Vapor-Liquid Equilibria in Hydrogen-Benzene
and Hydrogen-Cyclohexane Mixtures
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A new vapor-liquid equilibrium experimental facility has been built for and operated on
light gas-hydrocarbon systems. The range of operating conditions are 3 to 1,000 atm. and
25° to 400°C. A dynamic flow type of equilibrium cell is used. This and most of the other
apparatus are from designs by Michels. Solubilities of hydrogen in benzene and in cyclohexane
were obtained at 150° and 250°F. and at pressures up to 10,000 Ib./sq.in.abs.

Compositions of the equilibrium vapor phases were determined so the vapor-liquid K ratios
could be derived. Thermodynamic consistency tests were applied to the data with the con-
clusion that the new data are consistent with volumetric properties, predicted by other methods.

The phase behavior of hydrogen-heavy hydrocarbon
mixtures is of both theoretical and practical interest, theo-
retical because of the need for better thermodynamic re-
lationships for coexisting gas-liquid phases and practical
because of the need for vapor-liquid equilibrium phase
distribution ratios for use in design calculations.

Hydrogen-benzene and hydrogen-cyclohexane systems
were selected for this investigation along with a dynamic
flow experimental method. In this method the hydrogen
is bubbled slowly through the hydrocarbon until the lig-
uid phase is saturated with hydrogen and the gas phase is
saturated with the hydrocarbon. Effluent gas and liquid
samples are analyzed.

Several variations of this experimental method have
been described (17, 19, 20, 21, 23). The apparatus and
operating procedure used in this work are essentially the
same as those of Michels et al. (19, 20, 21), except for
the sampling and analytical techniques. This and other
experimental techniques are described in the technical
literature (2, 12, 26, 80).

The sources and ranges of available literature data for
the binary mixtures hydrogen-benzene and hydrogen-
cyclohexane are given in Table 1. Not included in this list
are the low-pressure data of Seidell and Linke (18) for
hydrogen solubility in these solvents. Except for Silver’s
(29) work, the references in Table 1 are for binary sys-
tems. Silver (29) obtained experimental data for ternary

TaBLE 1. SourcEs AND RaNGEs OF VAPOR-Liguip EQuiLiBrRIUM
Data For HYypROGEN-CYCLOHEXANE AND HYDROGEN-BENZENE

Pressure range, Temper- Typeof  Ref-
Hydrocarbon 1b./sq.in.abs. atures, °F. data erence
Cyclohexane 670 t0 4,500 77,302,464 P-Tx 13
1,000 to 2,500 77 P-T-x 8
15t0 2,000 95.4 P-T-x 28
750 to 10,000 68, 104, 140 P-V-T-x-y* 17
Benzene 380 to 4,600 77,104,212 P-T-x 15
750 t0 4,500 77,212,302, P-T=x 13
392, 464
15t0 2,200 954,1627 P-T=x 28
3,500 to 42,000 77,122,158, P-T-x-y 14
212, 302
725t07,150 77 P-V-Tx* 16
280 t0 2,500 32010500 P-V-Y-x-y} 6
(18-deg. in-
tervals)

# Liquid densities measured.
4 Liquid and vapor densities measured.
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Fig. 1. Schematic flow diagram of apparatus for the isothermal
pressure effect on enthalpy.

and quaternary mixtures of hydrogen with n-hexane, cy-
clohexane, and benzene at 100° and 200°F. and at 1,000
and 2,000 Ib./sq. in. abs. The range of the available data
and the limitations of the experimental apparatus were
considered in selecting the temperatures used in the
present work.

EXPERIMENTAL APPARATUS

A schematic diagram of the experimental apparatus is shown
in Figure 1. The equilibrium cell and constant-temperature
bath are shown in Figure 2.

Gas is fed via valve A into the bottom of the cell and
passes through small grooves in a cone, breaking up into
small streams. Further contact of gas and liquid is provided
by a section packed with Fiberglas cloth. Liquid feed enters
through valve B. Vapor and liquid samples are removed
through valves C and D, respectively. All capillary lines are
0.6-mm. 1.D.

The cell capacity is about 150 cc. The maximum allowable
operating pressure is 1,000 atm. The steel used in the cell and
its components is mostly of the composition 16.0% chromium,
0.35% carbon, and 1.0% molybdenum.

The constant-temperature bath is a cylindrical aluminum
block, heated by nichrome heating wires in grooves around
the outside of the block. Two %-in. diameter wells are pro-
vided for temperature measurement and control sensing ele-
ments,

Temperature was measured by use of a chromel-constantan
thermocouple. The thermocouple was calibrated in place by
comparison with a platinum resistance thermometer. Temper-
ature control was effected by means of an electronic controller.
The controller sensing element was a resistance thermometer.

Pressure regulation and measurement were accomplished by
use of a Michels pressure balance (4) in conjunction with a
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gas compressor. A pressure bench was used to obtain and
maintain pressure in the system, by addition or removal of
hydraulic oil or by adjusting the system volume. The balance
is claimed to be accurate to approximately 1 part in 10,000
and to have a precision of 1 part in 100,000.

The gas compressor is a two-compartment vessel with an
interconnecting tube. Oil from the pressure bench flows into
the lower compartment on top of mercury. The mercury, in
turn, flows through the interconnecting tube to the upper com-
partment, where the gas is confined. The level of the mercury
in the upper compartment is measured by a bridge-circuit
indicator.

The balance, bench, compressor, equilibrium cell, and alu-
minum block thermostat are described by Thompson (30).

Hydrogen was fed from a supply cylinder, through a drying
tube, to the gas compressor. The drying tube was packed with
silica gel. Hydrocarbons were fed from a liquid cylinder,
through a capillary tube, to the equilibrium cell.

The method of analysis of equilibrium phases consisted of
passing the samples through cold traps, freezing out the hydro-
carbon, and then measuring the volume and pressure of the
hydrogen at a known temperature. Residual hydrogen in the
traps was transferred to the volumetric part of the sampling
apparatus by means of a Toepler pump. The sample traps were
then closed, removed, and weighed to determine the amount
of hydrocarbon present.

The sampling apparatus was glass, except for a short, steel
capillary tube, which was used to connect the apparatus to
the appropriate sampling valve. The volumetric portion was
housed in an air bath in order to maintain constant tempera-
ture. Volumetric bulbs of 25 cc. to 4 liter capacity were at-
tached to side arms. The sizes of the bulbs used depended
on the phase being sampled and the cell temperature and
pressure. Pressure was determined by measuring the heights
of mercury in a U-tube manometer with a cathetometer. A
vacuum was maintained on the leg of the U-tube manometer
opposite the sample.

MATERIALS

The hydrocarbons used in this study were benzene, 99.93
mole % minimum and cyclohexane, 99.94. The purity of these
materials was checked by gas chromatography, which showed
no significant impurities. The hydrocarbons were dried over
caleium chloride before introducing them to the cell.

The hydrogen used was electrolytic grade for the first runs
and extra-dry grade for the remainder of the runs. The stated
purity of the hydrogen was 99.8 mole %. Mass spectrographic
analysis of the electrolytic grade indicated 99.74 mole % hy-
drogen.

EXPERIMENTAL PROCEDURE

The first step in a series of runs was the evacuation of the
gas compressor. Hydrogen was added to flush the system, and
the evacuation was repeated. Hydrogen was then introduced
to the compressor to a pressure of about 100 lb./sq.in.

The equilibrium cell was evacuated next. A few cubic centi-
meters of the hydrocarbon to be used were added to flush the
cell, and the evacuation was repeated. Following this, approxi-
mately 90 cc. of hydrocarbon were added to the cell. The
hydrocarbon in the cell was degassed by further evacuation,
a few cubic centimeters of hydrocarbon being distilled off.
Hydrogen was then bled into the cell.

For a run, the cell was heated to operating temperature, and
hydrogen was introduced to obtain the desired pressure. At
low operating pressures (up to 3,000 Ib./sq.in.abs.) hydrogen
was bled into the cell slowly, oil being added to maintain
pressure. After 2 to 10 min. the addition of hydrogen was
virtually complete. Equilibration was obtained by keeping the
cell at pressure for a few hours.

At high operating pressures it became necessary to use
more than one filling of the gas compressor to obtain operat-
ing pressure in the cell. This was because of the comparatively
low pressure (1,500 to 1,700 Ib./sq.in. gauge) of the hydrogen
in the supply cylinder. Equilibration was obtained, again, by
maintaining the cell at pressure for several hours. Minute leaks
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Fig. 2. Calorimeter for isothermal pressure effect on enthalpy.

prevented isolation of the cell during the equilibration period
at high operating pressures (above 3,000 Ib./sq.in.abs.).

Preparations for sampling were made during the equilibra-
tion period. Tare weights were determined for the sample
traps. Appropriate volumetric bulbs were attached to the
sampling apparatus. The sample line was purged, and the
sampling apparatus was evacuated and tested for leaks. Dry
ice-acetone baths were applied to the sample traps.

Liquid samples were collected by opening the sampling
valve for a very short time. Gas samples were collected by
opening the sample valve slightly and allowing the gas mix-
ture to pass through the sample traps. Sampling time varied
from 15 min. to 3 hr., depending on the cell pressure and
allowable sampling rate.

During gas sample withdrawal the pressure tended to fall
continuously. Pressure was maintained by pumping oil into
the system at the pressure bench. At the same time, small
weights were added to the pressure balance to compensate
for the increasing mercury head in the gas compressor.

EXPERIMENTAL RESULTS

Data were taken at eight pressures from 100 to 10,000 Ib./
sq.in.abs. at temperatures of 150° and 250°F. for the two
binary mixtures. A few preliminary runs were made at 280°
and 320°F. These were made to perfect the sampling method,
check the effect of sampling rate on gas composition, and to
compare directly with available data for benzene hydrogen.
The x-y data and calculated K values are listed in Tables 2
and 3.

The precision, or variability, of the composition data was
studied by the method of propagation of errors and by com-
paring a few repetitions in measurements. These considera-
tions led to the conclusion that the composition data were
repeatable to within about = 3% of the average value. Meas-
urement and control of temperature and pressure should
have introduced negligible error compared with that in the
composition data.
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Sources of error which might have affected the accuracy of
the data were discovered in the course of the work. Heating of
the sampling capillary for gas samples was found to be very
important, particularly at 150°F. Insufficient heating in some
of the early runs forced discarding of several vapor-composi-
tion data points.

Runs made at different equilibration times indicated that
equilibration time may have been insufficient in the benzene
runs. This possible source of error would affect mainly the
benzene liquid-phase compositions at 150°F. Equilibration
times of 1% to 5 hr. were used for the benzene data and at
least 8 hr. for the cyclohexane data.

The use of stopcock grease in the connections for the sam-
ple traps may have introduced error due to absorption of
hydrocarbon vapor from the sample. This was more important
for vapor samples because of the smaller amount of hydro-
carbon collected. Separate tests indicated that error due to
this cause might have been as high as 5% in extreme cases,
although it was probably smaller.

Sampling rates of up to 150 cc./hr. (at 1 atm.) did not af-
fect vapor compositions appreciably. The lower practical sam-
pling rate was always used and did not exceed 100 cc./hr. at
1 atm. in any case.

In an effort to judge the accuracy of the data, thermody-
namic consistency tests were performed and data comparisons
were made. The results are discussed below,

CONSISTENCY TESTS

Thermodynamic vapor-liquid equilibria consistency
tests, correctly applied, are comparisons of two types of
experimental data, In the constant temperature case,
volumetric data are compared with equilibrium composi-
tion data. In most cases complete volumetric data of the
type needed are not determined. It becomes important,
then, to study what comparisons can be made in the ab-
sence of complete data.

Consistency tests in the form proposed by Adler et al.
(1) appeared to offer the best possibility for checking
because they used experimental quantities and not derived
quantities. The use of approximations is, therefore, intro-
duced at a level where the effect of the approximation
can best be recognized. Furthermore, the tests can be
applied where one component is above its critical tem-
perature.

The equations of Adler et al. (I) for the constant
temperature case involve the assumption of the Lewis and
Randall rule. A rigorous derivation can be made to obtain
an expression similar to theirs, which is as follows:

f % (14 yé&)dinK + fxz (1 +y)dInK,

- 1 1 z"]
= s .11|y —_——— = — P 1
f[z + yz (K2 Kl) A dln (1)

where
_ -—]— P ( ‘avlu
b= RT ¥ * \ oy
_, PV

zy) = ——

RT
Equation (1) is for a binary mixture at constant tempera-
ture.

The right-hand side of Equation (1) can be split into
two terms, one for the liquid and one for the vapor. The
latter, plus further rearrangement, gives the tollowing
form:

jlxl (1 4+ 48 dlmK + sz (1 + y:&) dInK,

) ar

= J‘ (z"—1)dlP + fz'éln? (2)

where

r___1+ 1 (z_lv_zu)_;v
z = K2 1
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TaBLE 2. EQuUILIBRIUM DATA FOR HYDROGEN-BENZENE SYSTEM

Mole Mole
Pressure, fraction fraction
Temp., Ib./sq. hydrogen benzene K = y/x ratios
°F. in.abs. inliquid invapor Benzene Hydrogen
150 76.2 0.00166 0.125 0.126 529
194.3 —_ 0.0500 0.0502 214
503.1 0.0117 0.0203 0.0205 83.4
503.0 — 0.0198 0.0200 83.6
1,026 0.0238 0.0111 0.0114 41.6
1,026 — 0.0113 0.0116 41.5
1,707 0.0389 0.00850 0.00884 25.5
1,707 —_ 0.00843 0.00877 25.5
2,508 0.0536 0.00679 0.00718 18.6
4,000 0.0812 0.00575 0.00626 12.2
6,998 0.131 0.00497 0.00573 7.57
9,997 0.176 0.00506 0.00614 5.64
9,997 0.180 0.00443 0.00540 5.54
250 97.1 0.00186 0.486 0.487 275
201.0 0.00536 0.247 0.249 140
4994 0.0153 0.104 0.106 58.4
1,603 0.0321 0.0557 0.059 29.4
1,003 — 0.0571 0.0576 29.4
1,702 0.0541 0.0379 0.0401 17.8
1,702 — 0.0383 0.0405 17.8
2,999 0.0937 0.0268 0.0295 104
2,999 — 0.0264 0.0292 104
5,995 0.167 0.0208 0.0250 5.86
9,983 0.243 0.0180 0.0238 4.04
320 427.1 0.0144 0.292 0.296 492
601.8 0.0214 0.206 0.298 371
778.0 0.0291 0.167 0.172 286
1,309 0.0506 0.110 0.116 176
TasLE 3. EQuiLisriuM DATA FOR
HYDROGEN-CYCLOHEXANE SYSTEM
Mole
Mole fraction
Pressure,. fraction cyclo- K = y/x ratios
Temp., lb./sq. hydrogen  Thexane Cyclo-
°F.  in.abs. inliquid invapor  hexane Hydrogen
150 99.8 0.00362 0.0973 0.0977 249
199.9 0.00710 0.0477 0.0480 134
501.9 0.0182 0.0227 0.0231 53.8
501.6 — 0.0207 0.0211 53.9
995.9 0.0345 0.0120 0.0124 28.6
1,694 0.0563 0.00868 0.00920 17.6
3,002 0.102 0.00680 0.00753 10.2
5,996 0.178 0.00610 0.00742 5.59
10,013 0.262 0.00642 0.00869 3.80
10,013 — 0.00685 0.00928 3.80
250 101.3 0.00317 0.451 0.452 173
199.9  0.00802 0.237 0.239 95.2
500.0 0.0225 0.101 0.104 40,0
999.9 0.0456 0.0565 0.0592 20.7
1,700 0.0774 0.0377 0.0409 12.4
3,000 0.131 0.0269 0.0310 741
5,996 0.236 0.0213 0.0279 4,15
9,999 0.350 0.0188 0.0289 2.80
TasLE 4. EVALUATION oF TERMS IN EQUATION (2)
Left side Right side
Solvent °F. Term 1 Term 2 Total Term 1 Term 2 Total
Benzene 150 —0.04 —460 —464 —493 4027 —4.66
250 —0.05 —2.86 —2.91 —3.39 4-0.47 —2.92
Cyclo- 150 —0.05 —4.49 —4.55 —4.85 +0.27 —4.58
hexane 950 —0.07 —2.79 —2.88 —3.36 +0.47 —2.89
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If the vapor phase is ideal, 2’ reduces to zero, as does
the & term. If the Lewis and Randall rule holds for the
vapor phase, ¢ is zero, and Equation (2) reduces to the
form derived by Adler et al.

Each term in Equation (2) was evaluated for the mix-
tures studied here. The limits of integration used were
the vapor pressure of the pure solvent (component 2)
and 2,000 Ib./sq. in. abs., that is from x, = 0 to x, =
(%) p=z,0m. The results are shown in Table 4.

Values of the mole fractions, pressure, and K values for
use in Equation (2) came from the experimental data, of
course. Volumetric data were needed, then, to complete
the calculations.

Evaluation of the liquid compressibﬂity term was based
on interpolation or extrapolation of existing volumetric
data for the mixtures studied here (5, 16, 17). To check
the importance of the accuracy of this computation, the
liquid volume term for benzene-hydrogen was evaluated
with the pure component molar volume of benzene at its
vapor pressure over the entire pressure range. The value
of the liquid volume integral thus obtained was 4.92, as
compared with 4.93 obtained with mixture volumes. A
reasonably good estimate of liquid mixture volumes seems
to be sufficient.

The Berlin form of the virial equation of state, trun-
cated after the second virial coefficient, was used to evalu-
ate the & term. The Leyden form of the virial equation

was used to evaluate z° and 2. The virial coefficients
used are discussed in a later section. The applicability of
the virial equation to mixtures like those considered here
is discussed elsewhere (24).

Several comments may be made concerning the above
consistency test. In the first place, the term involving x.
and K, is small and relatively unimportant. The value of
K, depends mainly on 4., since x. is close to 1.0 and insen-
sitive to error in x,. Thus, rather large errors in the liquid
concentration of hydrogen will not affect the results of
the test appreciably.

The terms of y. and K, are more important. To test the
effect of error in y,, the consistency test was repeated for
benzene-hydrogen at 250°F., with values of y, that were
10% less than the experimental values. The left side of
Equation (2) totalled —3.03 and the right side —2.96.
The agreement is not as good as in Table 4, but the effect
of error in y. is not marked. Equation (2) does not seem
to be very sensitive to errors in the x-y data. Furthermore,
the equation of state used in evaluating the vapor com-
pressibilities is likely to have appreciable effect on the
results of the test.

Prausnitz and Keeler (24) suggested a consistency test
in which the interaction second virial coefficient (B.) is
evaluated for a series of isothermal P-x-y points. Relative
constancy of the values of B, calculated indicates self-
consistency of the data, since Bi. is a function of tempera-
ture only. The methods consists specifically in the simul-
taneous solution of the following equations for B..:

_ 1 »
f" = vinf eXP[ "7 fh d (3)

-, y.RT ) 2
1 n l ( - |B12 EBZ‘.Z
nf. n Y -+ v (y + y.B=)

3 o 2
+ 2—V—2 (y1 Cre + 2y1y2Cm + ¥y, C:) (4)

RT ( B C >
V= —o — — 5
Vo 1+5+ v (5)
B= y1zB11 + 2y1y2312 + nygg (6)
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TABLE 5. SECOND VIRIAL INTERACTION COEFFICIENTS
CaLcuLATED FROM HYDROGEN SOLUBILITY DATA

Solvent Temperature, °F. B.s, cc./g. mole
Benzene 150 9+ 12
Benzene 250 122
Cyclohexane 150 —1x8
Cyclohexane 250 172

C = y1sc111 + Syfngm + 3!/1!/22 -+ nym (7)

Pure component second virial coefficients for the hydro-
carbons were taken from David et al. (7) and second
and third virial coeflicients for hydrogen from Bird et al.
(3). Third virial coefficients were estimated from the
generalized correlation of Prausnitz (22) and the follow-
ing empirical combination rule (6):

Cw'k = (C,-“C,“C,,kk)""‘ (8)

The effect of including third virial coefficient terms is
small. Vapor pressures were taken from API 44 (27) and
liquid molar volumes from Glanville and Sage (10) and
Reamer and Sage (25). Equation (4) was used in pure
component form to evaluate f.” at p,. Liquid activity co-
efficients were calculated by the Scatchard-Hildebrand
equation (11) but could have been taken as 1.0 with very
little error.

Values of B, calculated from the present data in the
range 500 to 3,000 Ib./sq. in. abs. are given in Table 5.
Reasonable constancy of B.. is seen, particularly at 250°F.
Variation in the Bi, values at 150°F. seems rather large,
but it should be stressed that rather small errors in y.
produce large variations in B, particularly at low pres-
sures.

Notice that this consistency test does not really test
the liquid-phase concentration data. In fact, reasonable
estimates of x, are all that is required (23). Presumably,
good values of the pure component second virial coeffi-
cient are needed (and are not always available). The
effect of varying the pure second virial coefficients was not
studied.

Gautreaux and Coates (9) have proposed an infinite
dilution consistency test that can be applied to gas-liquid
data. Their test differs from the above tests in that it does
test the liquid-phase solubility data. The equation used is

@ =1-(5)(Fm) @

The vapor and liquid volume terms are for the pure sol-
vent at its vapor pressure. The slope term is evaluated
from the isothermal P — x, data. Isothermal P — K, data
are extrapolated to the vapor pressure of the solvent and
compared with the values calculated by Equation (9).
Table 6 shows the comparison for the present data. The

TasLE 8. INFINITE DiLuTioN CONSISTENCY TEST OF
HyproceN K DaTa

Hydrogen K ratios at

infinite dilution
Temp., Extrapo- Equation
Solvent °F. lating y/x (9) % diff.*
Benzene 150 4,200 4,430 —52
250 500 607 —1.2
Cyclohexane 150 2,400 2,870 —16.4
250 395 423 —6.6

# Based on calculated K1 from Equation (9).
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TABLE 7. CoMPARISON OF HYDROGEN-BENZENE DaTa aT 320°F.

Hydrogen Benzene
K = y/x values K = y/x values

Pressure, Con- % differ- Con- % differ-
lb./sq.  This nolly encefrom This  nolly ence from
in, abs. work (6) Comnolly  work (6) Connolly

427.1 493 50.3 —2.0 0.296 0288 2.8

601.8 37.1 36.4 +1.9 0216 0213 —14

7780 286 28.4 +0.7 0.172 0.172 0
1,309.0 176 17.3 +1.7 0.116 0.116 0

agreement in the extrapolated and calculated K values
is not bad, when one considers the arbitrariness of the
extrapolation procedure. The infinite dilution test uses
only pure component volumetric data, which may be
known fairly accurately. On the other hand, the compari-
son depends on an extrapolation and presumably tests only
in range of low pressures (near infinite dilution).

The results of the consistency tests indicate that the
experimental data are fairly consistent. The second test,
in which interaction virial coefficients are calculated,
would appear to be more informative.

DATA COMPARISONS

Initial hydrogen-benzene data taken at 320°F. were
compared with the work of Connolly (6). Connolly’s
data were interpolated on large plots at the pressures used
for the initial data. The comparison is shown in Table 7.
The results appear to agree within the precision of the
present data. Connolly’s data were obtained by the bub-
ble and dew point method.

Indirect comparisons were made by cross plotting equi-
librium data against temperature at constant pressure. As
might be expected, there was some scatter exhibited be-
tween the various data from the sources listed in Table 1
and the present data. Detailed comparisons are given by
Thompson (80). Only general remarks concerning these
comparisons are made here. For hydrogen-benzene the
agreement is generally good except for the vapor-phase
concentrations at 5,000 to 10,000 lb./sq. in. abs., where
the Ipatiev et al. data (14) are somewhat higher. The
same is true for hydrogen-cyclohexane, with generally
good agreement, except at 5,000 to 10,000 Ib./sq. in. abs.
with the vapor-phase data of Krichevskii and Sorina (17).
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NOTATION

B,C second and third virial coefficients
fugacity

vapor-liquid equilibrium ratio, y/x
pressure

vapor pressure

gas law constant

absolute temperature

molar volume

liquid-phase mole fraction
vapor-phase mole fraction
compressibility factor, PV/RT

quantity defined under Equation (2)

{1

| mS R

~

n w8
[

l
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activity coeflicient, ]7/f°x
defined under Equation (1)

Y
4

Superscripts

Ll

L = quantity associated with liquid phase

V= quantity associated with vapor phase

— = property of component of a mixture

0 = property of pure component

Subscripts '

1 = quantity associated with component 1 (lighter
component)

2 = quantity associated with component 2 (heavier
component )
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