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Vapor-Liquid Equilibrium. V. Carbon Tetrachloride-Benzene Mixtures!

By GEORGE ScATCHARD, S. E. Woob aND J. M. MOCHEL

These measurements on carbon tetrachloride—
benzene mixtures complete the cycle of binary
systems with the components: carbon tetra-
chloride, benzene and cyclohexane. They permit
an interesting comparison of these three systems
and a prediction of the behavior of ternary
systems of these components.

The purification of materials was the same as in
IIT and IV and the measuretnents were made as
in IV, with nitrogen as the confining gas. The
leakage through the stoppers was so reduced by
moistening them with the liquid in the still and
seating them very tightly that the temperature
increase was only 0.0002—0.0004° per minute at
40° and not over 0.0001° per minute at 70°.
The vapor pressures of the pure substances agreed
with the equations given in IV as well as did the
measurements from which the equations were ob-
tained. Apparently no phosgene was formed dur-
ing these measurements as not even its odor was
detected.

The electrical heating permits a fairly precise
measurement of the rate of boiling at atmos-
pheric pressure and so makes possible an estimate
of the difference in pressure necessary to keep the
vapors streaming from the boiler and to the con-
denser, which is more accurate than the estimate
made in I. Since the rate of heating is almost
independent of the boiling temperature, the rate
of boiling may be taken to be so, also. At atmos-
pheric pressure 2-2.2 cc. of benzene distilled per
minute. This corresponds to a pressure drop
along a tube 9 cm. long and 0.5 cm. in diameter
of 0.003 mm. at 760 mm. pressure, and of 0.013
mm. at 120 mm. pressure. These pressure drops
are smaller than those estimated in I, because
the rate of distillation is smaller than we esti-
mated, and they are also much smaller than the
errors in measuring the pressures.

The density measurements showed systematic
errors of the same magnitude as those reported in
1V, probably caused by the evaporation of the
first component weighed out in the preparation of
the standards. Since they correspond to less
than 0.02%, in the composition, the equation for

(1) Paper IV in this series appeared in Tris JoUurNAL, 61, 3206
(1939).

the relation between density and composition
was determined by applying an average correction
to the measurements. Table I contains the un-

TABLE I

DENSITIES OF BENZENE—CARBON TETRACHLORIDE MIX-
TURES AT 25°

Wt. fract. Mole
CCl1

4 Afract. Density Deviation 100 VM / Vo
0.0000 0.0000 0.87370  .......  .....
.2189 .1246  0.96878 4-0.00003 +0.004
.2488 .1440 0.98344 4 .00006 + .002
.3838 ,2402 1.05527 + .00004 + .008
.5383 .3719  1.15171 4 .00007 4+ .009
.6572 .4932 1.23893 4+ .00026 - .006
.6581 .4943  1.23963 4+ .00023 — .003
.6593 .4056  1.24050 4 .00015 + .003
.6601 .4965 1.24115 4 .00018 + .001
. 6642 .5011  1.24405 — .00020 + .031
.6669 .5041 1.24614 — .00021 4+ .032
7780 .6403 1.34163 — .00020 + .029
.8583 L7547 1.42024 — .00019 4+ .024
.9302 L8712 1.49891 — .00013 + .015
1.0000 1.0000 1.58426  .......  .....

corrected densities and their deviations from the
equation

d = (0.87370 4 0.7105621)/(1 + 0.00061)z2, (1)

21 =1~ 2 = 1/(1 + wdi/wrdy) 2)

in which d is the density of the solution, d; and @
the densities of the components, w; and w, their
weights in the solution, and 2, and 2, their volume
fractions. The last column gives 100V¥/1° =
100(V — V9/V9, in which V° is the volume of
the unmixed components, V' is the volume of
the solution, and V¥ is the increase of volume on
mixing. From equation 1 it follows that

VMV = 0.00081 212 3

Vapor-liquid equilibrium measurements were
made at intervals of approximately one-eighth
in the mole fraction of the liquid at 40 and 70°
and for an approximately equimolal mixture at
30, 50 and 60°. The measurements at 40° are
shown in Fig. 1, in which the curves are deter-
mined from equations 4 and 5 and the circles
are the individual experimental points. The top
curve with the plain circles gives the equilibrium
pressure as ordinate and the liquid composition,
expressed as mole fraction of carbon tetrachloride,
as abscissa. The curve just below it with the
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flagged circles gives the equilibrium pressure versus
the vapor composition, and the two lower curves
are the derived partial pressures. The broken
lines represent the Raoult’s law total and partial
pressures versus the liquid composition. The meas-
urements are reported in detail in Table IT as mole

TaBLE II
VAPOR PRESSURES OF BENZENE-CARBON TETRACHLORIDE
MIXTURES
Dev. Dev. z .De\g
X0Cu YCCl iny P in P F&, in F%,
40°
0.1398 0.1703 —0.0009 190.18 —0.06 9.11 —0.06
.2378 2774 — .0018 194.70 — .06 13.85 + .04
.8735 .4159 — .0012 200.07 — .05 17.78 - .01
.4919 ,5295 — .0008 204.02 = .00 19.06 + .08
.4986 .5359 — .0006 204.20 — .01 18.99 + .02
.6201 6475 — .0010 207.44 -— ,04 17.82 - .08
.7585 7739 — .0005 210.37 = .00 13.86 + .02
.8718 8783 — ,0002 211.97 — .13  8.06 — .87
70°
.1428 1666 — .0003 568.89 -+ .01 8.86 -+ .05
.2394 2702 — .0004 579.13 = .00 13.13 + .04
.8791 .4105 — ,0007 591.62 -+ .02 16.98 + .09
(.4930) ( .5204) (— .0002) (600.77) (+ .85) (18.92) (+1.01)
.4939 5215 = .0000 599.67 — .24 17.63 —-0.27
6224 .6411 — .0007 607.22 — .07 16.76 — .04
.7624 ,7719 — ,0002 613.08 -+ .01 12,93 + .01
.8750 8780 — ,0003 616.02 -+ .01 7.80 4+ .02
30°
.4865 .5208 -+ .0002 134.40 + .03 19.46 + .14
50°
.4926 .5265 =~ ,0005 300.20 + .04 18.74 + .12
60°
.4907 .5210 — .0007 429.52 + .02 18.35 + .09

fraction of carbon tetrachloride in the liquid,
and in the vapor, equilibrium pressure, and the
derived excess free energy of mixing. After each
of the last three is given the deviation of the
corresponding quantity from that calculated by
the following equations together with these vapor
pressures of the pure components at 30, 40, 50,
60 and 70° from IV: benzene—119.16, 182.70,
271.34, 391.66, 551.03; carbon tetrachloride—
141.55, 213.34, 312.04, 444.28, 617.43.

uE1 = RTIn Pyl/Plxl + (ﬁl - Vl)(P - Pl)

= (1.25141 — 0.0014837 T)(1 + 0.14z) Viz? (4)
uB, = RT In Py:/Pyxy + (B2 — Vo)(P — Py)

= (1.25141 — 0.00148377)(0.93 + 0.14z) Vaz:® (5)
FE, = (1.25141 — 0.00148377)(1 + 0.072) V%212 (6)
HM, = 1.25141 (1 4 0.072;) V%212, (7
SE, = 0.0014837 (1 + 0.072;) V%22, (8)

in which Vox = X1V1+ szz = Vo/(Nl + Nz), X
is the mole fraction in the liquid, y is that in the
vapor, and the subscript ; refers to carbon tetra-
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Fig. 1.—Vapor pressure ws. mole fraction for carbon

tetrachloride-benzene at 40°,
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25°, and B1 and B, are the limits at zero pressure
of the differences between the molal volumesof the
vapors and those of perfect gases at the same
temperature and pressure. The values of 8
used for benzene, carbon tetrachloride and cyclo-
hexane, respectively, are —1839, —1864. and
—2031 cc. per mole at 40° and — 1287, —1310and
—1426 cc. per mole at 70°. The calculated re-
sults from which the curves in Fig. 1 and the
deviations in Table II are calculated are from
equation 6 for FZ, and from the combined equations
4 and 5 for P and y. The constants are chosen
to give the average of FE_ at 40 and 70° and a
linear variation of FE, with temperature. The
average deviation is 0.06% in y and 0.015% in P,
which is about the same as for carbon tetrachlo-
ride~cyclohexane mixtures.

To calculate the thermodynamic functions for
mixing at constant total volume, we have made
use of the following expressions for the coefficients
of thermal expansion and compressibility in recip-
rocal degrees centigrade or reciprocal atmospheres
1.228 X 1073(1 ~ 0.0024z2y)

@ =
B = 1.10 X 10-41 — 0.1z)
ap/Bo = 11.16(1 + 0.108zs)

d1n 8/dT = 0.0076

chloride, Vi and V, are the molal volumes at and Vo = 97.104/(1 + 0.0862,). Then
(A8, — FE)), = 4.05 X 1075(97.104)z%2,2/(1 — 0.1z)(1 4 0.08622) (9)
(SB, — SBp), = — (16.40 X 1075)(97.104)(1 + 0.1082:)z:2:/(1 + 0.0862:) + 0.0076(4%, — FZ%,), (10)
(EMv - HMp)z = T(SE¢ e SEp).’D+ (AEv h FEP)-’D (11)
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In Fig. 2 are shown FE,,x at 2p and at 70° from
equation 6, HM,,x from equation 7, and E* . from
HMM and equation 11. The value for AE, at
25° is so near that of FZ, that they could not be
distinguished on a scale many times as large as
this one. For the equimolal mixture at 25°,
FE, (or A%,) is 19.5, H™, is 30.2 and E™,1s29.0
cal./mole. The correction to (EY, — A4E))
caused by deviations from random distribution is
calculated from Kirkwood’s equation! as —0.18
cal./mole, which is very small relative to the
measured -+9.5 cal./mole. V*,/g is 3.27 cal./
mole, which is scarcely more than a tenth of E™..

40 7 t

30

8’20

FE 70°
0
0 0.25 0.50 0.75 1.0
X1

Fig. 2.—Various thermodynamic functions for carbon
tetrachloride—benzene.

The results are made a little clearer if they are
translated back to the measured pressure, for the
effect on the vapor composition is very small.
For equimolal solutions we find a pressure 2.75%,
greater than the average of the pressures of the
components at 70°, and 3.159, greater at 40°.
This decrease of 0.40% would be only 0.22%, if
the solutions were regular and 0.249 if the en-
tropy of mixing at constant total volume were
zero. A decrease of 0.16%, in 30° is left unex-
plained. The deviations from random distribu-
tion, calculated by Kirkwood’s equation, increase
the unexplained deviations by 0.003%.

The cohesive energy densities at 25°, au and
ag, are calculated as —72.96 cal./mole for carbon
tetrachloride and —84.11 for benzene. By quad-
ratic combination they lead to 9.21 cal./mole for
E* . or about one-third of the measured 29.0.
However, the mutual energy per unit volume
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tud /Vv+£l11+azz)/2

212
is —77.91, which is only 0.54% less than +/Gndz.
As in the other systems, the quadratic combina-
tion of constants leads to fairly good agreement
in the calculation of gy, but the percentage error
in (213 — a1y — @) is very large.

This system has been studied by many ob-
servers, but we shall compare our measurements
with only a few. Hubbard? found values of
V¥ / V0 at 25° which correspond very closely to
ours. At 50° he finds V¥/V9 about four times
as great as calculated by our equation for 25°,
which indicates that the discrepancy between
VM /8 and EM decreases rapidly as the tempera-
ture increases. Hirobe's measurements® of the
heat of mixing at 25° are about 159, smaller, and
those of Vold* are about 309, smaller than those
we calculate from our equilibrium measurements.
Vold’s measurements are also higher in benzene-
rich solutions and lower in benzene-poor solutions
than a symmetrical curve. The curvature in
FE versus T necessary to give agreement with
either set of the heat measurements is probably
within the error of our measurements, but we
see no basis for a choice between the two sets.
The measurements by Zawidski® of the vapor pres-
sure at 49.99° are 2-5 mm. lower than those cal-
culated from our equations. The vapor pressures
of the pure components are also lower, and his
ratio of pressure to ideal pressure agrees very well
with ours in solutions rich in benzene, and is
higher than ours for solutions poor in benzene.
His vapor compositions differ from ours on the
average by 0.29,, which is about the spread in
his measurements, and his vapor is always richer
in that component which is in excess in the liquid.
The vapor pressure measurements at 50.15°
by Tahvonen® are in excellent agreement with
ours.

Table III contains various properties of equi-
molal mixtures of each of the three systems of
this cycle. If the deviations from ideality are
measured by the percentage increase in pressure,
100(P — Py)/P;, the benzene—cyclohexane sys-
tem shows much the largest deviation, and carbon
tetrachloride mixtures with benzene deviate a
little more than those with cyclohexane. The

(2) J. C. Hubbard, Z. physik. Chem., T4, 207 (1910).

(3) H. Hirobe, J. Faculty Sci. Imp. Univ. Tokyo, 1, 155 (1925).

(4) R. D. Vold, Trais JOURNAL, B9, 1515 (1937).

(5) J. von Zawidski, Z. physik. Chem., 88, 129 (1900).

(6) P. E., Tahvonen, Finska-Veienskaps Societeten, Comm. Phys.
Mat., 10, 1 (1938).
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TasLE III
PROPERTIES OF EQuIMOLAL MIXTURES

CeHe— CeHir— CeHe~

CeHiz CClL CClL
100 V¥ / Vo 0.65 0.16 0.003
100(P — P1)/Prat70° 9.73 2.17 2.75
100{(P — P1)/P; at 40° 12.32 2.63 3.15
Difference 2.59 0.46 0.40
Diff. from regular solution 1.77 0.28 0.18
Diff. from vol. regular solution  0.88 0.06 0.16
HE, (cal./mole) 175.8 34.2 30.2
FE, 74.4 16.7 19.5
TS%,, 101.4 17.5 10.7
EE, 120.0  20.7  29.0
TSE,, 50.0 4.0 9.5
E®, (caled. quadratic com-

bination) 26.0 3.8 9.2

100(a12 — /audz)/o1 2.5 0.5 0.5
TS?,, calculated Kirkwood —3.6 —0.09 —0.18
Ratio to T'S%,, —0.07 —0.02 —0.02

thermodynamic functions show the same rela-
tions, except that the heat of mixing and the
excess entropy at constant pressure interchange
the last two systems. This indicates that that
property which determines these deviations is
intermediate for carbon tetrachloride between the
values for the two hydrocarbons and nearer to
that for cyclohexane. We also see that the value
for benzene-cyclohexane is much greater than
the sum of the other two. The square roots of
these deviation measures are, however, ap-
proximately additive. This relation between
the square roots is that predicted by quadfatic
combination, and the cohesive energy density of
carbon tetrachloride does lie between those of the
two hydrocarbons and nearer to that of cyclo-
hexane than to that of benzene.  The simple
theory of non-polar mixtures states that it is the
square of the difference between the square roots
of the cohesive energy densities which determines
the deviations from ideality rather than any dif-
ference in molecular structure or nature of the
atoms. So it should be quite possible for sub-
stances which are very different chemically to give
nearly ideal solutions. The quantitative cal-
culations for the energy densities give, however,
only about a fifth of the measured values.

The volume increase on mixing is greater than
that calculated from the energy of mixing by
simple theory for the mixtures containing cyclo-
hexane, but it is very much smaller for carbon
tetrachloride-benzene mixtures. However, the
measurements of Hubbard indicate that the vol-
ume increase becomes rapidly larger as the tem-
perature increases.
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For the two systems with large increase of
volume, the excess entropy of mixing at constant
total volume is considerably smaller than that at
constant pressure, but it is still important in all
three cases. It was suggested in III” that the
entropy increase in the benzene-cyclohexane
system might be due to an abnormally small
entropy in one of the liquids, probably caused by
incomplete randomness of orientation which be-
comes complete in the mixtures, If this explana-
tion were correct, the excess entropy of the first
system should equal the sum of that for the other
two if there were no lack of randomness in the
more symmetrical carbon tetrachloride, and would
in general be less than this sum by twice the effect
for carbon tetrachloride. From Table III we
see that the excess entropy for benzene-—cyclo-
hexane is almost four times as great as the sum
for the other two systems. Barring the very
improbable case of a large negative entropy in
one of the mixtures giving compensation, the
study of the two systems with carbon tetrachlo-
ride shows that most of the excess entropy cannot
arise from an abnormally low entropy in either of
the components.

To consider ternary mixtures we will assign
the subscripts ; to benzene, s to cyclohexane, and ;
to carbon tetrachloride. If the excess free ener-
gies of the binary mixtures are given by expres-
sions of the type FZ; = V°Buziz, the expression
for the free energies of ternary systems should be
the sum of those for the binary systems: FE =
VO(Bzi2: + Bisz12s + Baszess). If the expression
for binary systems contains a triple product of
the type Cuezi?ze, however, we may expect for
ternary mixtures a term Ciss%1%% which cannot
be determined by measurements on binary mix-
tures. Of the three systems under discussion,
benzene—cyclohexane mixtures deviate from the
symmetrical expression only enough to give a
maximum discrepancy of about 0.49, in the
pressure; benzene—carbon tetrachloride mixtures
give a maximum discrepancy of about 0.19,
and cyclohexane—carbon tetrathloride mixtures
give none within the accuracy of our measure-
ments. We may then expect an error of about
the average, which is less than two parts per
thousand, if we ignore the term in 222 and
adjust our expression to merge into each of
those for a binary liquid as the third component

(7) G. Scatchard, S. E. Wood and J. M. Mochel, J. Phys. Chem.,
43, 119 (1939).
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disappears. Our expressions for the binary mix-
tures are

Fi3/ V0 = 123(B1a + D1sz:?)

Fos/ VO = z123(B1s + Cis2s)

Fos/V? = 2323Bas

For ternary mixtures we must eliminate the un-
symmetrical method of writing the first two by
replacing 2 by its equivalent (1 — 2z, + 2,)/2 =
(22; + 2)/2 and 33 by (22 + 223)/2. This gives
the following expressions, in which the volume
fraction of each component is eliminated in the
expression for the potential of that component.
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equimolal binary mixtures with carbon tetra-
chloride deviate 3.35 and 2.869, from Raoult’s
law. Therefore, the cross sections at constant
mole fraction of carbon tetrachloride are nearly
symmetrical and flatten out rapidly as the
fraction of carbon tetrachloride increases. At
one half mole fraction carbon tetrachloride, the
excess over the average of the end-points has
already decreased from 12.9 to 3.1 mm.

Summary

The vapor-liquid equilibrium pressure and com-

FE/V® = Buziz + Dulaiz® + 21202 + 212025%/4) + Buazizs + Cus(212033/2 + 21252) + Baszozs

wB/ Vi = Bu(z® + 28) + Bl + 2% — Bumzs + DBzt — 253 4 6z:%; — 2z%s + 152%25%/4 — 22:2/2 +
3 22:%/4) + Cualz2%8s — 2023/2 + 3z — 23® + 22%)

uB/Vy = Bulz? + z:235) — Buzizs + Bas(zzs + 252) + Dia(321% — 621° + 631%; + 3312 — 821283 + 1521252/4 + 23125 —

5212:%/2 + 3212:%/4) + Culei?zs — 2123/2 — 21252)
—Buz122 + Bus(z:? + 212) + Bas(212: + 22) + Dio( — 32132:/4 + 2122 + 321222/2 — 212:/4 — z122% — 3212:8/4) +

B/ Vs =
Cu(— 25:° + 252 — 3z:% + 3212,/2 — 2122,

These equations readily may be extended to in-
clude the cases where any or all of the constants
Ciz, Cis, Cas, Dra, Dis, Dy are not zero by the
appropriate interchange of coefficients, and to
HE or SE instead of FE. The values of the
parameters for our system are: V; = 89.400,
Vy, = 108,754, V; = 97.104, By, = (6.943 —
0.013233 T), Bis = (1.3335 — 0.0022916 T),
By = (1.25141 — 0.0014837 T), D1y = 0.084 By,
Cis = 0.07 Byz. The units are cc./mole for the
volumes and cal./cc. for the other parameters.
Applying these expressions to mixtures contain-
ing equal mole fractions of benzene and cyclo-
hexane at 25° we find that, as the fraction of car-
bon tetrachloride increases from zero to unity,
log Py;/P;x; increases by 0.009 for benzene, de-
creases by 0.011 for cyclohexane and increases
by 0.002 for carbon tetrachloride. As a result
the total pressure is almost linear, and it varies
only from 109.1 to 113.8 mm. The vapor pres-
sures of benzene and cyclohexane are 94.98 and
97.45 mm., respectively, and the pressures of

positions of benzene—carbon tetrachloride mixtures
have been measured at 40 and 70° over the whole
composition range, and at 30, 50 and 60° for ap-
proximately equimolal mixtures. The densities
have been determined at 25°.

These measurements have been expressed ana-
lytically, and corresponding equations have been
derived for the thermodynamic functions, in-
cluding the energy and entropy of mixing at con-
stant total volume.

These equations show a slight asymmetry, and
a moderate deviation from regularity, which, on
account of the nearly additive volumes, is almost
the same at constant total volume as at constant
pressure.

These results are compared with those obtained
previously for mixtures of each of the components
with cyclohexane, and approximate equations
are derived for the ternary system: benzene-
cyclohexane—carbon tetrachloride.
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