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Phase equilibria for the carbon dioxide-ethanol system and the carbon dioxide-ethanol-water system were
measured to provide the thermodynamic base for the extraction of ethanol from its aqueous solutions using
near-critical carbon dioxide as solvent. The experiments were carried out at 283K-298K and 5-7MPa,
including extraction conditions and solvent-recovery conditions in a wide range of ethanol concentration.

An empirical mixing rule for the Helmholtz function with ternary as well as binary non-randomness
parameters was proposed based on the density-dependent local composition concept. A correlation model was
derived by a combination of the mixing rule with the Helmholtz function obtained from the Patel-Teja
equation of state. The model successfully correlated the phase equilibria of the carbon dioxide-ethanol-water

system.

Introduction

Extraction using supercritical or near-critical fluids
as solvent is a potential technology for separating eth-
anol from aqueous solution. Carbon dioxide can be used
as the solvent due to its established non-toxicity for food
uses. Optimization of the process requires a process sim-
ulator that can predict the physical properties, including
the phase equilibria for the carbon dioxide-ethanol-water
system.

Although some experimental data> 7> % ¥ have
been reported for the phase equilibria above the critical
temperature of carbon dioxide, only a few data® are
available below the critical temperature.

The extractor is supposed to be followed by a sol-
vent recovery unit which is a distillation column that
separates the solute from the extract. But experimental
data of phase equilibria regarding solvent recovering
conditions are scarce.

The conventional quadratic mixing rule cannot cor-
relate the phase equilibria for highly non-ideal mixtures
of polar components and supercritical fluids®. The den-
sity-dependent local composition (DDLC) mixing rules
proposed by Mollerup!® 'V and Whiting and Prausnitz'®
increased the correlating capability. Skjold-Jgrgensen'®
derived a group contribution equation of state (GC-EOS)
by combining a DDLC mixing rule with the Carnahan-
Stirling-van der Waals equation of state (CS-vdW-EOS).
Although the GC-EOS was not configured to estimate
solvent density due to the poor accuracy of CS-vdW-
EOS, it increased the predictive accuracy for the phase
equilibria of the carbon dioxide-ethanol-water system® 7

* Received December 24, 1992. Correspondence concerning this
article should be addressed to S. Hirohama.
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In this paper, the Helmholtz function derived from
the Patel-Teja'? equation of state is selected for combi-
nation with a newly developed mixing rule because of its
predictive accuracy for solvent density'® and its simple
form.

1. Experimental

1.1 Apparatus and procedures

The experimental apparatus and methods were the
same as those described in detail in a previous report>. A
static apparatus equipped with an equilibrium cell was
employed. Mixtures of ethanol and water and carbon
dioxide were pumped into the equilibrium cell. Coex-
isting phases were agitated by a magnetic stirrer to pro-
mote mass transfer between the phases. After separation
and settling of the phases each coexisting phase was cir-
culated through a sampling device where a small sample
could be collected for composition analysis.

Ethanol supplied by Wako Pure Chemical Co. was
of 99vol% purity and was used without further purifica-
tion. Carbon dioxide supplied by Nippon Sanso Co. Ltd.
was 99.9 vol% and was used without further purifica-
tion.

To confirm the reliability of the experimental appa-
ratus, vapor-liquid equilibria were measured for the
carbon dioxide-water binary system, for which reliable
experimental data were available. Good agreement was
observed between the data obtained in the present work
and those of Wiebe and Gaddy®® 2! as shown in Fig. 1 at
304.2K.
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Fig. 1 Vapor-liquid and fluid-liquid equilibria for the carbon
dioxide-ethanol system

Table 1. Vapor-liquid equilibria for the carbon dioxide-
ethanol system

T [K] P [MPa] mole fraction of carbon dioxide
vapor liquid
283.1 1.14 0.996 0.105
283.8 2.16 0.997 0.199
238.1 291 0.998 0.299
283.1 3.83 0.998 0.535
283.4 4.14 0.998 0.725
288.2 0.86 0.993 0.066
287.9 1.90 0.997 0.155
288.2 2.96 0.997 0.261
288.7 4.06 0.998 0.430
288.9 4.67 0.997 0.676
292.5 1.63 0.995 0.119
292.3 3.08 0.997 0.253
292.5 4.12 0.997 0.385
292.0 4.82 0.997 0.577
292.2 5.08 0.997 0.789
308.2 5.83 0.989 0.478
308.2 7.14 0.989 0.820

1.2 Experimental results

Table 1 and Fig. 2 show vapor-liquid equilibria for
the carbon dioxide-ethanol system measured at 283K-
308K and 2-8MPa. The experimental data at 282K-
284K, 287K-289K, 292K-294K and 308.2K are indi-
cated by 283K, 288K, 293K and 308K respectively in
Figs. 2 through 6. The results at 308K agreed well with
the data of Takishima et al. as shown in Fig. 2.

Table 2 shows the liquid-liquid equilibria for the
carbon dioxide-ethanol-water system at 283K-293K and
5-7MPa. The pressure was set at a slightly higher value
than the bubbling pressure of carbon dioxide. The sum
of solubilities of ethanol and water into carbon dioxide
and the separation factor of ethanol to water are com-
pared with the literature data in Figs. 3 and 4, respec-
tively. The results at 293K and 6-7MPa agreed well with
the data of Inomata et al. in the low-concentration region
of ethanol (0-15mol% carbon dioxide-free basis). As the
conditions changed from 308K and 10MPa to 293K and
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Fig. 2 Vapor-liquid equilibria for the carbon dioxide-ethanol
system

Table 2. Liquid-liquid equilibria for the carbon dioxide-
ethanol-water system at extraction conditions

T [K] P [MPa] component mole fraction
extract raffinate
284.1 6.29 carbon dioxide 0.9952 0.0280
ethanol 0.0031 0.0433
water 0.0017 0.9287
282.5 6.02 carbon dioxide 0.9924 0.0324
ethanol 0.0054 0.0635
water 0.0022 0.9041
282.8 5.98 carbon dioxide 0.9926 0.0330
ethanol 0.0054 0.0651
water 0.0020 0.9019
283.1 6.05 carbon dioxide 0.9681 0.1096
ethanol 0.0275 0.3083
water 0.0044 0.5821
288.1 5.40 carbon dioxide 0.9912 0.0414
ethanol 0.0061 0.0666
water 0.0027 0.8920
287.6 6.18 carbon dioxide 0.9891 0.0421
ethanol 0.0082 0.0932
water 0.0027 0.8647
287.8 5.59 carbon dioxide 0.9694 0.0432
ethanol 0.0240 0.1892
water 0.0066 0.7676
287.5 5.79 carbon dioxide 0.9596 0.1087
ethanol 0.0343 0.3162
water 0.0061 0.5751
292.5 6.01 carbon dioxide 0.9907 0.0300
ethanol 0.0064 0.0597
water 0.0029 0.9103
293.5 6.72 carbon dioxide 0.9799 0.0433
ethanol 0.0161 0.1248
water 0.0040 0.8319
292.5 5.89 carbon dioxide 0.9510 0.1032
ethanol 0.0373 0.2863
water 0.0117 0.6105
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Fig. 4 Separation factor of ethanol to water

6-7MPa, the sum of solubilities decreased. The separa-
tion factor of ethanol to water did not show significant
change, although an increasing tendency was observed
within the fluctuation of the experimental data.

Vapor-liquid equilibria were also measured under
the conditions of the solvent recovery unit at 298K and
6MPa in the high-ethanol concentration region (75-95
mol% carbon dioxide-free basis). The results are shown
in Table 3. Significantly large separation factors were
observed in the separation of carbon dioxide from eth-
anol, as is shown in Fig. 5. The K-value of water was
greater than that of ethanol, though it was always smaller
than that of carbon dioxide under the solvent recovery
conditions predicted by Brignole et al.? with the GC-
EOS.

2. Correlation Model

2.1 DDLC mixing rule for the Helmholtz function

The configurational Helmholtz energy for a single
component can be written as Eq. (1) for the equation of
state of van der Waals form:

A conf =A conf + A conf ( 1)
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Table 3. Vapor-liquid equilibria for the carbon dioxide-
ethanol-water system at solvent recovering

conditions
T (K] P [MPa] component mole fractions
vapor liquid
298.4 6.2 carbon dioxide 0.9973 0.9846
ethanol 0.0017 0.0110
water 0.0010 0.0044
298.3 . 6.1 carbon dioxide 0.9957 0.9543
ethanol 0.0033 0.0369
water 0.0010 0.0088
298.6 59 carbon dioxide 0.9948 0.8827
ethanol 0.0045 0.1068
water 0.0007 0.0105
298.5 6.1 carbon dioxide 0.9964 0.9628
ethanol 0.0026 0.0296
water 0.0010 0.0076
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Fig. 5 Separation factors at solvent recovery conditions

The well-known van der Waals, Soave-Redlich-
Kwong!?, Peng-Robinson'® and Patel-Teja'? equations
of state commonly have an attractive part (A°,,) which
can be expressed by the following equation using an
energy parameter (a) and volumetric parameters (b and

c).

Ay =naf(v,b,c) e
The v, b, c) represents the density dependence of the
attractive part and is equivalent to (//v) in the van der

Waals equation. The configurational Helmholtz function
for mixtures may be expressed in a similar form:

A conf =A :'::;fm A conf (3)

att, m

In the present work the attractive part (A% attm) 1S
assumed to be expressed by the following simple form,
which is similar to Eq. (2):

Adm=nay (v, b, cp) “

The density-dependent local composition mixing rule is
applied to the energy parameter (a,,):

m=zi:xi2]:xjxaji )
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The x;; is the local mole fraction of component j around a
central molecule of component i and can be estimated by
following equation:
XN ji
XiT o Q)
! zk: XM ki

The 71 is the density-dependent availability factor and is
approximated by a Boltzman factor as follows:

nu=exp|- 5] %

Since some ternary data exist for the liquid-liquid
and fluid-liquid equilibria for the carbon dioxide-eth-
anol-water system, the ternary data can be used to
improve the calculated precision, which is essential in
the design of the extraction process. Although binary
parameters are often adjusted using the ternary data, it is
difficult to correlate the ternary data with enough accu-
racy while keeping the correlative accuracy of each
binary system. To increase the correlative precision for
the ternary system, the present work attempts to intro-
duce ternary parameters assuming that the availability
factor for the molecule of component j around a central
molecule of component i is affected by the mole fraction
of component & (# i or j) as expressed by the following
empirical equation:

Eji= Eﬁmary (1 - Z kajik] ®)

k#i
k#j

where m;; = my; is assumed and the ternary parameter
my;, represents the effect of the mole fraction of compo-
nent-k on Ej;. Although Eq. (8) is empirical, 7); can be
affected by the composition in the system studied in the
present work due to the rearrangement of the solution
structures induced by the addition of component & (# i or
J) into the binary solution of component i and compo-
nent j. The E;"™ in Eq. (8) is assumed to be expressed
as follows, using the binary non-randomness parameter

(og):

binary _ o (it _ Qi) g,
Eji - ajt ( bji b,»,-] bu (9)
where
a;=(a@a)™ (1=ky)ku=k; (10)
b+b;
bi=—5—(1-A;) Ay=2; (11)

The k;; in Eq. (10) and A; in Eq. (11) are the energetic
and volumetric binary interaction parameters respec-
tively. The thermodynamic properties can be readily
derived analytically from Eq. (3) even if o has a dif-
ferent value for each binary system and/or m;; has a dif-
ferent value for each ternary system.

Combination of the above equations yields the
expression for the attractive part of the Helmholtz func-
tion (A°°“fatt,m), differentiation of which with respect to
volume gives the attractive contribution to pressure:
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g

Patt =—na,

- (%‘;}”‘)T nif (v, By €1) (12)

T, ni

where
5, FoBon
. [%nﬁ)r,ni ; XMk -77!‘"2,,: i (agzki)T, ni
(‘k; xkﬂki)z

13)

[%)T =Ejfl IRTV? (14)
The first term on the right-hand side of Eq. (12) is iden-
tical in form with the attractive part of the original equa-
tion of state. The second term appears due to the density
dependency of the mixing rule and vanishes when ¢;
approaches zero and/or in case of a pure component.
2.2 The model combined with Patel-Teja equation
The design of processes using supercritical fluid
requires a good predictive accuracy of the PVT relation-
ship in the supercritical region. The Patel-Teja!? equa-
tion of state shown in Appendix 1 predicts the density of
carbon dioxide including the supercritical region and the
saturated liquid density of many pure substances,
including polar components with practical accuracy. For
the Patel-Teja equation of state, f{v) is derived as fol-
lows.

_1 g-d
S 0bm )= 25 (554) (15)
where
2
0=n2n v imd=y/ bye,+Entenl (16)

The repulsive part of the configurational Helmholtz free
energy (A", ) becomes:

AR =—nRTIn(v-b,) a7

The conventional quadratic mixing rule was applied to
volumetric parameters b and c.

b;+b;
bm=lzxi;‘ijij’bij=—2—l(1~/’l'ij) (18)
en=2x Dy ¢y = g (1= 4y) (19)

Substituting Eqgs. (4), (15), (16), (17), (18) and (19) to
Eq. (3), the configurational Helmholtz free energy
(A% ) becomes:

Aconf m -d
n =—RTln(v—bm]+%ln[g+d] (20)

The A differentiated with respect to volume gives
the expression for pressure:
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Table 4. Parameters of the model for the carbon dioxide(1)-
ethanol(2)-water(3) system

Table 5. Comparison of predictive accuracies for ethanol-
water binary system

Parameters for each single component

1 7::1’ Pci F[ Cci
1 304.2 7.34 0.7077 0.3090
2 516.2 6.37 1.2304 0.3000
3 647.3 22.04 0.6898 0.2690
Binary parameters
i.j k; o Aij
12 0.0702 -0.0112 0.049
23 -0.0758 0.0056 -0.0404
13 0.1797 0.0167 0.1373
Ternary parameters
i,j.k Mk
231 -13.2335
132 1.4221
123 -1.9147
P=— (9Af"o"f]
N i
- _RT _ Am
v=b, v(v+b,)+c,(v-b,)
; -L[g”"m] zn[Q'd] @1
20V )y, \Q+d

The first and second terms on the right-hand side of Eq.
(21) are identical with the original Patel-Teja equation of
state. The third term appears due to the density depen-
dency of the mixing rule. Since the third term becomes
zero for a single substance, the parameters to compute g,
b and c for a pure component can be readily obtained by
the conventional procedures shown in Appendix 1, using
the critical properties and/or saturated properties. The
fugacity coefficient, enthalpy departure and entropy
departure are readily derived from Eq. (20). The fugacity
coefficient is shown in Appendix 2.

3.  Test of The Correlating Capability

The correlating capability of the model is tested for
the phase equilibria of the mixtures studied in this work
and is compared with that of the GC-EOS at 304K-308K,
where experimental data from different sources are avail-
able. The parameter values of the GC-EOS used in the
present work were determined as described in Appendix
3.

3.1 Binary systems

The values of the binary parameters k;, o; and 4;
for the carbon dioxide-ethanol system were determined
by the data shown in Table 1 and the data obtained by
Takishima et al.'® The parameters are shown in Table 4.
Good agreement was observed between the experimental
data and the correlation with the model even in the
vicinity of the critical point of carbon dioxide as shown
in Fig. 1. The correlating capability of the model was
better than that of the GC-EOS at 304K.

The GC-EOS as well as the present model corre-
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Exp. Calc.
GC-EOS This work (1) This work (2)
Obtained by values k;; =0.1869 values
Pemberton listed in a; =0.0785 listed in
and Mash Table A-2  4;=0.2389 Table 4
(determined
by binary data)
x P y P y P y P v
-1 [kPa] [-] [kPa]  [-]  [kPa] [-]  [kPa] [-]

0.05 58 0.31 6.0 031 58 028 6.1 0.32
0.11 7.3 0.47 79 051 72 045 7.6 0.48
0.25 8.7 0.59 9.7 0.62 8.8 059 8.7 0.57
0.32 9.1 062 100 0.65 92 062 8.9 0.59
0.50 9.7 0.68 107 0.70 9.7 0.68 0.94 0.65
0.58 9.9 071 11.0 0.73 9.9 070 9.6 0.68
072 10.2 078 115 080 10.1 076 9.8 0.77
0.81 103 083 11.7 086 102 0.82 9.9 0.83
090 104 091 120 092 102 089 100 0.90
095 105 095 121 096 101 095 100 0.95
097 105 097 122 098 101 097 100 0.97
Pcalc. _ pexp

2| po )

7.37 1.80 3.02

calc. exp.
Yethanol — Y elhlzymol
€xp.
y elhl;nul

+

lates the phase equilibria for the carbon dioxide-water
system and the ethanol-water system as shown in Table
5 and Fig. 1 at 298K-308K, with good agreement with
the experimental data for each binary system!® 202D,
The values of the binary parameters for carbon dioxide-
water system and the ethanol-water system are listed in
Fig. 1 and Table 5 respectively.

3.2 Ternary systemn

1) A priori prediction by binary data alone Setting
the values of m;; at zero, the predictive accuracy of the
model was tested with the values only of binary parame-
ters determined by each binary datum. Both the model
and the GC-EOS predict the solubility of carbon dioxide
into ethanol aqueous solution with fairly good agree-
ment with the experimental data as shown in Fig. 6.

But the model as well as the GC-EOS overesti-
mated the sum of solubilities of ethanol and water into
carbon dioxide in the low ethanol concentration region
(0-15 mol% carbon dioxide-free basis) as shown in Fig.
3. The model and the GC-EOS overestimated the separa-
tion factor of ethanol to water also as shown in Fig. 4.

2) Correlation of ternary data The values of the
binary parameters for the ethanol-water system and
carbon dioxide-water system were optimized simulta-
neously using the experimental data for each binary
system as well as the carbon dioxide-ethanol-water ter-
nary system. Although the correlative accuracy was
improved as shown in Fig. 3, it was difficult to calculate
the solubility with sufficient precision when the param-
eter values were constrained to maintain correlative
accuracy for each binary system.

The values of ternary parameters (m;;) and the
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Fig. 6 Liquid-liquid and fluid- liquid equilibria for the carbon
dioxide-ethanol-water system

binary parameters (k; A; ;) for the ethanol-water
system and the carbon dioxide-water system were opti-
mized simultaneously to increase the correlative preci-
sion. Optimized values of the parameters, listed in Table
4, enabled use of the model to calculate solubility and
the separation factors with good agreement with the
experimental data as shown in Figs. 3 and 4 respectively
at 293K and 6MPa as well as 308K and 10MPa. The
average absolute deviation for the carbon dioxide-water
system and the ethanol-water system stayed within 5%
after the above adjustment of parameter values. The
model also predicts the separation factors at solvent
recovery conditions with better agreement with the
experimental data than that of the a priori prediction by
the GC-EOS as shown in Fig. 5 with the values of
parameters listed in Table 4.

Conclusions

The phase equilibria for the carbon dioxide-ethanol
system and the carbon dioxide-ethanol-water system
were measured to provide the thermodynamic base for
the design of an extraction system that separates ethanol
form aqueous solution by using liquid or supercritical
carbon dioxide as solvent.

Liquid-liquid equilibria were measured at 283K-
292K and 5-7MPa in a wide range of ethanol concentra-
tion, including the region of 20-50 mol% (carbon
dioxide-free basis) where few experimental data have
been reported.

Vapor-liquid equilibria at the solvent-recovery con-
ditions were measured at 298K, 6MPa in the high-con-
centration region of ethanol (70-95 mol% carbon
dioxide-free basis).

An empirical DDLC mixing rule for the Helmholtz
function with ternary as well as binary non-randomness
parameters was proposed. The combination of the
mixing rule with the Helmholtz function derived from
the Patel-Teja'? equation of state successfully correlates
the phase equilibria of the carbon dioxide-ethanol-water
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Table A-1. Comparison of the correlative accuracy of
saturated properties of carbon dioxide

Exp. Patel-Teja GC-EOS

T psat dens. peat dens. psat dens.
[K] [MPa] [mol/L] [MPa]  [mol/L] [MPa]  [mol/L]
Lig. Gas. Lig. Gas. Lig. Gas.

276.0 3.76 20.7 243 375 200 244 3.80 162 234
280.0 4.16 20.1 276 416 192 278 421 156 2.66
284.0 4.60 19.4 3.16 460 183 3.19 4.66 149 3.03
288.0 5.07 187 3.63 508 173 3.68 515 14.1 348
292.0 557 179 421 559 162 4.27 567 132 4.02
2940 5.84 174 4.56 585 156 4.63 594 127 434
296.0 6.12 168 4.97 6.13 149 5.05 622 122 471
298.0 641 162 547 642 142 554 652 11.6 5.16
300.0 6.71 155 6.10 672 133 6.15 6.82 10.8 5.71

1 Exp. - Calc.
WZ‘TP.X‘OO 02 87 L1 15 257 47

system and sustains the correlative accuracy for each
binary system.
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Appendix 1 Patel-Teja equation of state'?
P= RT _ a

v—b v(v+b)+c(v-b)

(AD)

a(M)=Q,(R*T2P)(1+F(1-T%}?, T,=T/T, (A2)

b=Q,(RT,/P,)

(A3)
c=Q (RT./P) (Ad)

where
Q=1-¢. (A5)
Q,=380+3(1-28)Q,+Q}+1-3¢. (A6)

and €2,is the smallest positive root of the following equation.
Q) +(2-3¢)Qp+340Q,- (=0 (A7)

The present work used the values of the F and {, determined
by Patel and Teja'? from the data for vapor pressure and for the
density of saturated gas and liquid. For carbon dioxide, the
Patel and Teja'? equation gives higher accuracy than
Jfrgensen’s GC-EOS in the calculation both of saturated liquid
density and of vapor pressure as shown in Table A-1.

Appendix 2 Expressions for the fugacity coefficient

The fugacity coefficient can be derived from the expressions
for the configurational Helmholtz function at constant volume.

a Aconf _ Aconf, ideal
RTIn¢;= (4 "y —RTInZ (A8)
ohn; T,V nj#i
where
Acontideal — _ Ry In (v) (A9)

Substitution of Eq.(10) to Eq. (A8) yields
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Table A-2. Perameters for Jgrgensen’s GC-EOS

group-group interaction parameters

(KM *)

—CH, —CH,0H co, H,0
—CH; — 0.9200 0.8930 0.5760
—CH,0H -0.1620 — 1.3424 1.1368
CO, 0.0000 0.0000 — 0.9178
H,0 0.0000 0.0000 0.0000 —

non-random parameters

(o)

iyj —CH, _CH,0H Co, H,0
—CH; — 2.5850 8.2210 0.4000
-CH,OH ~15.0000 — -5.8376 -1.7694
CO, -0.7430 2.4823 — 0.2078
H,0 -3.0980 -1.0416 -0.9449 —

v-b, RT
RTln¢,=—RT1n( ]+v—b ~RTInZ -
1 %J n [Q d] )
M{am+[ ani T.V.nj#l} 2d2 Q+d

_my 1 @) _(nd
d XQZ—dZ{( on; T,V,nj:id (ani]T,V,nj;tiQ}

(A10)

e 4

where
_@) =_1_{[3b,,,n) [acmn] } All
[3"1' TVzi 2 on; T.V.nj¢i+ on; T.V.nj#i alh

(34, .= 2le (5,
on Tan:l i T,V,nj#i
<9b n 1 (BQ ]
- +cm a5 (b +C) | 5 (A12)
i Tan#l} Zd an T,V,njzi
NC
ona,, ;ajixjnji %
[&l« ]rv Lo E ren
PO E sznn
N NC a"l n
. M )1 v e
NC 2
(;xlnlk)
N ¥ (on
Son S
% 2: T,V.nj#i (A13)
(z xmu()
on muEY
{#)T.V.nl¢t= ﬁnjk+ }RT (mjki~1) (A14)
(my; =0 when j=i or k=i
NC
(ag,?f"]rv =22k by (A15)
i nj#i
on N
i LV,nj#i
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The repulsive part of the configurational Helmholtz energy of
the GC-EOS is expressed by the Carnahan-Starling equation
for hard-sphere mixtures proposed by Mansoori and Leland”:

conf conf, ideal
A A% A4,

Tep, m =
RT =37, ¥
13
) +[—§)(Y2—Y—ln Y)+nln ¥ (A17)
A3
lk-an"”‘Y (1-7mA;06v)"

The attractive part 1s the density-dependent NRTL-type
expression based on a group contribution model as shown in

Eq. (A18).

A:&",f“ z NC NG NG NG
RT =3 2mi 2L (Gw/RT) 2 675 (AIB)
where
9j="j51j/‘7’q=$”i£ vig; (A19)
7 =exp|o;Ag ;4 IRTV]
Agi=8;—8i
8i=kji J8i&j»

g;i=85{1+g;(T/T] - 1)+g;In(T/T])}
ki=k5{1+k;In(T/T})}
Ty=%(T; +T;)
The temperature dependence of the hard-sphere diameter, d, is
given as follows:

d" =1.065655d" {1-0.12exp(-2 T./3T)} (A20)

The reference temperature (7*), the attractive interaction
energy parameters (g*, g’, g”’) and the number of surface
segments (g) are the parameters characteristic for each group
(group parameters). In the present work, the values of the
group parameters, group-group interection parameters for
(-CH3) / (CO,), (-CH3) / (H,0) and (-CH,) / (-CH,OH) pairs
and d " proposed by Skjord-Jgrgensen'® were used. The
values of k;*, o; and ¢; for (-CH,OH) / (H,0), (-CH,OH) /
(CO,) and (CO,) / (H,0O) pairs were optimized to correlate the
experimental data of vapor-liquid equilibria for the ethanol-
water system obtained by Pemberton and Mash!® at 303K, the
carbon dioxide-ethanol data at 293-304K shown in Fig. 2 and
those for the carbon dioxide-water system obtained by Wiebe
and Gaddy” at 304K respectively. The values of k;’ for these
three pairs were set at zero. The value of each parameter is
listed in Table A-2.

Nomenclature

A = Helmholtz free energy [kJ/mol]
a = energy parameter [kJL/mol?]
b = volumetric parameter [L/mol]
c = volumetric parameter [L/mol]
d = parameter of eq. (15) [L/mol]
am = hard sphere diameter [cm/mol]
E; = energy term in eq. (7) [kJL/mol?]
F = Parameter of Patel-Teja equation [-1
f = function in eq. (2) [mol/L]
g = group interaction parameter [kJL/mol?]
K; = K-value [-1
k; = binary interaction parameter [-]
My = ternary non-randomness parameter [-]
NC = number of components -1
ND = number of data [-]
NG = number of groups [-1
n = number of molecules [mol]
P = pressure [MPa]
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Q = parameter of eq. (15) [L/mol]
q = surface area parameter [
R = gas constant [kJ/molK]
N = entropy [kJ/K]
T = temperature [K]
\%4 = total volume [L]
v = molar volume [L/mol]
x = mole fraction in liquid phase [-]
y = mole fraction in vapor phase [-]
z = compressiblity cefficient [-]
z = coordination number [[1(z=10)
o = non-randomness parameter [-]
& = Kronecker’s delta [-1
¢, = parameter of Patel-Teja equation [-]
Nji = availability factor [-]
0 = surface fraction -1
v = number of group-j in component-i [-]
A = volumetric binary interaction parameter [-]
] = fugacity coefficient [-]
<Subscripts>

att = attractive contribution

c = critical property

i,k = component identification number

m = mixture

r = reduced value

rep = repulsive contribution

<Superscripts>

binary = characteristic for binary system

conf = configurational

ideal = ideal gas

~ = total

* = reference
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