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Abstract

Vapor-liquid equilibria for carbon dioxide with three esters of isopropyl acetate, diethyl carbonate and ethyl butyrate were measured in
this study at 308.45, 313.45 and 318.55K and at elevated pressures up to 8.9 MPa. A static type phase equilibrium apparatus with visual
sapphire windows was used in the experimental measurements. Equilibrium compositions in both vapor and liquid phases and the vapor—liquid
equilibrium (VLE) constants are reported. The solubility for each ester compound in the vapor phase is in the ordemafid @raction.

These new VLE data were correlated using either the equation of state (EOS) or activity coefficient model. It is shown that the Peng—Robinson
or Soave—Redlich—-Kwong EOS with van der Waals mixing rules gives satisfactory results. These VLE data are also well correlated by the
UNIQUAC activity coefficient model with two optimally fitted binary interaction parameters.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction VLE data for these systems at the above conditions are not
available in literature. This study presents new phase equi-
Vapor—liquid equilibrium (VLE) data at high pressures are librium data at elevated pressures. The measured data were
important for chemical process such as supercritical extrac-also correlated using either the equation of state (EOS) with
tion. Carbon dioxide is the most commonly used supercritical empirical mixing rules, or the commonly used activity coef-
fluid. Although many phase equilibrium data have been pre- ficient model.
sented in literatur¢l—3], VLE or gas solubility for carbon
dioxide with ester compoundsiis stillinadequate. In our previ-
ous studie§4—6], we have measured the VLE data for carbon 2. Experimental
dioxide with several ester compounds using a semi-flow appa-
ratus up to 13 MPa. In this study, we measured the VLE data2.1. Chemicals
for three binary mixtures for carbon dioxide with isopropyl
acetate, diethyl carbonate and ethyl butyrate using a static Liquefied carbon dioxide at high pressure with purity
apparatus with visual sapphire windows. Isopropyl acetate greater than 99.9 mass% was purchased from San-Fu Chem-
and ethyl butyrate are used as perfume or aroma additives forical Co. (Taiwan). Isopropyl acetate, diethyl carbonate and
cosmetics and food industries. Diethyl carbonate is used in€ethyl butyrate were purchased from Acros. The properties
organic synthesis or the production of resin. The experimen- for pure ester compounds were measured in this study and
tal temperatures are at 308.45, 313.45 and 318.55K, withthe results are shown ifeble 1 The refractive indices were
pressure range from 3 to 8.9 MPa. To our knowledge, the measured at 293.15K using an Abbe refractometer, Atago
3T, with an accuracy oft0.0001. The densities of pure
* Corresponding author. Fax: +886 2 2362 3040. compounds were measured at 293.15 or 298.15K using the
E-mail addressypchen@ntu.edu.tw (Y.-P. Chen). Anton Paar DMA 58 density meter with an accuracy of
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Table 1

Comparison of the measured refractive indices and densities of pure solvents with literature data

Component Refractive index (293.15K) Density (kg GC purity (mass%)

Experiment Literatur¢l8] Experiment Literature

Ethanol 1.3592 1.3594 789.4 789.4[17] >99.9

Isopropyl acetate 1.3751 1.3750 866.4 870.2[19] >99.5

Diethyl carbonate 1.3830 1.3829 969.2 969.3[19] >99.6

Ethyl butyrate 1.3899 1.3900 879.0 878.9[17] >99.3
aT=293.15K.
b T=298.15K.

+0.1kgnm3. The measured refractive index and densities culated to reach the equilibrium condition using a duplex
agree well with literature data. The purities of all chemicals metering pump (LCD, Analytical Inc.). Equilibrium samples
are greater than 99 mass% that were measured using gas chravere taken by the sampling valves. The vapor sampling valve
matograph (GC). These chemicals were used without further(Valco, 6UW) has an external loop with volume of20. The
purification. liquid sampling valve (Rheodyne, 7010) has an external loop
with volume of 5uL. On-line analyses for the equilibrium
compositions have been carried out using GC (Shimadzu
14B). The GC was equipped with a thermal conductivity
detector (TCD) and a column 2 m in length with 1/8 in. diam-
eter packed with Porapak P. The equilibrium cell and the
sampling valves were all immersed in a water bath controlled
by a PID controller. The estimated accuracy for measured
temperature ist0.1 K. Heating tapes were used for lines
between the bath and GC to keep the temperatutéat K

of a desired value through a PID controller. Helium was used
as the carrier gas with a flow rate of 45 mL min The TCD
detector was kept at 483.15 K. The column of the GC was kept
at 373.15K for CQ +isopropyl acetate, and at 413.15K for
the other two systems. The current of TCD was 70 mA.

2.2. Apparatus

The phase equilibrium apparatus of this study is shown in
Fig. 1 Itis a static type apparatus with circulation of the liquid
phase. There are mainly three sections for the input of sample
the high-pressure equilibrium cell and the analysis for com-
positions of the equilibrium phases. The equilibrium cell was
made by stainless steel with an internal volume of 320 mL.
There are six visual sapphire windows (Sitec, Switzerland)
in the equilibrium cell for the visual observation of the phase
behavior. The pressure in the equilibrium cell was measured
by a Druck pressure gauge (PDCR-4031) with a digital indi-
cator (DPI-281). The range of the pressure gauge is up to
700 bar, with a resolution af0.35 bar and an estimated accu-
racy of+£0.05% of the digital reading value. The temperature 2.3. Calibration procedures
in the equilibrium cell was measured by a K-type thermo-
couple. The digital indicator has a resolution of 0.01K and  The volumes of the sampling loops were calibrated using
an estimated accuracy #f0.1 K. The liquid phase was recir-  the similar procedures in literatufé,8]. These loops were

Fig. 1. Schematic diagram of the high-pressure experimental apparatus used in this study: ¢¥)i@ier, (2) cooler, (3) liquid pump, (4) water bath, (5)
high-pressure vessel, (6) circulation pump, (7) sapphire window unit, (8) needle valve, (9) check valve, (10) two-way valve, (11) ball valve,(1B}) GC
vacuum pump, (14) He cylinder, (15) degas/feeding unit, (16) gas sampling valve, (17) liquid sampling valve, (18) drain bottle, (19) therna®qupks\re
transmitter and (21) analysis unit.
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calibrated using distilled water controlled at 298.15 K. With 10.0

the measured weights of the sampling loops and the known €Oyl () 1= 334K

density of water at the given temperature, the loop volumes Mr ®  Suzukietal, 1990

were determined as 21.83 and 4/82for the vapor and liquid aolo M Yool . .

sampling loops, respectively. o N um® ‘
The on-line GC method was used to analyze the equi- 7.0} aA® 2

librium compositions. The calibration of GC was made by

plotting the peak areas against the number of moles of the? 0= - o

pure gas or liquid sample, as was presented by previous inves-; 50k . .

tigators[9,10]. For the liquid samples, the weighting method = A A

on a digital balance (Mettler Toledo AX10%;2 x 10°g) 440 = - -

was used to evaluate the weight and number of moles. The | .A "

GC peak areas for three ester compounds were plotted agains ™ A Al

their number of moles, respectively. The third-order polyno- 2w o H

mial curve fitting was found satisfactory for these pure liquid ’ »

sample calibration curves. Calibrations for the gas samples 0|

were performed when carbon dioxide was pressurized to a ’ T T T T'

desired value in an isothermal water bath. With the gas sam- o'ﬂo.o 0.1 02 03 04 05 0.6 07 08 09 092 096 100

pling valves connected to GC, the peak areas were obtainec X1 Y

at variousT and P conditions. The molar volumes for car-

bon dioxide at varioud and P conditions were calculated ~ Fig- 2. Comparison of thé-x-y data for the binary mixture of CO
using the data base of NISTI1]. From the molar volumes (1)+ethanol (2) at 313.4K.

of carbon dioxide and the loop volumes of the gas sampling
valve, numbers of moles of carbon dioxide were determined
in the calibrations. Third-order polynomial curves were also
observed for gas phase calibration at each isotherm.

ature datd7,9]. The result is presented graphicallyfig. 2
The measured data in this study agree well with those in
previous literature and the reliability of the apparatus in this
study is confirmed. The measured equilibrium compositions
and the corresponding; values Ky =yi1/xp) at various tem-
perature and pressure states for three binary mixtures are
The experimental apparatus was evacuated to a sub-ShowninTables 2—4respectively. The standard deviations for
a’[mospheric pressure and the £ester Compounds were the equilibrium |IqUId and vapor compositions from repeated
injected through the system for cleaning before each VLE measurements are less tharrd@nd 104 mole fractions,
measurement. The liquid ester solvent was degassed forrespectively. Graphical representations of the VLE results are
20 min before charging into the equilibrium cellimmersed in shown inFigs. 3-5 respectively. Generally, the solubility of
a water bath. The COwas then fed into the system through COzinthe liquid phase increases with pressure but decreases
the high-pressure pump to a desired pressure. The liquidwith temperature. The vapor phase contains mainly 60
phase sample was recirculated through a metering pump afmore than 99 mol%.
a flow rate of 9 mL mirm? in order to enhance rapid equilib-

2.4. Experimental procedures

rium. At all experimental conditions, equilibrium vapor and 100
liquid phases were visually observed after 12 h of recircula- €O, (1) + Isopropyl Acetate (2)
tion through the windows of the equilibrium cell. The system [ i i:":f:: ®
was then settled for 3.5 h to reach the final equilibrium. The | = T=318.55 K
final pressure reading was recorded and the equilibrium com- PREOS (k12=0.047) .
positions of the two phases were analyzed by GC. During 74| x
the liquid sampling procedures, the flow rate of the metering =
pump was carefully controlled to minimize the disturbance E 6.0 |-
of the equilibrium state. The equilibrium compositions were = A
the averaged values of more than five repeated measure: 50
ments. The sampling loops were then evacuated to remove
any residual. The accuracy of the equilibrium compositions W=
was estimated a0.002 mole fraction in this study. 3.0 -
. . 2.0 | ] | ] ] ]
3. Results and discussion 03 04 0.5 0.6 07 08 09098 1.00
Xq Y1

The VLE measurements for the binary mixture of
CO, + ethanol were first carried out and compared with liter- Fig. 3. VLE results of the binary mixture of GQ1) + isopropyl acetate (2).
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Table 2 Table 3
Experimental VLE results for the binary mixture of Q1) +isopropy! Experimental VLE results for the binary mixture of Q) + diethyl car-
acetate (2) bonate (2)
Pressure (MPa) Equilibrium composition Equilibrium  Pressure (MPa) Equilibrium composition Equilibrium
constantKy constantKy
X1 y1 X1 Y1
T=308.45K T=308.45K
3.30 0.462 0.9933 2.150 4.72 0.500 0.9947 1.989
4.12 0.573 0.9946 1.736 5.06 0.530 0.9948 1.877
4.70 0.644 0.9953 1.545 5.50 0.585 0.9950 1.701
5.20 0.707 0.9964 1.409 5.80 0.625 0.9955 1.593
5.50 0.763 0.9969 1.307 6.07 0.682 0.9958 1.460
5.99 0.824 0.9974 1.210 6.50 0.730 0.9968 1.365
6.13 0.841 0.9974 1.186 6.75 0.800 0.9973 1.247
6.40 0.880 0.9950 1.131 6.94 0.840 0.9968 1.187
7.14 0.892 0.9961 1.117
T=313.45K
3.08 0.400 0.9930 2.483 T=313.45K
3.56 0.453 0.9940 2.194 4.50 0.450 0.9950 2.211
4.23 0.538 0.9949 1.849 5.12 0.505 0.9961 1.972
4.62 0.590 0.9952 1.687 5.46 0.545 0.9969 1.829
5.67 0.703 0.9961 1.417 6.13 0.610 0.9978 1.636
5.94 0.740 0.9965 1.347 6.66 0.685 0.9983 1.457
6.81 0.853 0.9969 1.169 7.08 0.745 0.9977 1.339
7.16 0.897 0.9973 1.112 7.42 0.781 0.9975 1.277
7.50 0.795 0.9965 1.253
T=318.55K 7.69 0.840 0.9960 1.186
3.06 0.360 0.9941 2.761
3.74 0.445 0.9951 2.236 T=318.55K
4.05 0.475 0.9953 2.095 4.30 0.400 0.9933 2.483
4.30 0.500 0.9955 1.991 5.00 0.460 0.9935 2.160
5.05 0.585 0.9958 1.702 5.21 0.475 0.9947 2.094
5.83 0.675 0.9967 1.477 5.73 0.523 0.9951 1.903
6.21 0.728 0.9949 1.367 6.13 0.565 0.9963 1.763
6.93 0.795 0.9943 1.251 6.85 0.619 0.9975 1.611
7.14 0.810 0.9937 1.227 7.20 0.660 0.9977 1.512
7.80 0.899 0.9929 1.104 7.50 0.701 0.9970 1.422
7.80 0.750 0.9960 1.328
8.20 0.780 0.9940 1.274

The VLE data measured in this study were correlated
by the most commonly used equation of state method. The

0.0 Peng—Robinson EOR2]:
CO, (1) + Diethyl Carbonate (2)
85 ‘2‘ T =30845 K p= RT — a (1)
® T=31345K - v—>b v(w+b)+bv-—D>)
8.0 L | ] T=318.55K
————— PREOS (k12=10.089) RZTC2

il - a= 0'45724Tca(T) (2

= g RT,
H b = 0.07780—C 3)
£ sl Pe
g 6
& 60—

y a(T) = |1+ (0.37464+ 1.54226» — 0.26992,%)

5.0 - 2

T
asl 1—4/— 4
45 X Te (4)
|
03 0.4 0.5 0.6 0.7 0.8 0.9 0.99 1.00 and the Soave—Redlich—-Kwong EQIS]:
X1 Y
RT
P=—— (5)

Fig. 4. VLE results of the binary mixture of G@1) + diethyl carbonate (2). v—b U(U + b)
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Experimental VLE results for the binary mixture of @) + ethyl butyrate

&)
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Pressure (MPa) Equilibrium composition Equilibrium
constantKy
X1 Y1
T=308.45K
4.80 0.480 0.9947 2.072
5.30 0.530 0.9958 1.879
5.65 0.580 0.9966 1.718
6.00 0.630 0.9974 1.583
6.30 0.670 0.9968 1.488
6.60 0.725 0.9953 1.373
6.80 0.810 0.9940 1.227
T=313.45K
4.60 0.430 0.9957 2.316
5.10 0.480 0.9961 2.075
5.70 0.535 0.9969 1.863
6.20 0.595 0.9978 1.677
6.70 0.650 0.9983 1.536
7.05 0.690 0.9977 1.446
7.40 0.755 0.9965 1.320
7.90 0.820 0.9950 1.213
T=318.55K
4.55 0.395 0.9960 2.522
4.90 0.430 0.9965 2.317
5.40 0.470 0.9969 2.121
6.00 0.530 0.9971 1.881
6.60 0.580 0.9973 1.719
7.20 0.640 0.9985 1.560
8.10 0.760 0.9960 1.311
8.90 0.860 0.9940 1.156
10.0
CO; (1) + Ethyl Butyrate (2)
A T=30845K
® T=31345K
90F MW T=31855K
PREOS (k12=10.115)
8.0 |- .
£
=170
=
6.0 —
5.0 |
i | | | !
0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.98 1.00

Fig. 5. VLE results of the binary mixture of GQ1) + ethyl butyrate (2).

X1

Vi

Table 5
Pure component properties used in this widig]
Component Te (K) P: (MPa) v (m3kmol1)
Carbon dioxide 304.19 7.38 0.094 0.228
Ethanol 516.25 6.38 0.167 0.637
Isopropyl acetate 538.00 3.58 0.336 0.355
Diethyl carbonate 576.00 3.39 0.356 0.485
Ethyl butyrate 566.00 3.06 0.421 0.463
R2Te?
a= o.42748P—°a(T) (6)
c
RT,
b = 0.08664— 7)
Pe
2
T
a(T) = |1+ (0.48+ 15740 — 0.1760°%) (1 - Tﬂ
c
(8)

were employed in these calculations. The EOS parameters
were determined from the critical constants of pure fluids
that are listed inTable 5 Various mixing rules were used

to evaluate the EOS parameters for fluid mixtures. For the
traditional van der Waals one-fluid (VDW1) mixing rule, we
have:

am=>_ > xixj(aia;)*>(1 - ki) ©)
bm = inb,' (10)

whereki is the binary interaction parameter. If one addi-
tional binary interaction parameter is used ligy, we have
the VDW2 mixing rule:

bi+b;
b= > xixj— 5 11— 1;j) (11)
The optimally fitted temperature-independent binary inter-

action parameters were determined through bubble point
calculations by minimizing the absolute average deviation

(AAD) in calculated equilibrium pressure and compositions.

The other Panagiotoupoulos—Reid (PR) mixing r{leq
give a composition dependent model. In the PR mixing
model, the EOS energy parameter is:

am = Z inxj(aiaj)o‘S[l - kij + (kij — k(/,’)xl'] (12)

and the volume parameter is given by Etfl). Although the
PR mixing model has limit for the extension to multicom-
ponent mixtures, it is applicable in correlating binary VLE
data.

Besides the van der Waals type mixing models, a group-
contribution mixing model proposed by Huron and Vi3]
was also used in this study. Applying this model, the excess
Gibbs energy calculated from an EOS at an infinite pressure
reference state was set equal to that calculated from the UNI-
QUACI[16] activity coefficient model. Two binary parameters
of the UNIQUAC model were determined by regressing the
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Table 6
Correlated results of experimental VLE data of three binary mixtures using various EOS and mixing rules

Mixing rule Peng—Robinson EOS Soave—Redlich—-Kwong EOS
k12 li2(orkps) AADP (%) 1CPAy;  AADKj1 (%) ka2 l12 (orkp1) AADP (%) 1FAy;  AADK; (%)
CO; (1) +isopropyl acetate (2)

VDW1 0.047 1.15 0.41 0.71 0.048 1.25 0.34 0.77

VDW2 0.043 -0.010 1.07 0.43 0.69 0.043-0.012 1.13 0.37 0.71

Panagiotopoulos—Reid  0.060 .0@7 1.07 0.43 0.68 0.064 475 1.14 0.36 0.74
CO; (1) + diethyl carbonate (2)

VDW1 0.089 0.91 0.17 0.50 0.091 0.84 0.17 0.50

VDW2 0.093 0007 0.79 0.17 0.49 0.094 @5 0.78 0.17 0.50

Panagiotopoulos—Reid  0.078 .080 0.79 0.18 0.45 0.083 .@M2 0.78 0.17 0.44
CO; (1) + ethyl butyrate (2)

VDW1 0.115 0.65 0.75 0.41 0.121 0.68 0.73 0.45

VDW2 0.114 -0.003 0.62 0.75 0.57 0.119-0.003 0.66 0.73 0.44

Panagiotopoulos—Reid  0.119 .104 0.62 0.75 0.42 0.126 .10 0.66 0.73 0.51

n exp_ peal n n Koal_g P . . .

AADP (%) = %Zkil%, Ayp = 2370 17 — 37k and AADK; (%) = 1205 1‘1(?,% . The summation is over all data poirkts

experimental VLE data through the minimization of the fol- tion results for bubble point pressure and composition are

lowing objective function: obtained.
pexp _ Pcal ex
obj = _ P_ sl 13 .
J Z pexp +Z|yl 1l (13) 4. Conclusion

The optimally fitted binary interaction parameters from v E measurements for carbon dioxide with isopropyl
either the PR or SRK EOS using various mixing rules are acetate, diethyl carbonate and ethyl butyrate are presented at
listed inTable 6 These binary interaction parameters were 308.45,313.45 and 318.55 K and pressure up to 8.9 MPa. The
empirically obtained and no relationship with respect to the /| E data are correlated using the cubic type Peng—Robinson
physical properties of solutes was attempted. It is shown or Soave-Redlich-Kwong equations of state with vari-
that the experimental VLE data arky values are satis-  ous mixing rules. The optimally fitted binary parameters

factorily correlated by either EOS and mixing rules with are reported and the correlation results are satisfactorily
optimal binary interaction parameters. The VDW1 mixing gpserved.

rules are the simplest with only one temperature-independent
binary interaction parameter. The calculated results with List of symbols

the VDW1 mixing rules are also shown iRigs. 3-5 a,b equation of state parameters
Table 7shows the best-fitted binary parameters of the UNI- k, | binary interaction parameters
QUAC model and the correlation results for three binary P pressure
systems. It is again demonstrated that satisfactory calcula-R gas constant

T temperature
Table 7 v molar volume
Correlated results of the experimental VLE data of three binary mixtures by y mole fraction in the liquid phase

the Huron-Vidal mixing rule with the UNIQUAC activity coefficient model
EOS Ao (kImotl)y Ay (kImotl)  AADP (%) 107 Ay

mole fraction in the vapor phase

CO; (1) +isopropyl acetate (2) Greek letter

PR 0.581 1.148 1.010 0.423 w acentric factor

SRK  0.406 1.262 1.068 0.358
CO, (1) +diethyl carbonate (2) Subscripts

PR 1.858 0.636 0.837 0.175 c critical property
COz (1) +ethyl butyrate (2) m mixture property

PR 1.887 1.273 0.751 0.749

SRK 1.809 1.250 0.702 0.728

n exp_ pcal n

AADP (%) = lTOOZk:lLdWPpJ andAy; = 1377yl — ) The Acknowledgement
summation is over all data poirksParameteA;; = uj — ujj, whereui is the . . .
energy of interaction between moleculemndj. The UNIQUAC equations The authors are grateful to the National Science Council,

were taken from Re{16]. ROC, for supporting this research.
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