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Hydrogen, a quantum gas, raises to unique problems in the estimation 
of liquid properties of mixtures containing dissolved hydrogen-a problem 
often encountered in hydroprocessing of hydrocarbons. The liquid density 
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SCOPE 
In hydroprocessing of hydrocarbons it is often necessary 

to estimate the liquid properties of mixtures containing 

temperatures and high pressures. In particular, liquid 
density and liquid enthalpy of hydrogen-containing mix- 
tures required for rational process and reactor designs are 
not available, and they are not adequately described by 
the pseudocritical method conventionally applied to mix- 
tures with success. Instead, they are best calculated by 

adding the liquid partial molar quantities of hydrogen to 
that of hydrogen-free solvent. 

gen are evaluated from equations of state and literature 
data using rigorous The effects 
of temperature, pressure, solvent, and composition are 
considered, and the results presented in generalized equa- 
tions to facilitate engineering applications. 

hydrogen under extreme conditions Of high Liquid partial molar volumes and enthalpies of hydro- 

CONCLUSION AND SIGNIFICANCE 
It has been shown that the liquid densities of hydrocar- 

bons containing dissolved hydrogen are not adequately 
described by the corresponding states theorem with con- 
ventional pseudocritical rules but are accurately calculated 
by summing appropriate partial molar volumes of hydrogen 
and hydrocarbons. The partial molar volume of hydrogen 
and its compressibility have been derived from equations 
of state and subsequently generalized for applications over 
a wide range of solvents, temperatures, and pressures. 

A similar approach is suggested for calculating liquid 
enthalpies of hydrogen-containing mixtures. Heats of solu- 
tion of hydrogen in hydrocarbons have been evaluated 
from solubility data reported in the literature and are gen- 

eralized over a wide range of solvents and temperatures. 
The effect of pressure has been considered, utilizing the 
knowledge of partial molar volume and compressibility of 
hydrogen. The heat of solution of hydrogen in a given 
solvent is shown to depend strongly on the temperature 
and pressure of the system. A correlation of liquid enthal- 
pies (relative to ideal gas) of saturated hydrocarbons has 
also been presented and a method of treating solvent mix- 
tures discussed. 

The methods and generalized equations presented in this 
paper offer a rational and reasonably reliable approach 
to the estimation of liquid densities and enthalpies of mix- 
tures under hydroprocessing conditions. 

Due to the low critical temperature and small mass, 
hydrogen, a quantum gas, gives rise to unique problems in 
the estimation of liquid properties of mixtures containing 

droprocessing of hydrocarbons. The liquid density and 
enthalpy of a hydrogen-containing mixtures in particular 

conventionally applied to mixtures with success. An alter- 
nate approach is to sum the liquid partial molar quantities 
of hydrogen and that of hydrogen-free liquid solvent 

where QM is the molar quantity of the liquid mixture such 
as volume or enthalpy, Ql is the partial molar quantity of 
the solvent (or solvent mixture), q2 is the partial molar 

mole fractions. 

hydrogen-a problem Often encountered in hY- quantity of hydrogen in the solution, and x's are liquid 

This paper describes how liquid partial molar volume 

solvents Over a wide range of temperature and 
I t  presents methods for estimating liquid densities and 
liquid enthalpies of hydrogen-containing mixtures which 

are not described by the pseudocritical concept and enthalpy of hydrogen may be calculated in various 

ark thermodinamicall>; sound and whGh appear to be 
quite accurate. 
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LIQUID DENSITIES OF HYDROGEN-CONTAINING 
MlXTU RES 

The molar volume of a liquid mixture containing hydro- 

(1)  
- gen is given by 

where uM is the liquid molar volume of the mixture, is 
the partial molar volume, all at system temperature and 
pressure, and x the mole fraction. Subscript 1 refers to 
solvent and subscript 2 refers to hydrogen. For a hydrogen 
concentration up to about 30%m, the effect of composi- 
tion can be represented by (Connolly and Kandalic, 1963) 

Ul = 01 - cx22 
0 2  = u2- + c(  1 - x12) 

UM = xlvl + xzuz 

(2) 

(3)  

- 
- -  

where u1 is the liquid molar volume of pure solvent and 
uzm is the partial molar volume of hydrogen in the liquid 
phase at infinite dilution, all at system temperature and 
pressure. Substitution of Equations (2)  and (3)  into 
Equation (1) gives the working equation 

- 

u p  = xlul(P) + xz;;2"(p) + C(P)X22 (4)  
where the superscript (P) emphasizes the fact that the 
quantities are at the system pressure. Mixtures containing 
more than one solvent are discussed later. 

In Equation (4) ,  ';;20(~), the hydrogen partial molar 
volume at infinite dilution and at total pressure P, is re- 
quired. This quantity is first calculated at the saturation 
pressure of the solvent PIs and then corrected to system 
pressure P. 
Hydrogen Partial Molar Volume at Infinite Dilution at 
Solvent Vapor Pressure 

The technical literature contains few data on the partial 
molar volume of hydrogen in hydrocarbon solvents. More- 
over, only those obtained from direct dilatometric or den- 
sity measurements are reliable; those obtained from inter- 
pretation of high-pressure gas solubility data are generally 
of low accuracy and can be misleading. Since accurate 
VZ~(~~') are available only for hydrogen in benzene and 
n-octane (Connolly, 1962; Connolly and Kandalic, 1963; 
Hildebrand and Scott, 1964), we have used two equations 
of states to calculate uz (pl') for hydrogen in various sol- 
vents which are subsequently generalized to the working 
equation, Equation (5 ) .  

- 

- u2 00 (Pl' ) 
~ ~ - - - - = A J - B B ~ R ~ + C T ~ R ~  ( 5 )  

uc2 
where 

A = -0.9556 + 1.244 01 

C = 1.282 + 0.840 01 

A = -0.9619 + 0.4529 01 + 4.0935 0 1 ~  

B = 0.9247 + 7.5994 01 - 91.377 01' + 436.06 0 1 ~  

C = 1.643 - 0.965 01 

B = 1.712 + 0.283 01 for 0 l sO.2  

or 

for 01 < 0.2 

Subscript 1 refers to solvent (or solvent mixture) and sub- 
script 2 refers to hydrogen. T R 1  is the solvent reduced 
temperature T/T,, ,  and 01 is the acentric factor of the 
solvent. vCz is the critical volume of hydrogen in the classi- 
cal limit, which is 51.5 x M3/Kg-mole; this is differ- 
ent from the true critical volume of hydrogen which con- 
tains the quantum effect present at the low temperature 
of the critical point. Equation (5)  is plotted in Figure 1 

AlChE Journal (Vol. 19, No. 1) 

I OM 

EXPERIMENTAL DATA 

0 BENZENE (CONNOLLY) 
0 BENZENE (HILDEBRAND) 
0 "-OCTANE (CONNOLLY) 

A METHANE 
V ETHANE 
LII PROPANE 

BENZENE 
0 n-OCTANE 
0 n-DODECANE 

EQUATION (5 ) -  

1 1 1 , 1 , 1 , 1 ,  
0 . 5  0.6 0.7 0.8 0.9 

TR, = T/T,, ( 1  REFERS TO SOLVENT) 
0 

Fig. 1. Partial molar volumes of hydrogen in hydrocarbons (at infinite 
dilution and at solvent vapor pressure). 

together with experimental data as well as points calcu- 
lated from the equation of states. Details of derivations 
are given in the Appendix. 

Pressure Effect on Hydrogen Partiol Molar Volume 

Typical hydrotreating operates at temperatures close to 
the solvent critical temperature and at high pressure. At 
these conditions, the isothermal compressibility of hydro- 
gen partial molar volume becomes important. Moreover, 
the variation of isothermal compressibility with pressure 
becomes appreciable at high pressure. Literature data on 
hydrogen partial molar volumes indicate that at constant 
temperature l/&m is linear with respect to P up to 150 x 
lo5 N/m2 (Connolly and Kandalic, 1963). We may, there- 
fore, define & in a dimensionless form as 

1 BR = [ a(uc1/i2-) 
a(p/pcl) T 

where 

is the usual definition of isothermal compressibility. 
Literature data on l/zzm versus P are available on hy- 

drogen in benzene and *octane only, with data in n- 
octane showing rather strange behavior at low temperatures 
(Connolly and Kandalic, 1963). The expression for par- 
tial molar volume derived from the Redlich-Kwong equa- 
tion, Equation (A2), is therefore further differentiated 
with respect to pressure (see Appendix) to calculate par- 
tial molar compressibility of hydrogen which are then 
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used to calculate OR'S shown in Figure 2. Also shown 
are experimental data in benzene and n-octane and those 
calculated for hydrogen in n-octane using the same equa- 
tion of state used for Equation ( A l )  . The agreement be- 
tween calculated and experimental values of & is fair con- 
sidering the complexity of Equation (A14) and the singu- 
lar behavior of experimental data for n-octane. As much 
weight as possible, however, has been put on the experi- 
mental points in arriving at the following generalized 
correlation for OR. 

In 8 R  = D + E T R 1  

where 
(7) 

D = -4.40 + 3.10 6 
E = 4.20 - 3.10 6 

Since 8~ is independent of pressure (up to about 150 
atm) , integration of Equation (6) at constant temperature 
eives 

where P1s is the vapor pressure of the solvent at that tem- 
perature. Thus, the partial molar volume of hydrogen at 
the solvent vapor pressure as calculated by Equation ( 5 )  
is corrected to the system pressure by Equation (8).  

Effect of Composition 
The constant c in Equation ( 4 )  represents the effect of 

composition. Limited literature data on hydrogen in ben- 
zene and n-octane (Connolly and Kadalic, 1963) are gen- 
eralized to give 

C 
In - = - 2.1288 - 0.1880 P R ~  + 5.4822 TR~S (9) 

Equation (9) is believed to give sufficiently accurate ac- 
count of this effect, which becomes appreciable only at 
relatively high temperature and high hydrogen concentra- 
tion. PR1 = P/Pc l  in Equation (9). 

Mixtures Containing More Than One Solvent 

Equations (4), (S), (7) ,  and (9) may be applied to 
cases where more than one solvent exists. In such cases, 
subscript 1 may be regarded as solvent mixture. The 
pseudocritical temperature and the acentric factor of the 
solvent mixture may be calculated by 

vc2 

ucm = (Px{u""~) 3'2 (11) 

o m  = PX(6Ji (12) 
Z c m  = Zx(Zci  (13) 

Pcm = Z c m R T c m / v c m  (14) 
8 k f  = xkft)ck2'3/%[vci2'3 (the surface fraction) 

where XI'S are the liquid mole fractions of hydrogen-free 
solvent components, and the summation are over all com- 
ponents except hydrogen. Tcm,  ucm, Zcm and Pcm are the 
pseudocritical properties of the hydrogen-free solvent mix- 
ture. Tci j  is defined in Equation ( A l l ) ,  

I . (  

0.5 

0. E 

0.7 

0. c 

0.5 

0.4 

O R  
0.3 

0.2 

0.1 
I 

0 BENZENE (CONNOLLY) 
0 n-OCTANE (CONNOLLY) 

CALCULATED 

A METHANE (EQUATION 6)  
V ETHANE (EQUATION 6) 

BENZENE (EQUATION 6) d @ rrOCTANE (EQUATION 6 P 0 n-OCTANE (HARD 
SPHERE) 

EQUATION (7)- 
I I I I I I I I I 1  

0.5 0.6 0.7 0.8 0 . 9  I 

Y 
TR, = T/T,, ( 1  REFERS TO SOLVENT) 

0 

Fig. 2. Comprersibilitier of hydrogen partial molar volumes in hydro- 
carbons. 

TABLE 1. COMPAIUSON OF CALCULATED AND EXPERIMENTAL LIQUID MOLAR VOLUMES OF ~I-HEXANE  HYDROGEN (2) MIXTURES 

v1 
v2m 
UM 
(Pp) = at saturation pressure of solvent 
(P) = at total pressure 

= liquid molar volume of solvent, mS/Kg mole 
= partial molar volume of hydrogen at infinite dilution, ma /Kg mole 
= liquid molar volume of mixture, m3/Kg mole 

- 

4.4 137.9 0.099 0.075 0.129 
71.1 137.9 0.119 1.09 0.141 
137.8 137.9 0.149 5.91 0.182 
171.1 103.4 0.132 11.2 0.177 
171.1 137.9 0.172 11.2 0.177 
204.4 103.4 0.185 19.3 0.203 
204.4 137.9 0.244 19.3 0.203 

tJl(P) 

0.128 
0.138 
0.151 
0.183 
0.180 
0.174 
0.189 

- 
~Oo(P1') 

0.0401 
0.0582 
0.114 
0.190 
0.190 
0.389 
0.389 

- 
u p ( P )  

0.0355 
0.0482 
0.0874 
0.0980 
0.0830 
0.124 
0.0980 

0.119 0.117 
0.127 0.128 
0.140 0.140 
0.157 0.158 
0.151 0.152 
0.177 0.177 
0.189 0.170 

Pseudo- 
critical 

0.122 
0.139 
0.177 
0.247 

(a )  
( a )  
(a )  

a) Pseudo reduced temperature by Kay's rule exceeds 1.0. 
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In applying Equation (4) to calculate liquid molar vol- 
ume (or density) of 'hydrogen-containing mixtures, we 
need z ) ~ ( ~ ) ,  the solvent molar volume (at total pressure P) , 
in addition to the hydrogen partial molar volume %2 o0 just 
described. The method of calculating the solvent molar 
volume is described elsewhere (Chueh and Prausnitz, 
1969). 
Prediction of Liquid Densities of Hydrogen-Containing Mixtures 
and Comparison With Literature Duta 

Equation (4) and all other equations entering it have 
been tested with independent literature data on n-hexane- 
hydrogen systems (Nichols et al., 1957). The predicted 
molar volumes of mixtures are in excellent agreement with 
the experimental values, generally well within 1 % , over a 
range of temperature from 4.4" to 204.4"C for pressure 
up to 172.4 x lo5 N/m2 for hydrogen concentration up to 
25%m. Table 1 gives comparisons of calculated and ex- 
perimental liquid molar volumes of the n-hexane-Hz sys- 
tem. Also given are the erroneous results when conven- 
tional pseudocritical rules T,, = S xiTq and oCm = Y. XiVci 

are used with the theorem of corresponding states. It is 
noteworthy that near the solvent critical temperature, 
these rules often give results which are off by as much as 
100% and often fail to give any answer. I t  is also note- 
worthy that there is a relatively large effect of pressure on 
liquid volume, and especially on hydrogen partial molar 
volume in the critical region. 

LIQUID ENTHALPIES OF HYDROGEN-CONTAINING 
MIXTURES 

The molar enthalpy of a liquid mixture containing hy- 
drogen is given by 

in which the partial molar enthalpies can again be broken 
up into three contributions; the limiting value, the pres- 
sure correction, and the nonideality correction, 

4- RTz ( $ ) p  xz2 (16) 

- RT2 ( $), ( 1  - x12) (17) 

liquid partial molar enthalpy of solvent (1) at 
total pressure, P, temperature T,  and com- 
position x 
liquid enthalpy of pure solvent (1) at its satu- 
ration pressure 
liquid partial molar enthalpy of hydrogen (2)  
at total pressure P, temperature T, and com- 
position x 
liquid partial molar enthalpy of hydrogen at 
infinite dilution (implicitly at the saturation 
pressure of the solvent) 
liquid molar volume of solvent 
liquid partial molar volume of hydrogen at in- 
finite dilution 
the coefficient in In yl = -c'xz2 where y1 is the 
activity coefficient of the solvent in the solution 

The second term on the right-hand side of Equation 
(16) represents the effect of pressure on the liquid en- 
thalpy of solvent. Since solvents (liquid hydrocarbons) are 
generally not very compressible except near the critical 
temperature, this correction is generally small, and may 
be ignored in most cases. This, however, does not apply to 
the integral in Equation (17) which represents the effect 
of pressure on the partial molar enthalpy of hydrogen in 
the liquid phase. As discussed earlier, Gzm of hydrogen is 
quite pressure dependent, and as a result the integrand in 
Equation (17) represents a significant correction to p z m .  
The last terms on the right-hand side of Equations (16) 
and (17) represent the effect of solution nonideality which 
will be discussed later. 

I t  is convenient to rewrite HlCp1') and Bzw in Equation 
(16) and (17) as 

(18) 
and 

(19) 
where 
H1° = ideal gas enthalpy of the solvent at T 
H 1 O - Hl(P1a) = heat of complete vaporization (vapori- 

zation to ideal gas) of the solvent at T 
HZO = ideal gas enthalpy of hydrogen 
HzO - T?2 = heat of vaporization of hydrogen from 

a solution at infinite dilution of hydro- 
gen. This quantity is negative for hy- 
drogen 

When ordinary gases dissolve in a liquid, heat is re- 
leased (exothermic), that is, Hzo > ??zoo. In contrast, heat 
is absorbed (endothermic) when hydrogen dissolves in a 
liquid, that is, Hz0 < g2w for hydrogen. This rather un- 
usual behavior of hydrogen is due to its extremely low 
critical temperature which makes T R  of hydrogen much 
greater than one. Also, as a consequence of the endo- 
thermic heat of solution, hydrogen has an inverted tem- 
perature coefficient of gas solubility; that is, the solubility 
of hydrogen in liquid increases with increasing tempera- 
ture (at a constant partial pressure of hydrogen). Other 
light gases such as He, N2, and H2S also exhibit this in- 
verted solubility when the temperature becomes so high 
that TR >> 1 for these gases. 

The following paragraphs discuss the heat of solution of 
hydrogen, the effect of pressure and composition on this 
quantity, and the liquid enthalpy of the solvent. 

He& of Solution at Infinite Dilution From Henry's Constants 
Calorimetric measurements of the heat of solution of 

hydrogen are essentially nonexisting. Accurate solubility 
and vapor-liquid equilibrium data, however, are available 
over a wide range of temperature for hydrogen in methane 
(Benham and Katz, 1957; Fastowsky and Gonikberg, 
1940), ethane (Hiza et al., 1968), propane (Sage and 
Lacey, 1950 and 1955; William and Katz, 1954), n-butane 
(Aroyan and Katz, 1951), n-heptane, n-octane (Cook et 
al., 1957), ethylene, propylene (Williams and Katz, 1954), 
benzene (Connolly, 1962), and toluene (Cook et al., 
1957) from which the heat of solution of hydrogen can 
be calculated through the rigorous thermodynamic relation 

H,(~I*) = H1O - (H1O - HICP1')) 

Rzm = H20 - (Hzo - R Z w )  

where 

k2.1 = Henry's constant of hydrogen (2) in solvent ( l ) ,  
and 

R = 8.319 X 10-3 J/(Kg mole hydrogen) (OK) 
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Note that the differentiation is to be carried out under 
constant pressure; this is mathematically related to that 
along the saturation pressure of solvent (which is the ex- 
perimentally accessible quantity) by 

Equation (22) follows from Equation (21) by introduc- 
ing the thermodynamic relation 

- (+) - v 2  

T RT 

where T 2 m  is the partial molar volume of hydrogen in sol- 
vent (1)  at infinite dilution of hydrogen discussed pre- 
viously. 

I t  will be noted that differentiation at constant pressure 
has often been erroneously replaced or approximated by 
differentiation along the saturation line. This introduces 
little error at regions remote from the critical, but the 
neglect of - ( PIs Z)zm / R T )  ( d  In P / d T )  sat becomes pro- 
gressively serious as the critical region is approached; for 
example, 30% error will result by ignoring this term for 
the heat of solution of hydrogen in benzene at 250°C. 

Heats of solution of hydrogen at infinite dilution, H z m  - 
HzO, in various solvents have been evaluated from litera- 
ture solubility data using Equations (20) and ( 2 2 ) .  
Henry's constants required here were evaluated elsewhere 
(Prausnitz and Chueh, 1968; Connolly, 1962). Figure 3 
shows that the heat of solution of hydrogen can be gen- 
eralized with respect to solvent when they are reduced 
with the solvent critical temperature. Olefinic and aromatic 
solvents differ slightly from paraffinic solvents. Expressed 
analytically for paraffinic solvent (UOPK '1 12) 
- H 2  m ,Pi' - H 0 

= -0.20907846 - 4.0246858 T R ~  2 

RTC, 
+ 14.984728 TR12 - 18.092651 T R ~ ~  + 9.5373978 T R , ~  

(24) 
and for aromatic solvent (UOPK 4 9.73) 
- 
H z m . P i *  - HzO 

= -0.20755554 - 1.440886 T R 1  
RTCl 

f 7.9220228 TR~' - 11.182137 T R ~ ~  4- 7.2971343 T R ~ ~  

where TR, = T/Tc, and T,, is the critical temperature of 
the solvent. For solvents with UOPK between 12.0 and 
9.73, interpolation between the two values may be used. 
Equations (24) and (25) give the heat of solution of hy- 
drogen at infinite dilution, which also implies that the 
pressure is at the saturation pressure of the solvent. In 
actual applications, such as in hydrotreating, the total pres- 
sure may be quite high, and the pressure effect become 
very significant as pointed out earlier. This effect is dis- 
cussed below. 

( 2 5 )  

Effect of Pressure on Liquid Portiol Molor Enthalpy of 
Hydrogen 

At constant temperature and constant composition, the 
effect of pressure on liquid partial molar enthalpy is given 
by the integrand in Equation (17) where superscript cc 
denotes infinite dilution and PIs and P denote the solvent 
saturation pressure and total pressure, respectively. 

(26) 
Note t)zm is a function of pressure. By substituting Equa- 
tion (8)  for the expression of Czm, Equation (5) for 
u 2 m ( P 1 a )  and Equation (7)  for OR into Equation (26) and 
carrying out the tedious integration, paying special care 
to the difference between differentiation at constant pres- 
sure and along saturation pressure, we arrive at the fol- 
lowing expression: 

- 

- 
H 2  - H 2 0  g2 m .PI* - H 2 0  

- 
RTc1 RTc1 

(27) 
where E is the coefficient in Equation (7)  and B and C 
are coefficients in Equation ( 5 ) .  

Equation (27) combined with Equations (24) and 
( 2 5 )  allows the calculation of the heat of solution of hy- 
drogen in any solvent at any temperature and pressure 
although still at infinite dilution with respect to hydrogen. 
Figure 4 shows such calculation for hydrogen in benzene. 
I t  shows a strong dependence on temperature and pressure 
and indicates that a constant value for the heat of solution 
of hydrogen is not adequate in many cases. 

Effect of Solution Nonideolity on the Liquid Entholpy of 
Hydrogen Containing Mixtures 

The last terms on the right-hand side of Equaticns (16) 
and (17) represent the effect of solution nonideality on the 
liquid partial molar enthalpies of the solvent and hydro- 
gen, respectively. The constant c' is related to the activity 
coefficients through 

or 

where 

lnyl'p) = - c'x22 (28) 

(29) l n y z * ( P )  = c'( 1 - x12) 

and 

The contribution of solution nonideality to liquid molar 
enthalpy of a mixture containing hydrogen is, from Equa- 
tions (15) to (17),  

xi [ R T 2  ( - $ - ) p x ~ 2 ]  - x2[ RT2( s) P (1 - x12)] 
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0. 

Fig. 3. Heat of solution of hydrogen in hydrocarbons (at infinite 
dilution and a t  solvent vapor pressure). 

v ETHANE 

0 PROPANE 

0 n-BUTANE 

0 n-HEPTANE 

0 n-OCTANE 

v ETHYLENE 

PROPYLENE 

+ BENZENE 

0 TOLUENE 

I 1 I I I I I 
0 0 .2  0.4 0.6 0.8 

( 18). Since H10, the ideal gas enthalpy, can be readily cal- 
culated or found, the main concern here is the heat of 
complete vaporization (vaporization to ideal gas), Hi0 - 
Hl(pl ' ) .  This quantity has been correlated within the frame- 
work of corresponding states and is given by 

where HR") and HR") are functions of reduced tempera- 
ture and o is the acentric factor 

For T R ~  40 .75  

HR") = 7.0837 - 3.1933 T R 1  

H R ' ~ )  = 14.602 - 11.9866 T R 1  

(35) 

(36) 
For T R ~  > 0.75 

HR") = 1.481449 + 36.09175 TR1 - 101.1801 TR,' 

+ 113.0982 TR: - 46.23935 T R , ~  

- 0.0090026/( 1.01 - T R ~ )  (37) 
H R ' ~ )  = 24.83238 + 51.88302:T~l - 322.8546 TR,' 

+ 423.1277 T R , ~  - 173.8755 T R ~  

- 0.0045311/(1.01 - T R ~ )  (38) 

The treatment of mixture of solvents is the same as dis- 
cussed in the previous section, using Equations (10) 
through (14). 

For applications involving petroleum fractions, each nar- 
row boiling fraction may be treated as pseudocomponents 
characterized by Tc, Pc, Vc, and o (for example, by the 
method of Cavett, 1962). Results are not overly sensitive 
to the particular correlation used to characterize the 
petroleum fractions. 

3 

The quantity (ac'/aT)p has been reported in the litera- 
ture for the benzene-hydrogen system (Connolly, 1962). 
Data on ethane-hydrogen system (Hiza et al., 1968) are 
analyzed in a similar manner to evaluate (ac'/aT)p; within 
the scattering of experimental data, the results of ethane- 
hydrogen are in general agreement with those reported for 
the benzene-hydrogen system when compared in a reduced 
temperature coordinate. These results are generalized as 
follows: 

where 
PR, = P/Pcl  and T R ~  = T/T,, 

and T,, and P,, are solvent critical temperature and criti- 
cal pressure, respectively. 
Liquid Enthalpy of Solvents (Hydrocarbons) 

The liquid enthalpy of solvent ? ? , C p )  as it appeared in 
Equation (15) consists of three terms as given in Equation 
( 16), that is, the limiting value, the pressure correction, 
and the nonideality correction. The last term, which is the 
effect of solution nonideality, has been discussed above. 
The second term, which is the effect of pressure, is gen- 
erally small except in the critical region. The first term 
Hl(pl') is the major term and can be rewritten as Equation 
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Fig. 4. Heat of solution of hydrogen in benzene a t  infinite dilution. 
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NOTATION 

H = enthalpy 
H = partial molar enthalpy 
k2,1 
P = pressure 
T = absolute temperature 
u = molar volume 
u = partial molar volume 
x = mole fraction 
z = compressibility factor 
p = isothermal compressibility 
BR 

y = activity coefficient 
0 = acentricfactor 

Superscripts 

1 = liquid phase 
s = at  saturation 
( P I s )  = a t  saturation pressure 
co = a t  infinite dilution 
0 = ideal gas state 

Subscripts 
c = critical state 
M (or  rn)  = Mixture 
R 
1 = solvent 
2 = hydrogen 

- 
= Henry’s constant of hydrogen 

- 

= dimensionless, reduced partial molar compressibil- 
ity of hydrogen 

= reduced (with critical constants) 
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APPENDIX 

Hydrogen Partial Molar Volume From Equdion of States 
1. From an Equation for Hard-Sphere Fluids. A theoretical 

equation of state based on perturbation of hard-sphere fluids 
(Orentlicher and Prausnitz, 1967) suggests that 

where we is the critical volume, +( T R ~ )  is a universal function 
of the solvent reduced temperature, and e the potential well 
depth. Table A 1  gives a slightly modified + ( T R ~ )  and 1 - 
e12/e11 for hydrocarbon-hydrogen system. Figure 1 shows the 
hydrogen partial molar volumes in several solvents, calculated 
from Equation ( A l ) ,  as well as experimental data available 
for hydrogen in benzene and in n-octane. The agreement be- 
tween the calculated and the experimental is excellent; also 
the calculated values show a consistent trend with respect to 
the hydrocarbon solvent in which the hydrogen is dissolved. 

2. From Revised Redlich-Kwong Equation. To support fur- 
ther the results obtained above, another equation of state, a 
revised Redlich-Kwong equation, is used to calculate liquid 
partial molar volume of hydrogen in hydrocarbons. 

By definition, the partial molar volume of component k is 
given by 

- - I  - I ‘ ’T,V,ni(i#k) 

(+I T,ni(all i )  

(A21 - - 
u k =  (G) - 

P,T,ni(t#k) 

This expression is used with a revised form of Redlich and 
Kwong equation of state for liquid mixtures to calculate 
V2m(Pla)  in various solvents over a wide range of temperature. 
- 

The Redlich and Kwong equation of state is 

RT a 
P=-- 

I) - b T”%(v + b )  

and where nu and n b  are constants for each saturated liquid 
given in Table 2. 

Substitution of Equation (A3) into Equation (A2)  gives 

RT 2 ( ~ x i a k i )  - & / ( u  + b )  
U ( U  + b)To.5 - v k  = - ( l+&)-  V - b  

RT -“[ 2 u + b  ] 
( V  - b)’ T0.5 G(v + b)2 

(A6) 

where u is the molar liquid volume at saturation. For 7 k m ,  the 
partial molar volume of k at  infinite dilution in a solvent (re- 
ferred by subscript 1), u = v~ and a = al, b = bl as given 
by Equations (A4) and (A5).  Also 
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TABLE Al .  FUNCTIONS FOR EQUATION ( A 1  ) 

€12 
1-- 

TR d T R )  System E l l  

0.6 0.39 Methane-Hz 0.58 
0.7 0.58 Ethane-Hz 0.55 
0.8 0.99 Propane-H2 0.55 
0.9 2.10 Benzene-Hz 0.65 
0.95 3.56 n-Octane-Hz 0.51 

n-Dodecane-H2 0.51 

TABLE A2. CONSTANTS FOR SATURATED LIQUID 

0 0  nb 

Hydrogen 0.4278 0.0694 
Methane 0.4546 0.0872 
Ethane 0.4347 0.0827 
Propane 0.4138 0.0802 
Benzene 0.4100 0.0787 
n-Octane 0.3900 0.0739 

The molar liquid volumes of solvents at saturation, ul's, are cal- 
culated by a method discussed elsewhere (Chueh and Prausnitz, 
1969; Prausnitz and Chueh, 1968). 

Values of 5sm calculated from Equation (A6) are found 
to be in good agreement with both experimental data and those 
calculated from Equation (A1  ). 

Partial Molar Compressibility of Hydrogen 
The partial molar compressibility of hydrogen is given by 

Substitution of Equations (A3)  to (A6) into Equation (A13) 
gives partial molar compressibility of hydrogen at infinite dilu- 
tion, 

- 
Pzm = 

Q A  - QB - QC 

QD 

Ul(2G2" + b2) + 2a12(201+ b l )  

2a1(2u1+ bl)[;Zm(ul+ bl)  + u t ( T ; z m  + b2)I 
QA = 

TO.~VI~(VI + b 1 P  

QB = 
T0%i3(~1 + b1)3 

RT[(U1 - bl) - 2(;2* - bz) ]  
QC = 

(u1 - b1I3 

where subscript 1 refers to solvent and 2 refers to hydrogen. 
The meanings of symbols are the same as in Equation (A6). 
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Liquid-Vapor Equilibria at 112.00 K for 
Systems Containing Nitrogen, 

Methane and Argon, 

Liquid-vapor phase equilibria measurements were made at  112.00 K on 
the binary systems nitrogen-argon, nitrogen-methane, and argon-methane 
and the ternary system nitrogen-argon-methane. Values of gE, the excess 
Gibbs free energy, have been calculated from the experimental data for all 
the systems studied. The data and derived gE values for the binary systems 
were compared with the results of previous investigations with satisfactory 
agreement, 
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SCOPE 
Low temperature phase equilibria data are valuable in 

process design calculations and in the testing and formula- 
tion of liquid solution correlations and theories. The 
objective of this study was to provide consistent liquid- 
vapor phase equilibria data for a ternary system and its 

the University of Wyoming, Laramie, Wyoming. was selected since all of these simple components are of 
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