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Isothermal Vapor-Liquid Equilibrium Data for Binary Systems at
High Pressures: Carbon Dioxide—Methanol, Carbon Dioxide—Ethanol,
Carbon Dioxide—1-Propanol, Methane—-Ethanol, Methane-1-Propanol,
Ethane—Ethanol, and Ethane—1-Propanol Systems
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Isothermal vapor-liquid equilibrium data for binary
systems carbon dioxide-methanol, carbon
dioxide—ethanol, carbon dloxide-1-propanol,
methane-ethanol, methane-1-propanol, ethane—ethanol,
and ethane-1-propanol were measured by a new static
phase equillbrium apparatus at 313.4 and 333.4 K.

Introduction

Production of C; to Cq alcohols from syngas is one of the
most promising developments in C, chemistry. The reactions
are

main reactions
nCO + 2nH, — C,H,,+,0H + (n - 1)H,0
side reactions
nCO + (2n + 1)H, — C_ H,,4, + nH,O
CO + H,0 = CO, + H,

And as a result, the separation of the ten-component system,
H,, CO, CO,, CH,, C,Hg, CsHg, H,O, CH,OH, C,H;OH, and
C4H,0H, becomes important in process design. Although there
are much data available in some literature for the binary com-
ponents of the system, little or no data exist at the conditions
of interest for the CO,-alcohol binaries, methane-alcohol bi-
naries, and ethane-aicohol binaries. Furthermore, no muiti-
component phase equilibria data exist for the above mentioned
multicomponent system at any conditions.

In this work, we report on the design of a new static phase
equilibrium apparatus and also report isothermal high-pressure
vapor-liquid equilibrium data for the CO,-methanol, CO,-
ethanol, CO,-1-propancl, methane-ethanol, methane-1-
propanol, ethane—ethanol, and ethane—1-propanol systems in

the 313-333 K temperature range.

Experiment

Apparatus. The vapor-liquid equilibrium apparatus is shown
in Figure 1 and was designed to accommodate the ten-com-
ponent system. It is a static type of apparatus in which the
coexisting phases are recirculated, sampled, and analyzed.

The apparatus is made up of two sections: (i) an equilibration
section that consists of an equilibrium cell, 1, enclosed in an
air bath, 23, at the temperature of interest and (ii) an analysis
section that consists of a homogenizing system enclosed by an
air bath, 24, kept at a temperature much greater than the
equilibrium temperature. The air bath of each section was
controlled to 0.1 K by a Pt sensor PID controller (REX-C 1000,
REK Co.). The temperature in the equilibrium cell could be
measured by a platinum resistance probe (Shimaden SD-10)
with digital readout to 0.1 K. Pressure in the equilibrium cell
could be measured by either a Bourdon gauge (GP35, Nagano
Co.), 0-250 kg/cm? marked in 0.5 divisions, or a 4'/, digital
gauge, 0-200 kg/cm? (GC-11, Nagano).

Equillbrium Cell. The equilibrium cell consisted of a two-
piece autoclave with a titanium delta-ring and was designed to
carry a maximum pressure of 25 MPa at 453 K. Three pairs
of diametrically opposed windows of 12-mm o.d. with Vespal
gaskets (Du Pont Co.) allowed viewing of the sample and liquid
level. Further details of the cell design are given in Figure 2,

Sampling Valves. Details of the sampling valves are given
in Figures 3 and 4. Each was constructed from 316-type
stainless steel and consisted of two pairs of two-way valves
placed at 90° angles from each other and two holes in the body
that allowed for heating with cartridge heaters. The internal
volume of the liquid sampler was 0.75 cm®. The internal volume
of the vapor sampler could be varied from 1 to 10 cm?® by
manually changing a stainless steel insert.

Chromatograph Arrangement. The gas chromatographs
(Shimadzu GC-8A) were fitted with thermal! conductivity detec-

0021-9568/90/1735-0063%802.50/0 © 1990 American Chemical Society
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Figure 1. Schematic diagram of apparatus: 1, equilibrium cell; 2,
charge pump; 3, liquid supply; 4, gas-sample cylinder; 5, pressure
gauge; 6, drain tank; 7, sampler; 8-9, magnetic pump; 10, flash tank;
11, four-way valve; 12-15, six-way valve; 16 and 17, gas chromato-
graphs (GC-1, GC-2, respectively); 18, Ar-gas cylinder; 19, He-gas
cylinder; 20, vacuum pump; 21, stirrer; 22, heater; 23 and 24, air baths;
25, safety valve.

@@ @ O

Figure 2. Equilibrium ceil: 1, sample inlet; 2, pressure-gauge tap; 3,
vent tap; 4, gas outlet; 5, liquid outlet; 6, gas inlet; 7, liquid inlet; 8,
safty-valve tap; 9, magnetic pump; 10, thermoweli; 11, circular window;
12, drain outlet; 13, liquid outlet; 14, titanium delta-ring. (The “a"
denotes a valve seat.)

Figure 3. Liquid-phase sampling valve: 1, inlet (cell side); 2, outlet
(cell side); 3, inlet (flash-tank side); 4, outlet (flash-tank side); 5, cooling
air hole; 6, cartridge heater hole; 7, thermowell. (The “a” denotes a
valve seat.)

tors (TCD) and reporting integrators (Shimadzu Chromatopac
C-R3A). In Figure 1, six-way valves, 15a and 15b, determine
whether GC-1, 16, and GC-2, 17 analyze the vapor or liquid
phase sample. Manipulation of six-way valves 12a and 12b or
valves 14a and 14b brings one sample of vapor or liquid to
each of the chromatographs.

The gas chromatography column arrangement shown in
Figure 5 was designed to analyze the ten-component system.

Figure 4. Gas-phase sampling vaive: 1, inlet (cell side); 2, outlet (cell
side); 3, inlet (flash-tank side); 4, outlet (flash-tank side); 5, cooling air
hole; 6, cartridge heater hole; 7, thermowell; 8, plug; 9, metal ball; 10,
insert. (The “a” denotes a valve seat.)
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Figure 5. Schematic diagram of gas chromatograph columns: 1,
molecular sieve-13X (3 m); 2, Porapak-N (1 m); 3, Porapak-N (2 m);
4, empty (7 m) + Porapak-Q (3 m); 5, Shimalite-Q (1 m); 6, Porapak-N
(1 m); 7, Shimalite-Q (2 m); 8, Porapak-N (1 m); 9, poiyethylene gly-
col-6000 (2 m) + poly(pheny! ether) (5 rings) (1 m); 10, polyethyiene
glycol-6000 (2 m).

It also can be used to analyze any combination mixtures of the
previously mentioned ten components. Argon carrier gas was
used for the analysis of gas components, H,, CO, CO,, CH,,
CgHg. and C4Hg, while helium gas was used for liquid compo-
nents, H,0, CH30H, C,H;OH, and C4H,0H.

Calibration. The Pt resistance temperature probe (Shimaden
8D-10) was calibrated against a Hewlett-Packard 2804A quartz
thermometer accurate to £0.025 K. The final accuracy of the
temperature measurements is estimated to be £0.2 K due to
some difficulties with vapor condensation explained later. Both
Bourdon and digital pressure gauges were checked with a
dead-weight tester from Nagano. The final accuracy of the
pressure measurements is estimated to be £0.02 MPa.

Gas chromatography calibration was made by making plots
of peak area versus mole number. For the case of liquid
samples, microsyringes were weighed on a 5/, digital Mettler
AE-163 balance before and after injection. Gaseous samples
were loaded into volume-calibrated tubes at a measured tem-
perature and desired pressure. The number of moles could be
estimated from the virial equation of state with the values of
Dymond and Smith (7). Accuracy of the gas and liquid com-
position by this procedure is estimated to be 1% and 3%,
respectively.

Since two samples were required for both gas and liquid
analysis, the volume ratios of loops 12a/12b and 14a/14b in
Figure 1 were measured with N, gas. These ratios were then
applied to the peak area as a correction. Three analyses were
made for each sample, and only the data with a maximum
reproducibility of 0.5% were used.



Table I. List of Materials

component purity, % maker

CO, 99.99 Showa Tansan Co., Ltd

methane 99.95 Nippon Sanso Co., Ltd.

ethane 99.7 Nippon Sanso Co., Ltd.

propane 99.9 Takachiho Kagakukogyo Co., Ltd.
methanol 99.6 Wako Pure Chem. Ind. Co., Ltd.
ethanol 99.5 Wako Pure Chem. Ind. Co., Ltd.

1-propanol 99.5 Wako Pure Chem. Ind. Co., Ltd.

Table II. Vapor-Liquid Equilibria of the Carbon Dioxide
(1)-Methanol (2) System

P,MPa  x(1) ¥(1)

P,MPa x(1) ¥(1)

3134 K
0.683 0.031  0.944 4910 0.283 0.986
1.126 0.055  0.965 6.954 0.482  0.984
2.145 0.111  0.980 7.400 0.552  0.983
2.986 0.163  0.983 7.713 0.616  0.981

Table III. Vapor-Liquid Equilibria of the Carbon Dioxide
(1)-Ethanol (2) System

P, MPa x(1) y(1)

P,MPa  x(1) ¥(1)

3134 K
0.514 0.026  0.960 5.059 0.305 0.991
1.155 0.064 0981 6.022 0.398  0.991
2.061 0.111 0.988 7.102 0.552  0.987
3.020 0.166  0.991 7.437 0.638  0.987
3.9256 0.226 0.991 7.906 0.873 0.981

3334 K
0.544 0.020 0.905 7.529 0.372 0.979
0.991 0.038  0.947 9.024 0.494 0972
2.110 0.088 0.972 9.949 0.610  0.954
3.030 0.129 0.978 10.518 0.726  0.934
4.043 0.169 0.981 10.580 0.763  0.923
4.993 0.217  0.982 10.654 0.817  0.908
6.094 0.278 0.981

Salety Precautions. Because of high pressures and be-
cause some of the system components are toxic or explosive,
‘a safety valve and rupture disks were placed in both high- and
low-pressure sections. The entire area was enclosed in a hood
that was continuously monitored by a CO/combustible-gas de-
tector that could automatically turn on a 450-W, 110 m3/min
blower.

Procedure

Materials. The materials and their source and purity are
given in Table I. Besides the liquids being degassed in the cell,
substances were used without further purification.

Experiment. Each experiment began by evacuation of the
apparatus overnight to a pressure of below 0.1 Pa. Materials
were fed into the cell through a 300-cm? high-pressure piston
pump until the desired pressure was achieved. Once the cell
was loaded, the vapor and liquid phases were recirculated
through the sampling valves by pneumatically controlled mag-
netic pumps and were vigorously stirred by the magnetic cou-
pled stirrer.

After 8 h, the magnetic pumps and stirrer were cut off and
the system was allowed to settle. Samples were isolated in the
sampling valves and flashed to the low-pressure section, and
all line heaters and sampling valve heaters were activated.
Low-pressure magnetic pumps of 700 cm?® in volume were used
for stirring action, and 300-cm?® surge tanks provided additional
system volume. Pressure of the analysis section could be
monitored by two Bourdon-tube gauges that could be valved off
from the system. Initially, the analysis system was kept at 498
K, but it was found that 423 K was adequate to ensure that the
samples were completely vaporized.

Once the sample was homogenized, the six-way valves could
be manipulated as explained in the previous section such that
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Table IV. Vapor-Liquid Equilibria of the Carbon Dioxide
(1)-1-Propanol (2) System

P,MPa  x(1) y(1)

P,MPa  x(1) ¥(1)

3134 K
0.518 0.037 0.983 6.035 0.435 0.995
1.171 0.087  0.993 6.979 0.529  0.993
2.600 0.181  0.996 7.580 0.668  0.989
4.062 0292  0.996 7.999 0.908  0.987
5.076 0.356  0.996 8.179 0.961  0.985
3334 K
0.668 0.031  0.969 7.870 0.428 0.988
1.163 0.054  0.980 9.574 0.586 0978
3.118 0.151  0.990 10.414 0.705  0.960
4.966 0.246  0.991 10.822 0.812 0.942
6.081 0.309  0.991

Table V. Vapor-Liquid Equilibria in the Methane
(1)-Ethanol (2) System

P, MPa x(1) y(1)

P,MPa x(1) y(1)

3134 K
1.808 0.021 0.989 7.254 0.080 0.995
3.662 0.041 0993 10.073 0.107  0.995
5.052 0.057 0.994

3334 K
2.594 0.028 0.977 8.089 0.083  0.988
4.460 0.047  0.985 10.464 0.106  0.989
6.311 0.066  0.987

Table VI. Vapor-Liquid Equilibria of the Methane
(1)-1-Propanol (2) System

P,MPa  x(1) ¥(1)

P, MPa x(1) y(1)

3134 K
2.165 0.036  0.996 8.082 0.116  0.998
3.740 0.059  0.997 10.079 0.141  0.998
5.761¢ 0.094  0.998

3334 K
1.410 0.020 0.985 7.026 0.092  0.994
3.205 0.044  0.992 10.197 0.130  0.994
5.126 0.069  0.994

¢The experimental error of the datum at 5.761 MPa was large in
comparison with other data.

Table VII. Vapor-Liquid Equilbria of the Ethane
(1)-Ethanol (2) System

P,MPa x(1) ¥(1)

P,MPa  x(1) ¥(1)

3134 K
1.365 0.078  0.984 5117 0.473  0.988
3.225 0.214  0.992 5.414 0.602 0.968
4.216 0.316  0.992

3334 K
1.307 0.057 0.958 7.177 0.466  0.936
2.655 0.122 0977 7.481 0.508 0.919
4.256 0.214 0981 7.700 0.535 0.904
5.188 0.279  0.981 7.897 0.567  0.882
6.504 0395  0.975

Table VIII. Vapor-Liquid Equilibria in the Ethane
(1)-1-Propanol (2) System

P,MPa  x(1) ¥(1)

P, MPa x(1) (1)

3134 K
1.347 0.106  0.994 4.489 0.426  0.996
2.653 0.218 0.996 5.111 0.547  0.994
3.698 0.321  0.996

3334 K
1.356 0.080 0.984 5.036 0.335 0.991
2,811 0.174  0.990 5.967 0.421  0.989
4.216 0.273  0.991 6.742 0.503 0971

the samples could be analyzed by gas chromatographs.
Some problems occurred in the recirculation of the equilib-
rium vapor phase. Because the liquid samples tended to con-
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Figure 6. Vapor-liquid equilibria for the CO,~CH,OH system: O, this
work at 313.4 K; A, Ohgaki et al. at 313.2 K.
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Figure 7. Vapor-iquid equilibria for the CO,~C,HsOH system: O, this
work at 313.4 K; @, this work at 333.4 K; A, Panagiotopoulos et al.
at 308.1 K; ¥, Panagiotopoulos et al. at 323.1 K; A, Panagiotopoulos
et al. at 338.1 K.
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dense in the sampler, the sampier had to be gently heated to
a temperature slightly higher than the equilibrium ceil temper-
ature. This temperature was typically 2-3 K higher than the
cell temperature but never exceeded 5 K. The change in the
cell temperature and of the sampling tubing due to this slight
heating was determined to be negiigible.

Experimental Results and Discussion

Data obtained are shown in Tables 11-V1I1 and Figures 6-8.
We began our study with the CO,—methanol system to confirm
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Flgure 8. Vapor-iquid equilibria for the C,He~C,H;OH system: O, this

work at 313.4 K; @, this work at 333.4 K; A, McHugh et al. at 310.3
K; A, McHugh et al. at 323.2 K.

our apparatus and procedure because this system has been
well studied. The P-x—y data shown in Table 11 and plotted
in Figure 6 show good agreement with the data of Ohgaki and
Katayama (3).

P-x—y data for the CO,—ethanol system at 313.4 and 333.4
K are given in Table 111 and plotted in Figure 7 with the data
of Panagiotopolous and Reid (4).

P-x-y data for the CO,-1-propanoi system are given in
Table 1V. For this system, there are no reported data that we
know of. All of the CO,-alcohol systems that we studied
showed a similar P-T-x~y envelope shape.

The methane—ethanol, methane-1-propanol, ethane-ethanol,
ethane—1-propanol systems data are given in Tables V-VIII,
respectively. Both ethane and CO, showed a higher solubility
in the alcohols than methane as would be expected in view of
their critical temperatures. Data for the ethane—ethanol system
are shown in Figure 8 along with the data of McHugh et al. (2).
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