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Ebulliometric Measurement of Vapor-Liquid Equilibria for Four
Binary Systems: Methanol + Silicon Tetramethoxide, Methanol +
Silicon Tetraethoxide, Ethanol + Silicon Tetramethoxide, and

Ethanol + Silicon Tetraethoxide

Masahiro Kato* and Hiroyuki Tanaka

Department of Industrial Chemistry, Faculty of Engineering, Nihon University, Koriyama, Fukushima 963, Japan

Vapor pressures of silicon tetramethoxide and sllicon
tetraethoxide were measured with a small ebuliiometer.
Bolling points for the four binary systems made of alcohol
{methanol and ethanol) and alkoxide (sliicon
tetramethoxide and sllicon tetraethoxide) were further
measured at 760 and 450 mmHg pressures, and their
vapor-liquid equllibrium relations were determined by
using the Wiison equation.

Introduction

Vapor-liquid equilibria are required for engineering use such
as in the design and operation of distillation equipment. Va-
por-liquid equilibrium relations can be determined from boiling
point curves which are easily obtained rather than the con-
ventional equilibrium measurements.

The authors (7-3) previously proposed the apparatus for
measuring isobaric boiling points. In the present study, vapor
pressures of silicon tetramethoxide and silicon tetraethoxide
were measured and correlated with the Antoine equation.
Vapor pressures of those substances are not available in the
literature. Boiling points were further measured for four binary
systems made of alcohol (methanol and ethanol) and alkoxide
(silicon tetramethoxide and silicon tetraethoxide) at 760 and 450
mmHg pressures, and their vapor-liquid equilibria were indirectly
determined by using the Wilson equation. Vapor-liquid equi-
librium data for those alcohol-alkoxide systems are not avail-
able in literature.

Experimental Section

The experimental apparatus for the measurement of boiling
points is schematically shown in Figure 1. The ebulliometer
E is essentially the same as the previous ones (2, 3). The liquid
volume in the ebulliometer E is about 25 cm?®. An electric
cartridge heater is inserted into the bolling flask, and a little glass
dust is put on the wall of the heat-transfer surface to stabilize
the boiling condition. The boiling vapor-liquid mixture flashes
to the thermometer well in the ebulliometer.

At the start of experiments, the solution of desired compo-
sition was prepared by mixing each pure substance which was
weighed by use of syringes and an automatic balance, similar
to the previous works (2, 3). The reproducibility of the com-
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position was within 0.001 mole fraction. Cocks K, K,, K3, and
K, were opened, and K;, Kg, K;, and solenoid valve F were
closed. The system pressure was reduced to the desired
pressure. Next, cocks K, and K, were closed, and the pressue
was kept constant with the manostat G. The prepared solution
was then boiled.

After attainment of steady state, the boiling point was mea-
sured with the thermometer T. The Hewilett-Packard 2804A
quartz thermometer calibrated by the triple point of water in a
reference cell was used for the present experiment. The re-
producibility of the thermometer was £0.01 K. The experi-
mental pressures were controlled with a precision of £0.03
mmHg in the present work. The pressures were measured by
the Ruska 3850 quartz bourdon gauge with a precision of
+0.02 mmHg.

Special grade reagents of alcohols supplied by the Wako
Pure Chemical Industry Co. Ltd. were further purified by dis-
tillation. Special grade reagents of alkoxides supplied by the
High Purity Chemical Laboratory Co. Ltd. with the guarantee of
99.999% purity were used without further purification. The
physical properties of the materials used are listed in Table I.

Resuits

The experimental vapor pressures of silicon tetramethoxide
and silicon tetraethoxide are given in Table II. Those data
were correlated by using the Antoine equation. The Antoine
constants of those alkoxides were determined as shown in
Table III.

The experimental boiling points for four binary systems at 760
and 450 mmHg pressures are given in Table IV. The vapor-
liquid equilibrium relations were determined from the experi-
mental boiling point data by using the following Wilson equations
(5):

In~vy,=

Ay Ao
xgHApx,  Apxg t ij

—In (x, + Apx,) + x2[ (1)

In vy, =
A Ay ]

Xyt Apxy,  Agxy t x|

2

-In (Agexy + xp) - X1[

where x, A, and +, respectively, denote the liquid mole fraction,
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Table I. Physical Properties of Materials Used
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density at refract. index
normal bp, K 298.15 K, g/cm?® at 298.15 K
material exptl lit. (4) exptl lit. (4) exptl lit. (4)
methanol 337.69 337.65 0.7870 0.7865 1.3267 1.3265
ethanol 351.45 351.42 0.7855 0.7850 1.3595 1.3596
silicon tetramethoxide 393.27 1.0210 1.3672
silicon tetraethoxide 4317.67 0.9290 1.3815

Table II. Experimental Vapor Pressures of Silicon
Tetramethoxide and Silicon Tetraethoxide

vapor press.,

vapor press.,

temp, K mmHg temp, K mmHg
Silicon Tetramethoxide
393.27 760.07 379.60 500.23
392.38 740.02 378.35 479.94
391.49 720.11 376.96 460.09
390.42 700.06 376.20 450.00
389.53 680.00 375.56 440.03
388.57 659.99 374.14 420.04
387.55 639.98 372.72 399.98
386.49 619.94 371.09 380.43
385.45 599.95 369.43 360.15
384.25 580.06 367.84 340.06
383.13 559.81 366.02 320.02
381.97 540.14 364.14 300.10
380.77 520,05
Silicon Tetraethoxide

437.73 761.18 421.85 499.61
436.69 740.99 420.42 479.65
435.66 720.86 41891 459.92
434.46 700.58 417.98 450.00
433.38 680.06 417.40 439.89
432.28 660.18 415.83 420.26
431.16 640.21 413.85 399.68
429,72 619.25 412.04 379.60
428.63 598.80 410.30 359.40
427.52 580.68 408.35 339.02
426.19 558.98 406.50 319.70
424.94 539.79 404.24 299.77
423.58 519.67

Figure 1. Experimental apparatus for measuring isobaric boiling points:
(A) vacuum pump; (B) trap; (C) condenser; (D) reservoir; (E) ebuiliom-
eter; (F) solenoid vaive; (G) manostat; (H) thermostat; (K) cock; (M)
relay; (P) pressure gauge; (S) silica gel; (T) thermometer.

400 T

Table III. Antoine Constants for Silicon Tetramethoxide
and Silicon Tetraethoxide

log PlmmHg] = A - B/(T[K] + C)

substance

A

B

C___ |AP/Ply

silicon tetramethoxide 7.22669 1489.930
silicon tetraethoxide

-50.469
7.30981 1774.343 -37.118 0.0023

0.0012
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Table IV. Experimental Boiling Points for Four Binary Systems at 760 and 450 mmHg®

Figure 2. Experimental boiling point curves for methanol-silicon tet-
ramethoxide: (@) 760 mmHg; (A) 450 mmHg; (—) Wilson equation.

liquid mol bp, X

iquid mole

fracn of II III v
alcohol 760 mmHg 450 mmHg 760 mmHg 450 mmHg 760 mmHg 450 mmHg 760 mmHg 450 mmHg
0.000 393.27 376.20 437.67 417.98 393.27 376.20 437.67 417.98
0.200 361.35 345.58 366.32 352.01 371.29 3556.24 382.95 367.07
0.400 349.66 334.62 352.37 337.85 361.87 347.06 369.32 353.48
0.600 343.75 330.18 344.93 331.19 356.81 343.06 360.45 346.27
0.800 340.46 327.40 341.22 328.11 353.76 340.61 355.60 342.42
1.000 337.69 325.15 337.69 325.15 351.48 338.90 351.48 338.90

4Systems: I, methanol-silicon tetramethoxide; II, methanol-silicon tetraethoxide; III, ethanol-silicon tetramethoxide; IV, ethanol-silicon

tetraethoxide.

Table V. Wilson Parameters Obtained for Four Binary Systems

system 760 mmHg 450 mmHg
compd 1 compd 2 Arg Azt [AT)s, K A Ay AT K
methanol silicon tetramethoxide 1.2921 0.2305 0.08 1.1763 0.2249 0.23
methanol silicon tetraethoxide 1.1364 0.2484 0.16 1.3112 0.1589 0.21
ethanol silicon tetramethoxide 1.2692 0.3076 0.06 1.0674 0.3404 0.09
ethanol silicon tetraethoxide 1.0664 0.5187 0.30 1.3660 0.2735 0.13
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Table VI. Calculated Vapor-Liquid Equilibrium Compositions for Four Binary Systems at 760 and 450 mmHg*

vapor mole fracn of alcohol

l"};‘;fn“;‘}le i iy Il v
alcohol 760 mmHg 450 mmHg 760 mmHg 450 mmHg 760 mmHg 450 mmHg 760 mmHg 450 mmHg
0.100 0.535 0.562 0.820 0.826 0.411 0.432 0.706 0.716
0.200 0.712 0.731 0.911 0.915 0.594 0.608 0.838 0.847
0.300 0.799 0.812 0.943 0.947 0.699 0.705 0.893 0.901
0.400 0.851 0.859 0.960 0.963 0.768 0.768 0.924 0.930
0.500 0.886 0.890 0.970 0.973 0.818 0.813 0.944 0.948
0.600 0.911 0.913 0.977 0.979 0.857 0.849 0.958 0.961
0.700 0.931 0.931 0.982 0.984 0.889 0.880 0.970 0.971
0.800 0.949 0.947 0.987 0.988 0.920 0.911 0.980 0.980
0.900 0.969 0.967 0.992 0.992 0.953 0.947 0.990 0.988

@Systems: I, methanol-silicon tetramethoxide; II, methanol-silicon tetraethoxide; III, ethanol-silicon tetramethoxide; IV, ethanol-silicon

tetraethoxide.
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Figure 3. Experimental boiling point curves for methanol-silicon tet-
raethoxide: (@) 760 mmHg; (A) 450 mmHg; (—) Wilson equation.
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Figure 4. Experimentai boiling point curves for ethanol-silicon tetra-
methoxide: (@) 760 mmHg; (A) 450 mmHg; (—) Wilson equation.

Wilson parameter, and activity coefficient. For the vapor
pressures of alcohols, the Antoine constants given by Boublik
et al. (6) were used in the present study.

Assuming that vapor phase is an ideal gas, the Wilson pa-
rameters A, and A,; were determined to minimize the sum of
squares of deviations in the boiling points for all data points, as
shown in Table V. The calculated vapor-liquid equilibrium
compositions are listed in Table VI and shown in Figures 2-5.
Figure 6 shows the calculated vapor-liquid equilibrium relations
of four binary alcohol-alkoxide systems at 760 mmHg pressure,
using the Wilson equation.
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Figure 5. Experimental boiling point curves for ethanol-silicon tetra-
ethoxide: (@) 760 mmHg; (A) 450 mmHg; (—) Wilson equation.
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Figure 6. Calculated vapor-liquid equilibria for four binary systems at
760 mmHg: (—) methanol-silicon tetramethoxide; (- --) methanol-
silicon tetraethoxide; (—--) ethanol-silicon tetramethoxide; (----)
ethanol-silicon tetrasthoxide.
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Glossary

A, B, C Antoine constants
pressure, mmHg
temperature, K
liquid mole fraction
activity coefficient
Wilson parameter

B2 X 4D
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Subscripts
1, 2 components
Reglstry No. MeOH, 67-56-1; EtOH, 84-17-5; (Me0),Si, 681-84-5;
(Et0),SI, 78-10-4.
Literature Cited

(1) Kojima, K.; Kato, M. Kagaku Kogaku 1989, 33, 769.
(2) Kato, M.; Konishi, H.; Hirata, M. J. Chem. Eng. Data 1970, 15, 435,
501.

(3) Yoshikawa, Y.; Takagi, A.; Kato, M. J. Chem. Eng. Data 1980, 25,
344.

(4) Timmermans, J. Physico-Chemical Constants of Pure Organic Com-
pounds ; Elsevier: New York, 1950; Vol. 1.

(5) Wilson, G. M. J. Am. Chem. Soc. 1984, 86, 127.

(6) Boublik, T.; Fried, V.; Hala, E. The Vapour Pressures of Pure Sub-
stances; Elsevier: Amsterdam, 1973.

Received for review July 8, 1988. Accepted November 28, 1988.

Vapor—Liquid Equilibrium of 1,3-Dioxolane Systems

Huey S. Wu and Stanley 1. Sandler*

Department of Chemical Engineering, Universily of Delaware, Newark, Delaware 19716

We report here the vapor-liquid equilibrium of
1,3-dioxolane and of binary mixtures of 1,3-dloxolane
separately with cyciohexane at 313.15 and 333.15 K, with
heptane at 313.15 and 343.15 K, with water at 318.15
and 343.15 K, with ethanol at 313.15 and 338.15 K, and
with chloroform at 308.15 and 323.15 K. These data are
correlated with five liquid activity coefficient models using
the maximum likelthood parameter estimation method with
a correlation for nonideal vapor-phase behavior.

Introduction

Cyclic ethers are frequently used as solvents in chemical
industry because of their unique physicochemical nature.
Tetrahydrofuran has a single cyclic ether group, 1,4-dioxane has
two cyclic ether groups separated by two methylene groups,
while 1,3-dioxolane has two cyclic ether groups separated by
one methylene group. Vapor-liquid equilibrium (VLE) data have
already been published for mixtures of tetrahydrofuran (7, 2)
and of 1,4-dioxane (3) with alkanes, water, and chloroform. We
measured VLE of mixtures containing 1,3-dioxolane in order to
obtain liquid activity coefficients for these mixtures which is of
inherent interest and also of use in testing proximity effects in
current group contribution activity coefficient models (which will
be done elsewhere.) Five binary mixtures were measured,
each at two isotherms: the VLE of 1,3-dioxolane with cyclo-
hexane at 313.15 and 333.15 K, with heptane at 313.15 and
343.15 K, with water at 318.15 and 343.15 K, with ethanol at
313.15 and 338.15 K, and with chioroform at 308.15 and
323.15 K.

Experiments

The experimental equipment and operating procedures have
been described in detail previously (4). The VLE measurements
were done with a Stage-Muller dynamic still. The temperature
was measured with a platinum resistance thermometer (Ro-
semount Model 162N) accurate to 0.02 K with a resolution of
0.001 K. Pressures were measured with an accuracy of 0.02
kPa by using a Wallace-Tiernan Model FA-187 precision mer-
cury manometer. Vapor and liquid equilibrium samples were
analyzed by using a Hewlett-Packard Model 5730 gas chro-
matograph with a Model 3380 integrator, after calibration with
gravimetrically prepared samples. The compositions deter-
mined in this way are accurate to better than 0.005 in mole
fraction.

Table I. Pure Component Vapor Pressure of 1,3-Dioxolane
(C3H0,)

temp, K press., kPa temp, K press., kPa

304.443 18.018 329.590 51.609

304.460 18.025 333.294 59.328

308.195 21.373 337.050 68.052

313.343 26.793 340.606 77.295

317.920 32.478 343.290 84.772

321.450 37.525 347.540 97.959

325.525 44.144

Table II. Antoine Constants Used in This Work
B
log P(kPa) = A - ———
og P(kPa) T(°C) + C
temp
component A B C range, °C

1,3-dioxolane  6.23182 1236.70 217.235 30-75
cyclohexane 6.15159 1301.67 233.445 20-80
heptane 5.90871 1196.68 208.230 20-100
water 7.21358 1739.35 234.100 40-49
water 7.10946 1678.948 228.970 70-79
ethanol 7.16879 1552.60 222.419 30-78
chloroform 5.96288 1106.94 218.552 30-60

In this study 1,3-dioxolane, cyclohexane, heptane, and
chloroform were of Gold Label quality from Aldrich Chemical
Co. and were used as received. The water used was filtered,
distilled, and deionized. Ethanol is 200-proof dehydrated aicohol
from U.S. Industrial Chemicals Corp. The vapor pressures of
cyclohexane, heptane, chloroform, water, and ethanol agree
to within 0.1 kPa with literature values (5). The vapor pressure
of 1,3-dioxolane that we measured is slightly different from the
one data set reported (5). However, our measured vapor
pressure data for 1,3-dioxolane, listed in Table I, are not only
better fit with the Antoine equation than the other measure-
ments, but also are in better agreement with the reported
normal boiling point (6). Consequently, we believe our mea-
surements to be of high accuracy. The Antoine constants that
we determined from our vapor pressure measurements are
listed in Table II. The binary isothermal VLE data we mea-
sured are listed in Table III. These data satisfy thermody-
namic consistency tests (7).

Results and Discussion

We correlated our measured vapor-liquid equilibrium data
with five liquid activity coefficient models using the maximum
likelihood parameter estimation method, with a nonideal vapor
phase correction using second virial coefficients obtained from
the correlation of Hayden and O'Connell {(8). The second virial
coefficients we used are listed in Table IV. The experimental
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