water.



Many'hign-pressuregprocesses in the chemical industry are concerned'witn
mixtures-containing supercriticalvgases and nonpolar or polar liquids. For
the design of such processes, accurate gas solubilities in the liquid phase .
are essential. Recent developments in. coal—gasification and heavy—fossil—
fuel proceSSes have renewed interest in experimental data for -gas solubilities,d
especiallj at.nigher temperatures and pressures.

'As for all fluid—pnasefequilibria, either one-of_two common methodchan‘
be applied for correlatingfadd'calculatingfgas‘solubilities at moderate and
y high;pressureSs for mixtures'of'simple;_nonpolar fluids3dmany eQuations'of.
, statebcorrelate gas solubilities.reasonablydwell.— But these (mostly

generalized) equations of state with common mixing rules predlct poorly

: -vvfluid-phase equilibria of systems with highly polar components or with

‘components which differ 51gnificantly 1n size and shape.

The other method using activity coefficients referred to standard—state
fugacities in an ideal dilute solution, yields the well—known equation of
":Krichevsky—llinskaya where the liquid—phase fugacity of the solute is a 51mple \
function of Hz,lba Henrp's constant (at the solvent's Saturation-pressure);"
Vzﬁv, the partial molar,wolume of the solute at infinite dilution, and a
suitably normalized activity coefficient given by a two~-suffix Margules
equation with parameter A (Prausnitz, 1969):

(Try) g CEC e o
B ARy H (57) + S O-p7) + 47 A(r (1 -] @

X

For some binary systems, Henry's constants and their temperature dependence c¢an

be roughly'correlated by scaled-particle theory, [See, for example, Schulze
(1981) and Schaffer (1981)]. There are also some data and estimation
techniques for the partial molar volumes of gases dissolved in liquids [see
for example, Handa and Benson (1982)]. However, often the accuracies of

these correlations are low.
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The composition correction provided by Margules parameter A has been
reported for pnly a few systems [see, for example, Orentlicher (1964)];
therefore, the Krichevsky-Ilinskaya equation is often not useful for predict-
ing gas solubilities at high pressure.

- Data reduction an& correlation of isothermal, high-pressure solubility
measurements using the Krichevsky—Ilingaya equation is difficult because the
effects of pressure and composition are not easily separated as discussed for
example, by Orenlicher (1964) and by Mathias and O'Connell (1981). Withodt fur-
ther information, there is no way to obtain correctly both partial molar volume
and Margules parameter A from solubiiity data alone. On the other hand, Henry's
constant can be evaluated accurately from reliable solubility measurements.

We show here that there is a direct relation between an equation-of-
state model and an activity-coefficient model for calculating gas solubilities
at high press;res. We propose a new data-reduction method for typical

solubility data using both models.

Relation Between Equation-of-State and Activity—Coefficient Models

The best way to derive the Krichevsky-Ilinskaya equation is to write it
as an isothermal Taylor series about mole fraction x9 of the solute in
the liqiud phase and about P = Pi » the saturation pressure of the

solvent. With Y = 1n(f/x), , we write

Y(T,F,Q:Y(T,ﬁ’,o) *{%T' (P—P.‘) 4-__5. Ky (2)

s
P 17,0

1)
The right-hand side of this equation has three parts. The first one is

oy s
= (3)
(e o) = bty (32)
with Henry's constant Hy 3 of solute 2 in solvent 1 . The second is
DY s\ _ ——'ao( ) 5) %)
= c(P-P) = g p-P ,
e RT

) ¢




‘where = stands for infinite dilutionm, and theithird one 1is o P
= A ((_3(2 _.[] o ,'

oy -2

or

’ : : .
. Now we can- use an equation of state for the mixture and evaluate at infinite

Adilution the liquid-phase fugacity coefficient of the solute and its'

derivatives.v The liquid—phase fugacity coefficient of the solute is’
S=H g
Xi P _ . o : , o

‘At x2 = 0 and P = Pl R Henry s constant follows according to Eq. 3'

&\IVH%' ) «&\['P CPM( u‘)] o ‘(8)"

. We can also calculate'the partial molar-volume-at infinite,dilution from anu"

equation of statel.

Uz (‘b\/ 7 @?/'()u )\/ T u"

DN, 7P ' Q5P ' '_._ | (9)
P W=o /6\/)7' %, My U4,30
which follows from = S
| ‘Dv N . (bur." - - gf _ _ : v l (10")-'
. P Y o
z, P“ : \/)-r'vu" () 1(,', uz_ »
Here  n stands for the number of moles. : . .

Margules parameter ‘A can be calculated from an equation of state:

A:_RT ..(D_. Aéu,(ﬁz'\("ébk? 'o ’ (11)
l % XZ ) Xz" .

These relations illustrate the powerful advantages of an equation of state,

provided that this equation, its parameters and mixing rules, hold for the

pure commponents and their mixtures;



These relations illustrate the powerful advantages of an equation of state,
provided that this equation, its parameters and mixing rules, hold for the
pure commponents and their mixtureé. However, in our work here, we require
only that the equation .of state be valid for the solvent and for dilute
solutions of a solute in that solvent. In addition to equation-of-state
parameters, we_also use the saturated molar volume vi of pure solvent

in Eqs. 8, 9 and 11.

Application of Two—-Parameter Cubic Equations of State

To illustrate the calculations outlined above, we use a simple two-
parameter cubic equation of state such as the Redlich-Kwong (1949) or
Peng-Robinson (1976) equations.

Proper evaluation of optimum equation-of-state parameters is essential.

Parameters . b and a3 for the nonpolar solute can be evaluated by

the well-known generalized corresponding-states formula; they have only
minor influence on the accuracy of the method. The only solute parameter in
Eqs. 8 and 9 is by but Eq. 11 also contains ajj . For accurate

work, however, we must take care in evaluating the constants of the solvent.
The best way is to fit parameters aj]; and by to the experimental

vapor pressure and to the experiméntal saturated liquid volume for the pure
solvent at system temperature. The conditions of phase equilibrium for the

pure solvent are:

fIi‘ (T, Vi, bl, all) = fi' (T, V‘ll, bl, all) (12)
Pf = P(T, vi, by, ajp) (13)
Pi = P(T, vg, by, app) (14)

To solve these nonlinear equations for the three unknowns VY, bl and

aj] , we use a multidimensional regula-falsi method.



1The'binary:constant ialz 'of:the:mixture is calculated from the experi-
‘-_ mentai Henry's constant at system temperatute, as shown invAnnendiees A and
B, Eos.'Aé-andﬁBA;' Now allfnatameters of_the_equation of state are knonn at
;system.temperature and we can caicuiate v2 and Marguies parameter
.A‘sin'the-Kriehevskyellinskafa equation. We can. also test this correlation
iand the mixing rules of the equation of state if we have gas—solubility data

‘tfor an apprec1able range of Xy 'corresponding to P > Pf .

N

Appendix A contains all required relatlons using the Redlich—Kwong
.equation of state and: Appendix B those u51ng the Peng-Robinson equation of

state.

Evaluation of HenrY's éonstant fron Gas—Solubility Méasurementsv

_ Before we look ‘at. some results;_we~diseuss the'evaluation.of_Henry’s
'constant from solubilitj measurements;'that is,'from data for %2 .and.
P at conStantx‘T . Wenare.herebconcerned-with'higher temoeratures~where
_thevva§Or pressure-of thevs01vent 'Pi > 1 bar . o

Nonideality in the gas phase iS'expressed oy an interaction second

_vinialvcoefficient 312 N leading to fugacity f2 ‘on the left side of the
Krichevsky—Ilinskaya equation. |

The equilibrium.conditions in the gas-liquid system are

CEN(T, P, xp) = £1(T, P, y,) . (15)

£5(1, P, x,) = £5(T, P, y,) ! (16)

where y7 1is the mole fraction of the solute in the gas pnase. Eq. 15 for

the solvent is

ﬁl(l - yz) P = (1"-'x2) P?¢§PC | : - an



where PC 1is the Poynting correction. Using a virial equation with second
virial coefficients only for fugacity coefficients ¢1 » and - ¢? ,
and the Margules equation for yj] with parameter A , it follows from

Eq. 17 (Prausnitz, 1969):

| QXF [%T ‘371. (Bu +B, 18, —L%f’:) (U;S_ B“) (Hfz) P= (18)
(-x) '{’.Sutxf, (’sz’IIZT)

This relation gives a first estimate for y; wusing A = 0 and known values
By; » By » Bjp o With this estimate, fugacity f% can be calculated from

Eq. 16:

f;" ;1"__ Oep ‘EP{- (Bn +Q—7’)Y‘25‘z “3 - Ku)]] ‘JLP a9

Values of 1n(f/x)2 depend on- P-PT « By numerical or graphical
interpolation and extrapolation to é = Pi , wWe ébtain an approximate
Henry's constant. After evaluating parameter ajs of the equation
of state and calculating the terms of the Krichevsky-Ilinskaya equation as
shown above, Eqs. 18 and 19, can be used again with A # 0 . This

iteration converges rapidly.

Results

We tested the proposed correlation method for three binary systems.
Isothermal x9 — P data were measured by Schmitt in a newly established
apparatus using the static synthetic method [Schmitt (1982)]; he measured
the solubility of hydrogen in ethylene diamine in the temperature range 32
to 165°C with xp from 0.12 to 1.17 mole % and the solubility of methane
in n-hexane from 32 to 200°C with x; from 1.0 to 10.8 mole %. The

molar volumes of the solvents were also measured in these temperature ranges



for various pressures; by(extfapolagiqn to the;vaporv?rgssure3 pﬁe saturated
iiduid leumgs §T were determined.  Soluﬁility data for methane in watef
fwere.taken from.Miéhels et al (1936) and frém Culberson and McKetta (1951),_
We fitted both the.Rgdlich—Kwong équétion and the Peng-Robinsbn»equa— |
“ tion to“:he mgasu:ements; as explained above‘ We fgund that the results
afe essentially'the same for both_éqdétibns ofstate;_,Thé.fésulté depénd
':mainly 6n.gccufate' vi data. Tables*l and'z éivg necesséry;constants for
 the sYéEeﬁ_ethyiené diéﬁihefhydrdgén.- | |
| For the solpbilify.of hydrogenvinbefﬁylene diamine, figuré 1 compares,thé
‘measurements of SChmitt witﬁ results of phase—equilibrium'célculaﬁibﬁs.using '
" the RK or.PR eqUétion;' Agreemenf:is vefy godd; mean deviAtions‘between'
éalcdlatéd‘andimeasuredvpreséﬁres'are'within liIVSZ Q' Tﬁe éa§’§§lubiiify
risés wifh.tempefature, as.expectedifof hydrogen/high-boiling solvent sys;ems.'
Figure 2 gives the temperature dependepgé ofiﬁenry'sfconstant #n #.
plot of 1n Hé,i_ versus 1/T ; the plot is a straight line;  Eﬁevious values
" of Mqéré]an& Otto (l972)sand Bruﬁﬁef (1978):agree well with ﬁhoéé»;f'this
' work. Figure 3 gives thevSaturated_liquid molgr volume pf pure etﬁylenediamine
‘and the:partial ﬁﬁlar'volumevof hydrogen at infinitevdilution, céiculated
by'the RK or‘PR_quation of state. Thebpartial,molarvvolumeé differ by
: 2.5_cm3/mol ~or _2 to"SZ'. The values given by Brunner ( who neglected
composition”correctionvin data—reddgtioh), ére much smaller;
vResults frém the correlation of Brelvi and 0'Connell (1972) are comparéd‘
with those frdm'thé equatibns éf staté. The ¢haracterisﬁic volﬁme
vt = 193.5 cm3/mol for the highly polar efhylene diamine was fitted to
the Vﬁ” value given by the PR equation at 325C « The temperature

.dependence'of the Brelvi-0'Connell correlation agrees well with the results

of this work.



Figure 4 shows the temperature dependence of Margules parameter A ;
the larger differences between the RK and the PR equation are due to
differences in Vzm . Finally, Figure 5 gives the Krichevsky-Ilinskaya
plot. There are practically no differences between the results of the KI
equation Qsing parameters from either equation of state. These results
agree also with 1n(f/x)9 as calculated directly with the equations of
state (by VLE-calculations). Inlthis diagram the scatter of experimental
data due to experimental errors is especially evident, iﬂdicating that it is
very difficult to correlate these measurements with the Krichevsky-Ilinskaya
equation without the help of an equation of state or volumetric data for
the mixture.

The experimental results shown in Figure 5 were calculated using
second virial coefficients and Eq. 19 for fugacity £, .

Nearly the same conclusions hold for the second system, n-hexane -
methane, The measurements of Schmitt are compared in Figure 6 with
results from the fitted RK and PR equations of state. Agreement is good.
However, the pressures calculated by the generalized Redlich-Kwong-Soave
equation of state with kj; = 0.0422 [Dzring et al. (1982)] differ sighifi—
céntly from experiment,

For the sysfém methane-water, similar results are obtained as shown

in Figures 7, 8 and 9.
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Conclusion

We have - presented a new method for reduction and correlationdof high—
pressure gas—solubility data, using both the Krichevsky—Ilinskaya equation
and_autwo-parameter-cubicvequation_of state. The results are~near1y o
.independent of thefparticuiar form of”thebequation”ofdstate;:‘Our-prdposed u =
data—reduction procedure makes it possible to determlne one pinary parameter :
fof an-equation of- state using isothermal high-pressure gas—solubility
measurements. This binary parameter, coupled with pure-component parameters,
: can,be.uSed:to-calculate,Henry~s constant as wellﬁas-the-partial'molar-volume
.of,the solute_at rnfinite dilution_and Margules.parameter A, all at system'>

temperature.
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Figure Captions

Caption

Solubility of Hydrogen in Ethylenediamine

Henry's Constants for Hydrogen in Ethylenediamine

System Ethylenediamine/Hydrogen

System Ethylenediamine/Hydrogen

Krichevsky-Ilinskaya Diagram for Ethylenediamine/Hydrogen

Solubility of Methane in n-Hexane

‘Henry's Constants for Methane in Water

System Water/Methane

System Water/Methane
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Table 1

SATURATED VOLUMES OF ETHYLENE DIAMINE

TEMPERATURE, °C ~v§, cm®/mole
32.0 67.79
51.3 | O 69.24
75.9 71,21

100.2 73.31
125.4 75.72
150.2 | 78.32
165.0 79.95
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 ‘Table 2

EQUATIQN—OF—STATEvCONSTANTS‘FOR ETHYLENE

'DIAMINE (1)-HYDROGEN (2) =

N T BT

°c . | Bk | PR | RK | PBR | 'RK | PR

32,0 59;13’v:'59.67 '<*44;b | ~2.85 -;2.09«7»fo.109-'
_51}3_ "' 5§;41 | s9.98 | 440 v2;7in':-i;98 '_0,0952_
75.9 | 59.73 | 60.32 | 4.0 2,67 | 1.9 | 0.0926
 100;2. | 59.96 | 60.% | 43.9 | 2.5 | 1.85 | 0.0864
125.4 | 60.16 | 60.75 | 43.7 | 2.49-| 1.75 | o0.0%8¢
isd.zf | 60.25 | 60.79 | 43.4 | 2.40 1.6 | oﬁb77o

165.0 | 60.23 | 60.71 | 43.2 | 2.35 | 1.77 | 0.0765

3 1

b; is in cm mole”

6x0+5 mo1e™2

2

'all and"alz' (RK) are in bgr cm
6

~‘aj] and a;, (PR) are in bar cm’ mole”
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ATvendix A:  hedlich-nwong eguuticn of state

Equation of state:

Pvr v oL
RT  v-b AT32 (v +b) (R4)
with
Q= ZZ x; %, ag (A2)
‘2
b= 5 x. b, (R3)
= _
Binary interaction parameter a, from Henry's constant K, 1:
“
Qa2 b [in Ha ¢ (U3-5.) by
R T3’Z 2 . ’RT 1)45"" b‘!
| s 29 -
Q.. b, [I v, +b, b. } " .Y'_L] CAY)
'RTM" b“z UGS V., + bq {

Partial molar voluxe of

the solute at infinite dilution:

(A5,

4 + b; - 2L Qaz Q44 bz
o e Vi-by  (VE-b)Y RT 2 4ns(vssn) T RTE o, Sthe)’
z . 1 _ qot‘! (Zv + b4)

(vi-5)2  RT3[vS(v5+b,)]"

Marzules fparaxcster A:

"Rl U (On b.\)-v,bz v'bz-b}_(b;-b-\)
AT T [T (e (3o b.)?
- Lba (Qa1~a,1) Laqzrbz L L £ U4 b?.
RT3z b2 =
y Y Py (0,5(51-517‘2)':34] U'

- -— 5
n-r)ll b.‘ 'Vqs ‘l—‘.s*‘- b.‘> 1)“

254 b}_ (a“l - 044_\}-2044 b; (bz-bq)

[1 vqs+bd
n
RT3z 53 e

__ba
vqs"l- by

- (A¢)

-§ .
(AJ‘O +b"/z

+2.)

‘:'
U‘S( b, 394)'Vlb4 ]

(A6-)
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Appendix B: - Peng-Robinson equation of state

Equation ‘of state:

| v-b  v(v+b)+b(v-b) ' . : , :
with )
a-= ZZx x5 A (32)
- :
Cb=Z by (33)
ijinary.invterlaction 'pai:afnete: alz from Henry's conSﬁant HZ‘- 15 |
H,ﬂ (v4 -b ) ba'_ : a.u b, .°
= ~%-b, | RTH, [v‘(v‘+s4)+b (v -b.‘)}
_ ::,, b l_n. US4+ 2. 444 b4 ] n +a 444 by T (39)_
3 3Ty ,-owq bav: v;’ ©- qﬂ;b,. B ' E
Pérti;l»moiar vqlume of "ne solute at 1nf1n1te dllutlon |
e ."RT[b;*v..s—bJ o "'2“41. o 2044 by (v¥- b, ) v
e _(vE-b)* v~’(v.+b~)+b4Cv._ [v.(v Tt b )+ b (V) "«W (B5) -
z = - RT B .Za."('v *b) e

(vi-n)?* LV’(%‘Tb.,.pb,w‘ 5.0

"H_aréules.:.parametei_' A:
-H-"; RT (ba(bs=b.)=2'b, - Qa5 042 by 93 Qs a;.)] v (b,—s )
a 2 Z. (v - bq)z AT °4LV‘ \J -b.‘)-c, : S~ b, )] “US-ba

. Quyb.t f(s -.L,,){v‘(v. +5.)+ by (V55 b, )}-‘Zb [v Cv ?b,)+(v -, )(b 55}
T ‘RTib [ (% +5,) + b, (V-5 )]S | |

. 28,(043=Q4a)=Qa, (b2 - bA)(lc«z'_ bz);_ U+ 2.444 by

2y2 RT bj Qaa ba/  VP-0444 by
K14 (an(azz‘qur‘lau (qﬂ-Q«)‘_‘L ba.(b:-'ba)) o U.:-Z-‘H‘f b4
V—'RTb | cay 35 U- 0,444 s
RT o. Q44 ba J(vi+ 2544 b, ) (U~ 05445,) '
with | ‘
e;'_ o _ 53 _ .S | _ .
T (:‘)‘;/x"=o =1 =5 _ (Béa)
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