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Vapor-Liquid Equilibria in Mixtures of Cyclohexane and Methyl

Methacrylate
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Isothermal vapor-liquid equilibrium values were measured
for mixtures of cyclohexane and methyl methacrylate at
318.12, 333.13, and 348.14 K by using a modified Dvorak
and Boubllk recirculating stlil. The experimental results
were correlated with the Wiison equation by fltting the
total pressure and vapor composition values. A binary
azeotrope was found to exist at all three temperatures.

Introduction

An ester interchange reaction between methyl methacrylate
(MMA) and higher alcohols can be carried out in the presence
of a catalyst to produce higher esters. This transesterification
of alcohols is usually conducted in an inert solvent, such as
hexane, benzene, or cyclohexane, which can form a low-boiling
azeotrope with the liberated alcohols.

The data available in the literature on the vapor-liquid
equilibrium (VLE) values for mixtures of cyclohexane and MMA
are limited to those reported by Frolova et al. (7) at 760 mmHg
(101.325 kPa). It appears that these values are of uncertain
quality. The purpose of this work is to establish isothermal VLE
values for the mixture at three temperatures by means of a
recirculating still.

Experimental Section

Chemicals. Phillips 66 Research-grade cyclohexane, sup-
plied by the Phillips Petroleum Co., and Aldrich Analyzed-grade
MMA, containing 85 ppm hydroquinone monomethyl ether,
supplied by the Aldrich Chemical Co., were used without further
purification. The purlty of both liquids was estimated to be 99
mol % minimum. Physical constants of these materials are
given in Table I. The vapor pressure data avallable in the
literature for pure MMA are generally not in good agreement,
and for this reason those that were obtained in this work were
preferred.

Apparatus. Vapor-liquid equilibria were established by
means of a modified Dvorak and Boublik recirculating still,
whose operation has been previously described (2, 3). The

temperature of the equilibrium mixture was measured by using
a Hewlett-Packard (Model 2801 A) quartz thermometer, which
was checked at the triple point of water. The accuracy of the
temperature measurement is estimated to be £0.01 K. For
pressure measurements, a Texas Instruments pressure gauge
(type 144-01) together with a Bourdon Capsule (0-174 kPa)
was used. This instrument was calibrated by measuring the
vapor pressure of distilled and demineralized water in a Swie-
toslawski type ebulliometer, and checked by a mercury ma-
nometer in conjunction with a cathometer. The system pres-
sure was controlled by a two-liquid manostat. The accuracy
of the pressure measurements Is estimated to be 0.05 torr.

Analyses of the condensed vapor and liquid samples were
made with: an Anton-Paar K.G. (Model DMA 02A) digital den-
simeter with its temperature maintained at 288.15 = 0.01 K.
The accuracy of the determined composition is estimated to be
=£0.002 mole fraction.

Results and Discussion

The experimentally determined equilibrium pressure, P, and
liquid and vapor compositions, x and y, together with the cal-
culated activity coefficlents, v,, are listed in Table II.

The values of In vy were obtained from

Iny,=In[yP/(xp:°)] + (Byy-v°NP-p,°)/RT +
(1-y4?0:,P/RT (1)

and similarly for In v,. In these equations
0= 2B, - By - By (2)

and x; and y ; are the equilibrium mole fractions of cyclohexane
in the liquid and vapor phases at pressure P. The quantities
p:°, By, and v,° are the vapor pressure, second virial coeffi-
cient, and liquid molar volume of component / and B ,; is the
cross second virial coefficient. The experimentally obtained p,°
values as listed in Table I were used in the calculation. The
values of v;° for cyclohexane and MMA were taken from Tim-
mermans (4) and Matheson et al. (5).

Since values of B, and B, are not available at the three
temperatures investigated, they were estimated by using the
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Table 1. Physical Properties of Pure Components Used

0(288.15 K), g/cm?
exptl lit.

molar vol, cm?/g-mol
333.13 K

31812 K 348.14 K

0.7832 0.78315 (4)
0.9491 0.9488 (5)

cyclohexane
methyl methacrylate

111.57 (4)
109.49 (5)

113.78 (4)
111.67 (5)

116.08 (¢
114.00 (5)

vapor press., torr

31812 K
exptl lit.

34814 K
explt lit.

333.13K
exptl lit.

224.24 224.62 (6)
94.74 90.9 (7)
95.29 (8)

cyclohexane
methyl methacryalte

388.86 388.91 (6)
180.59 178.6 (7)
181.37 (8)

637.32 637.32 (6)
322.89 316.3 (7)
323.13 (8)

second virial coeff, cm?/g-mol
31812 K 333.13 K 348.14 K

T.,K P,atm V, cm®/g-mol w g D

-1529.0 -1333.3 -1178.2
-2260.0 -1915.8 -1650.0

cyclohexane
methyl methacrylate

empirical correlation of Tsonopoulos (72). The calculated B,
values together with all the pure-component properties used in
their calculation are also listed in Table I. It should be noted
that the acentric factor that was used for MMA was that of lts
homomorph, 2-methyhexane (9). The B, values obtained are
~-1757.7, —-1520.3, and -1333.8 cm®/g-mol for the tempera-
tures 318.12, 333.13, and 348.14 K, respectively.

An attempt was made to detect the possible occurrence of
polymerization of MMA throughout the work. The results in-
dicate that the volatility of the shipping inhiblior is adequate for
preventing the polymerization of MMA in the condensed vapor.

The thermodynamic consistency of the data was tested by
the area test of Redlich-Kister (73). The net areas obtained
were 1.2%, 0.8%, and 0.2% of the total area for the tem-
peratures 318.12, 333.13, and 348.14 K, respectively.

The data were correlated by using the Wilson equation ( 74)
where

Iny, =
A12 A21

~In (X1 + A12'x2) +X2(X1 + A12X2 - X2+ A21X1)(3)

In~vy, =

i + A Az - 4

T R = X T T X F Ags ) @
Ay = (v2°/v,°) exp(-Al, /RT)

Az = (v4°/v2°) exp(-AX, /RT) ®)

The quantities v,° and v,° are the liquid molar volumes of
cyclohexane and MMA, respectively. The parameters AA,,
(=A2 - Aqp) and AX,, (=Aq, — Ayp) were obtained by fitting the
total pressure and vapor composition with the maximum like-
lihood principle and are reported in Table III. The calculated
yiand Pat given T and x , are compared with the experimental
values in Figure 1. The average absolute devlations obtained
in the calculated y, and P values are also reported in Table I11.

Using the parameter values reported in Table 111, we cal-
culated values of v, and compared them with the experimental
values. The average absolute deviations between experimental
and calculated v, values, |A+ |, are 0.01, 0.01, and 0.01 and
the corresponding |A+,|,, values are 0.02, 0.01, and 0.01 for
the temperatures 318.12, 333.13, and 348.14 K, respectively.

An azeotrope exists in the binary mixture at the three tem-
peratures studied. The calculated azeotropic composition and
pressure at these temperatures agree well with those obtained
graphically as shown in Table IV.

Glossary

By second virial coefficient of pure component /
By, cross virial coefficient

553.4 (9)
554.75 (10)

40.2 (9)
35.8 (10)

308.0 (9) 0.213 (9
332.9 (10) 0.330

0.3 (9)
1.675 (11)

600

34814 K

S00

400

333.13K

Total Pressure, P (Torr)

300

200
38.12K

IOOJ

!
0.8 1.0
XY

Figure 1. Comparison of calculated total pressures and vapor mole
fractions with experimental results for cyclochexane (1) and methyl
methacrylate (2) mixtures at three isothermal conditions.

L 1 1
o] 0.2 0.4 0.6
Mole Fraction of Cyciohexane,

GE molar excess Gibbs free energy of mixing
N number of observations



Table II. Isothermal Vapor-Liquid Equilibrium Results
for Cyclohexane (1) and Methyl Methacrylate (2)
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Table III. Wilson Parameters and Average Absolute
Deviations in the Calculated y, and P Values

x Y1 P, torr 1 ¥s 318.12 K 333.13 K 348.14 K
318.12 K AMXqy, cal/g-mol 138.67 120.25 112.68
0.047 0.198 112.93 2.14 1.00 AMgy, cal/g-mol 557.01 529.03 490.85
0.066 0.258 119.60 2.11 1.00 [Ay1)av® 0.0023 0.0023 0.0019
0.103 0.346 131.33 1.98 1.01 |AP),,,® torr 0.1476 0.3190 0.4996
0.145 0.421 142,91 1.86 1.02 o L.
0.197 0.494 156.21 176 1.03 Average deviation |AX ]y, = (Z|Xexpuy — Xeateal) /N
0.273 0.569 171.66 1.60 1.07
0.357 0.630 185.60 1.47 1.12
0.443 0.680 196.53 1.35 1.18 Table IV. Azeotropic Mole Fraction and Pressure for
0.529 0.722 205.63 1.95 1.97 Cyclohexane and Methyl Methacrylate Mixtures
0.605 0.753 211.73 1.18 1.38 azeotropic
0.671 0.782 216.63 1.13 1.50 compn, mole
0.731 0.810 220.13 1.09 1.62 fraction of azeotropic
0.771 0.831 222.15 1.07 1.71 cyclohexane press., torr
o os  mmm 1 L
0.907 0.912 996.34 1.01 2.93 318.12 0.921 0.923 2264 226.2
0.935 0.933 225.98 1.01 2.43 333.13 0.915 0.916 392.5 392.3
0.956 0.953 2925.71 1.00 2.51 348.14 0.906 0.909 643.8 643.2
0.964 0.961 225.53 1.00 2.55
333.13 K v,° molar volume of pure liquid /
0.039 0.152 204.63 2.08 1.00 X mole fraction of component / in liquid
8-881 8‘351;1’ g:lgg'gg i-gg i% ¥ mole fraction of component / in vapor
0'137 0'372 253'03 1'79 1'01 Y liquid activity coefficient of component /
0.183 0.441 271.90 170 1.02 Ay parameters in Wilson equation
0.247 0.510 294.15 1.57 1.05 Ay,
0.335 0.587 319.52 1.45 1.09 ANy,
0.421 0.644 339.28 1.34 1.14 21
0.506 0.688 354.70 1.24 1.22 " dipole moment
0.581 0.726 365.94 1.18 1.30 density
0.656 0.762 375.61 1.12 141 p A
0.702 0.785 380.39 1.09 1.49 w acentric factor
0.756 0.815 385.93 1.07 1.59
0.798 0.836 388.24 1.05 1.72 Registry No. Cyciohexane, 110-82-7; methyl methacrylate, 80-62-6.
0.833 0.860 390.31 1.04 1.78
0.893 0.900 391.87 1.02 1.99
0.937 0.933 391.50 1.00 2.27
0.963 0.958 390.75 1.00 2.41 Literature Cited
348.14 K
(1) Frolova, E. A.; Ustavshchikov, B. F.; Ershova, T. P.; Khalistova, 1. D.
0.058 0.183 372.68 1.88 1.00 Osnov. Org. Sint. Neftekhim. 1978, 6, 109.
0.084 0.245 393.26 1.83 1.00 {2) Boublikova, L.; Lu, B. C.-Y. J. App. Chem. 1869, 19, 89.
0.132 0.333 426.37 1.71 1.01 (3) Polak, J.; Lu, B. C.-Y. J. Chem. Thermodyn. 1972, 4, 469.
0.168 0.393 451.79 1.68 1.01 (4) gmmermans, J. “Physico-Chemical Constants for Pure Organic
X . X . . ompounds”; Elsevier: Amsterdam, 1950.
8%?1 8;22 ggf gg iig 183 (5) Matheson, M. S.; Aver, E. E.; Bevilacqua, E. B.; Mart, E. J. J. Am.
) y ' * ’ Chem. Soc. 1949, 71, 497
0.399 0.604 554.20 1.32 L11 (8) Boublk, T.; Fried, V.; Hala, E. “The Vapour Pressures of Pure
0.483 0.658 581.20 1.25 1.17 Substances”; Elsevier: Amsterdam, 1973.
0.562 0.700 599.83 1.18 1.25 27; gtullt,,l:?(. BI' Irlid. Ifng. thethe 1?47I' gr9. 517. o
X X i . . 8) Boubllk, T. Institute o mical Process Fundamentals, Prague,
oee o8 ezmer 10 Ldl . aschoslovada personal commuricatn, 197 o
y : : ' : (9) Reld, R. C.; Prausnitz, J. M.; Sherwood, T. K. “The Properties of Gases
0.746 0.801 631.84 1.07 1.50 and Liqukds”, 3rd ed.; McGraw-HIll: New York, 1977.
0.786 0.824 636.53 1.05 1.59 (10) Foerst, W.; “Fritz Ulimanns Encykopédle der Technischen Chemie"”,
0.824 0.849 639.92 1.03 1.66 - 3rd ed.; Ur:an a‘x’d Sschn\;:rzenberg: Munlchc.hLSBO;SVol. 12.e 0
X , X . ( Le Fevre, R. J. W.; Sundaram, K. M. S. J. m. Soc. 1863, 1880.
8333 8332 gig ;g i 8(2) ; gg (12) Tsonopoulos, T. AIChE J. 1978, 24, 1112,
0‘967 0.963 640.00 1'00 2‘18 (13) Redlich, O.; Kister, A. T. Ind. Eng. Chem. 1948, 40, 345.

total pressure
vapor pressure of pure component /
gas constant

absolute temperature

(14
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