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Abstract

Excess molar enthalpied/f) for mixtures of supercritical CQand ethanol aqueous solutions were measured at 323.15K and 7.64
and 15.00 MPa using an isothermal high-pressure flow calorim&feralues obtained at the lower pressure are very exothermic while
those obtained at the higher pressure are moderately endothéfnior CO, + H,O mixtures at 308.15K and 7.64 MPa and 323.15K and
15.00 MPa were also measured. These data are examined togethéfndtita previously reported for mixtures of supercritical GOd
ethanol aqueous solutions, vapor—liquid equilibrium data for the ternary system G + ethanol and the excess enthalpy data for the
three related binary systems. &@thanol interactions are shown to be the main contribution to excess enthalpies when superciitical CO
and ethanol aqueous solutions are mixed. Ternary excess enthalpies,féHz0+ ethanol are also obtained. Kohler's method is used for
estimating these ternary data from the excess enthalpy data of the three related binary systems.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction factor for the correct design and scale-up of the processes

mentioned above. Recently Ochi et @l1] pointed out the

Among several supercritical fluids carbon dioxide is considerable amount of heat evolved when this mixing is

usually promoted as a green solvent. Supercritical fluid carried out under conditions of temperature and pressure
extraction of ethanol from the aqueous solutions produced close to the CQcritical point (T, =304.2 K,P. =7.38 MPa).
in biochemical processes has several advantages oveMixtures of carbon dioxide and ethanol +water at 308.15K
conventional separation methods; over the years there haveshow an increasingly exothermic behavior when the pressure
been many reports on the separation process using COis lowered from 8.5 to 7.5MPa. For a given pressure,
and/or the required phase equilibria data for the carbon mixtures richer in ethanol are more exothermic. Excess
dioxide + water + ethanol system at elevated presqared. enthalpy Hn'ﬁ) values determined at 308.15 K exhibit minima
Supercritical CQ has been also used to extract components of —3718,—1210 and-392 Jmot ! at 7.5, 8.0 and 8.5 MPa,
from hydroalcoholic mixtures. On the other hand, ethanol respectively. In this paper, the calorimetric study of the
agueous solutions are used as solvents of different substrate€0, + H,O + ethanol system is extended to other condi-
in particle design using supercritical G{L0]. Calorimetric tions of temperature and pressure: 323.15K and 7.64 and
data on this kind of systems are very scarce. Depending uponl5.00 MPa. The ternary excess enthalpy data are interpreted
their magnitude, the heat of mixing supercritical carbon in terms of vapor-liquid equilibrium (VLE) and excess
dioxide and ethanol agueous solutions could be an importantenthalpy data for the three related binary systeffsdata in

the temperature and pressure range considered were reported

by Ott et al.[12—14]for the H,O + ethanol mixtures and by

* Corresponding author. Tel.: +34 91394 4120; fax: +34 91394 4135. Cordray et al[15] and Hauser et a[16] for CO, + ethanol
E-mail address: renuncio@quim.ucm.es (J.A.R. Renuncio).
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mixtures. HE data for the C@+H,O mixtures were volume flow rates were converted to molar flow rates using
measured by Wormald et glL7] in the temperature range the densities and molar masses. Cid HO densities at
363.4-698.2K and at pressures up to 20.5MPa. Excessthe temperature and pressure of the pumps were obtained
enthalpy data for the CO+H,O system in the temper- from NIST[21]. The densities of the mixtureB + ethanol
ature and pressure range considered (308.15-323.15Kat the three compositions studied were obtained from Ott et
7.64-15.00 MPa) are also reported in this paper. al. [22] and Takiguchi et af23].

2. Experimental 3. Results and discussion

The materials employed were GQair liquid 99.98 mol% 3.1, €Oz + H20 mixtures
pure), ethanol absolute (PAI Panreac 99.9 mol%) and bidis-
tilled water. Commercial materials were used without further
purification.

The measurements were carried out using an isotherma
high-pressure flow calorimeter (Hart Scientific model 7501)
first described by Christensen et |lI8] following a proce-
dure previously reported by Castell et[d9]. The reactants
were pumped into the calorimetric cell by two thermostated

exhibit minima of—231, and—120 Jmot ! at 308.15K and
pumps (ISCO, model 260D) at gonstant flow rgtes. Flow “’?‘tes 7.64 MPaand 323.15 Kand 15.00 MPa, respectively, for mix-
were selected to cover the entire concentration range with a

. . ; tures very rich in water. A few data points taken at 308.15
mole fraction precision greater thar0.001. The calorimet- .
. . " . . and 323.15K and other pressures indicate that moderately
ric cell was located into a silicon bath in which temperature exothermic mixing mav be expected at these temperatures in
was controlled withint0.001 K. A Peltier cooling device and g may P P

a pulsed heater kept the cell under isothermal conditions. AtheTr;]reesgari Laznc?(as;s'?:r;lsﬁg&s'wzz\./ide range of immisci-
back-pressure r_eg_ulator situated outs_ide the calorimet_er keptDility [24-26) For a binary mixtureHE varies linearly with

th_e pressure _W|th|nt0.01 MPa. Prey|ous results Ob“’E"”ed composition in the two-phase region where a gaseous and a
with the calorimeter were reproducible #(1 + 0.01 H,;)

1 - . . . liquid mixture of fixed composition are in equilibrium for a
Jmol+. Reproducibility of results in the present investiga- . d h d liquid-nh
tion was-L1-2% given temperature and pressure. The vapor and liquid-phase

o . o compositions are shown to correspond to the beginning and
The heat of mixing supercritical carbon dioxide and . X
- ; end of the linear sections. The plotsBf versus C@ mole
ethanol aqueous solutions may be measured using the pse

. _ _ fracti + E varies lin-
dobinary methoR0] to determine ternary excess enthalpies. Hraction for the CQ+H0 system show thay, varies lin

. early with composition for most of the composition range
H»>0O and ethanol (EtOH) were premixed at constant compo- y bo P 9
< C at the two conditions of temperature and pressures studied.
sition. This mixture was treated as a pure component and

pumped into the calorimetric cell. Three [0 + (1— 1) These linear sections connect the excess molar enthalpy of a
EtOH] mixtures having compositions=0.250, 0.500 and liquid phase, mostly kO saturated with Cg) and the excess

0.750 were used. A second pump was used to introducemOIar enthalpy of avapor phase, mosly £aturated Wlth_
. . . " H>0. The composition of these two phases can be determined
CO, into the calorimetric cell. At each condition of tem-

perature and pressure, three complete sets of pseudobi-
nary HE determinations were made over the range 05CO
mole fraction 0-1. If the ternary system is represented as of i
[CO(x1) + {H20(x2) + EtOH(x3)}], the three series oHE
determinations are characterized by valuescgks=1/3,
1, and 3, respectively. From here on, we will referred to
the excess enthalpies of supercritical carbon dioxide and
ethanol aqueous solutions as pseudobinAfy data for
[CO(x1) + {H20(x2) + EtOH(x3)}]. PseudobinaryHE data
can be later converted to ternary data by adding to these
three series of determinations the excess molar enthalpies of 250
[0.250 H,O +0.750 EtOH], [0.500 KO +0.500 EtOH], and 0 02 04 06 08 1
[0.750 H,O + 0.250 EtOH], respectively. X

All runs were made in the steady-state fixed com- _ o .

. Fig. 1. Excess molar enthalpie8,,, for the binary system [C&O(x) + H,O
position mode. Measurements for €©H,O and (1—x)] vs. CO, mole fraction: &) 308.15K and 7.64 MPa®) 323.15K

CO, +H20 +ethanol systems were carried out at total ang 15.00MPa; (—) calculated using E@.) and coefficients given in
volume flow rates of 0.0028 and 0.0056%snl. The Table 2

HE data for the binary system [GQ(x) + H20 (1— x)]
at 308.15K and 7.64 MPa and 323.15K and 15.00 MPa are
Igiven inTable 1 Fig. 1shows plots ofZE versus CQ@ mole
fraction for the two conditions of temperature and pressure
studied. With the exception of a slightly endothermic mixture
at 308.15K and 7.64 MPa far=0.937, the C@+ H>0 mix-
tures show moderately exothermic mixing. Excess enthalpies
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Table 1

Excess molar enthalpyiE, for the binary system [CO(x) + H,O (1— x)] at 308.15K and 7.64 MPa and 323.15K and 15.00 MPa

x HE (IJmot1) X HE (Jmof?) x HE (Imorlt)

308.15K and 7.64 MPa
0.006 —-94 0.155 —187 0.356 —137
0.011 -207 0.171 —184 0.513 -98
0.030 —231 0.202 —-179 0.628 —67
0.050 -220 0.216 -172 0.729 -33
0.072 —215 0.238 —168 0.812 -20
0.105 -212 0.259 —159 0.937 15
0.117 —-201

323.15K and 15.00 MPa
0.017 -85 0.201 —102 0.701 —46
0.010 -53 0.288 -89 0.742 —38
0.013 —75 0.362 —-82 0.834 -31
0.020 -114 0.404 -73 0.885 -23
0.027 —-120 0.525 —63 0.969 -9
0.099 -111 0.593 -53

from the solubility data of [C@ (x) + H2O (1— x)] reported 0 , : r

by Wiebe[24]. At 308.15K and 7.64 MPa,values of 0.022

and 0.997 are obtained for the liquid and vapor phases, re-
spectively. At 323.15K and 15.00 MPa,values of 0.022 -500 | .
and 0.994 are obtained for the liquid phase and vapor phases,
respectively. These values are in agreement with those cor-
responding to the beginning of the linear sections shown in “yE 1000 1
Fig. 1; the end of these sections cannot be established from

(J mol™)

the plots.
HE data for [CQ (x) +H20 (1—x)] were fitted to af, “1800 1
m) Pade function given by . . ' |
; 0 02 0.4 0.6 0.8 1
i—oAi(2x — 1)
Hr'TE] =x(1—x) 2izoAil ) (1) X,

= .
1457 Bj(2x — 1)

. .. Fig. 2. Excess molar enthalpiggE, of [CO2(x1) + {H20(x2) + EtOH(3)}]

whereA; and B; are adjustable coefficients. A least-square ;323 15k and 7.64 MPa vs. G@nole fraction for three KO and EtOH

procedure was used to minimize deviations between exper-composition ratios:W) xz/x3 = 1/3; (&) x2/x3 = 1; (®) x2/x3 = 3; (—) calcu-
imental and calculated excess enthalpies. At each conditionlated using Eq(1) and coefficients given iftable 5

of temperature and pressure two different sets of coefficients
have been used to represent data in the two-phase and one-
phase region, respectively. In the linear sections, a (1, 2) Pade
function with fixed values for the denominator coefficients,
B1=0andB,=—1, may be used in order to keep the weight
factorx (1 — x). This results in a first-degree polynomial in
the composition variable; the slopeAs/2 and the zero in-

300

tercept is Ao — A1)/4. The HE representation using E¢l) T oo
is shown inFig. 1 Table 2lists values for the coefficients g
andB; and the standard deviation between experimental and =
calculatedHE values. T 0

3.2. COz + H>0 + ethanol mixtures

PseudobinaryZE data for [CQ(x1) + {H20(x2) + EtOH- —
(x3)}] at 323.15K and 7.64 and 15.00 MPa are given in ' ' '
Tables 3 and 4Figs. 2 and 3show plots oerE versus
CO; mole fraction for these mlxtures._ Excess enthalple_s Fig. 3. Excess molar enthalpie4E, of [CO(x1) + {H20(x2) + EtOH{3)}]
at 323.15K and 7.64MPa are considerably exothermic ;32315k and 15.00 MPa vs. G@nole fraction for three KO and EtOH
for ethanol-rich mixtures x/x3=1/3) and become less composition ratios:W) xo/x3 = 1/3; (o) xo/x3=1; (@) x2/x3=3; (—) calcu-
exothermic when the amount of ethanol decreases. Excesdated using Eq(1) and coefficients given iftable 5

X
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Table 2
Coefficientsd; andB; and standard deviatiom, for least-squares representationtff (J mot1) for [CO, (x) + H20 (1—x)] at 308.15K and 7.64 MPa and
323.15K and 15.00 MPa

308.15K and 7.64 MPa 323.15K and 15.00 MPa
Interval 0<x<0.022 0.02% x < 0.997 0cx<0.022 0.02 x < 0.994
Ao 18190 —397.48 -5613.3 —262.67
A1 - 534.33 - 227.72
B - 0 - 0
B, - -1 - -1
- 5 4 4 2

enthalpies at 323.15K and 15.00MPa are moderately The beginning of the two-phase region for £OEtOH
endothermic with the exception of a slightly exothermic at 323.15K and 7.64 and 9.05MPa and phase equilibria
mixture (1 =0.017,x2=0.246, x3=0.737), which is the for CO, + H,O + EtOH inferred from calorimetric data at
mixture richest in ethanol. 323.15Kand 7.64 and 15.00 MPa are also indicaté&dgn4.

Lim et al. [9] reported phase equilibria for Itmay be observedin thHE versusy; plots ofFigs. 2 and 3
CO;+H,O+EtOH and CQ+EtOH at 323.15K and achange in the curvature within the two-phase region of the
pressures up to 18.50 MPRig. 4 shows data obtained at ternary mixtures. When the tie-lines and the composition
pressures (9.05 and 11.80 MPa) close to those used in thidines of the three series @£ determinations are coincident
study, together with composition lines for the three series or almost coincidentHE varies linearly withx; in the
of H,E determinations carried out at 7.64 and 15.00 MPa. A two-phase regions and it is possible to obtain from calori-
plait point exists at 323.15K and 11.80 MPa. At 9.05MPa, metric data the composition coordinates of a gaseous and a
the plait point disappears; an indication of VLE in the binary liquid mixture, not necessarily in equilibrium, but belonging
system CQ+ EtOH for mixtures in the C@mole fraction to the binodal curve. In the case of g®H,0 +EtOH
range (0.750-0.963). The same happens at 7.64 MPatie-lines and composition lines are almost coincident for

Table 3

Excess molar enthalpyiE, of [COp(x1) + {H20(x2) + EtOH(x3)}] at 323.15K and 7.64 MPa for three,B and EtOH composition ratiosz/x3

X1 X3 HE (Imol™t) x1 X3 HE (Imor?t) X1 X3 HE (Jmor?)

xz/X3 =1/3
0.033 0.725 —184 0.238 0.572 —-1122 0.496 0.378 —1293
0.065 0.701 -379 0.243 0.568 —1144 0.544 0.342 —1140
0.092 0.681 —461 0.280 0.540 —1349 0.579 0.316 —1041
0.099 0.676 —541 0.282 0.539 —1389 0.617 0.287 —-961
0.136 0.648 —674 0.317 0.512 —1504 0.658 0.257 —856
0.149 0.638 —805 0.342 0.494 —1582 0.703 0.223 —761
0.153 0.635 —754 0.358 0.482 —1645 0.751 0.187 —624
0.168 0.624 —849 0.362 0.479 —1604 0.777 0.167 —506
0.173 0.620 —901 0.394 0.455 —1482 0.834 0.125 —444
0.195 0.604 —912 0.443 0.418 —1373 0.895 0.079 —308
0.203 0.598 —1010 0.488 0.384 —1242 0.928 0.054 —154

xolxz=1
0.040 0.480 —67 0.175 0.413 —650 0.492 0.254 —444
0.053 0.474 —96 0.201 0.400 -711 0.509 0.246 —437
0.067 0.467 —167 0.233 0.384 —694 0.560 0.220 —392
0.081 0.460 —239 0.266 0.367 —651 0.624 0.188 —339
0.095 0.453 —281 0.287 0.357 —631 0.633 0.184 —326
0.110 0.445 -351 0.301 0.350 —625 0.711 0.145 —248
0.117 0.442 —445 0.373 0.314 —551 0.746 0.127 —-192
0.139 0.431 —493 0.411 0.295 —524 0.798 0.101 —176
0.163 0.419 —613 0.427 0.287 —-500 0.853 0.074 —-117
0.163 0.419 —619 0.451 0.275 —478 0.881 0.060 —-104

x2/JC3 =3
0.023 0.244 —114 0.227 0.193 —167 0.548 0.113 —106
0.050 0.238 —166 0.303 0.174 —158 0.568 0.108 —-99
0.071 0.232 —182 0.332 0.167 —148 0.589 0.103 —100
0.106 0.224 —-179 0.375 0.156 —142 0.712 0.072 —66
0.119 0.220 —178 0.433 0.142 —130 0.749 0.063 —63
0.137 0.216 —-179 0.477 0.131 —122 0.809 0.048 —48

0.166 0.209 -171 0.528 0.118 —-107 - - -
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Table 4

Excess molar enthalpyiE, of [COp(x1) + {H20(x2) + EtOH(x3)}] at 323.15K and 15.00 MPa for three@ and EtOH composition ratiosp/x3

X1 X3 HrITE] (Imot1) X1 X3 H,E (Imot1) X1 X3 Hnl% (Imol1)

xolx3=1/3
0.017 0.737 -3 0.347 0.490 241 0.796 0.153 281
0.034 0.725 6 0.402 0.449 259 0.840 0.120 276
0.052 0.711 10 0.454 0.410 271 0.885 0.086 265
0.054 0.710 14 0.505 0.371 279 0.908 0.069 237
0.104 0.672 57 0.521 0.359 280 0.930 0.053 224
0.158 0.632 98 0.603 0.298 285 0.953 0.035 185
0.165 0.626 108 0.653 0.260 285 0.965 0.026 184
0.249 0.563 172 0.696 0.228 288 0.977 0.017 144
0.260 0.555 184 0.747 0.190 280 0.988 0.009 98
0.302 0.524 204

x2/x3 =1
0.055 0.473 69 0.415 0.293 293 0.761 0.120 201
0.098 0.451 144 0.467 0.267 282 0.804 0.098 182
0.149 0.426 187 0.500 0.250 270 0.857 0.072 163
0.200 0.400 229 0.551 0.225 251 0.885 0.058 159
0.226 0.387 262 0.578 0.211 248 0.913 0.044 142
0.252 0.374 277 0.623 0.189 228 0.941 0.030 119
0.322 0.339 298 0.698 0.151 208 0.970 0.015 81

xolx3=3
0.030 0.243 26 0.245 0.189 179 0.848 0.038 132
0.051 0.237 85 0.296 0.176 185 0.875 0.031 116
0.079 0.230 179 0.398 0.151 164 0.902 0.025 110
0.109 0.223 190 0.499 0.125 168 0.928 0.018 85
0.149 0.213 200 0.596 0.101 144 0.960 0.010 73
0.198 0.201 181 0.744 0.064 130 0.976 0.006 41
0.203 0.199 183

mixtures poor in CQ and the composition of the liquid in the binodal curve due to the existence of VLE in the
mixture may be obtained. At very high G@oncentrations, = CO, + EtOH system.

however, the slope of the tie lines changes very fast and itis  PseudobinaryiE data for each of the three series of de-
difficult to estimate the composition of the G@ich gaseous  terminations were fitted to az(m) Pade function given by
mixture. Only the points corresponding to &Poor liquid Eq. (1) wherex is CO, mole fraction. In some cases the ex-
mixtures are shown ifrig. 4 There is a good agreement perimental data for the entire G@nole fraction range are
between phase equilibria previously reported at 323.15K described using a single set of coefficients in @g. If nec-

and 9.05 and 11.80 MPa and phase equilibria inferred from essary, two different sets of coefficients have been used to
calorimetric data at 323.15K and 7.64 and 15.00 MPa; the represent the two-phase and one-phase regions, respectively.
point for xo/x3=1/3 and 7.64 MPa indicates the inflection For linear sections, a(1, 2) Pade function with fixed values for

Ethanol Ethanol
0 1 0, 4

Ho © 0.25 0.50 0.75 1 co, 002

Fig. 4. Phase equilibria and path of the three seriggfptleterminations (——-) for the [GQx1) + H20(x2) + EtOH(x3)] system at 323.15 K. (a)) 7.64 MPa,
this paper; ) 7.64 MPd[7]; (a) 9.05 MPJ[7]. (b) (W) 11.80 MP{7]; (¥) 15.00 MPa, this paper.
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Table 5
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Coefficients4; andB; and standard deviation, for least-squares representationH (J mot1) for [COx(x1) + {H20(x2) + EtOH(3)}] at 323.15K for three

H,>0 and EtOH composition ratiosz/x3

Xx2/X3 (n, m) Interval Ao Aq Az A3z B1 B> o
P=7.64MPa
1/3 (,0) 0<x1 <0.354 —78530 —27051 - - - - 34
1,2 0.354< x; <1 —49975 49867 - - 0 -1 30
1 (3,2 O<xm<1 —17542 —25809 —34627 77508 24758 16704 15
3 1) O<xm<1 —45944 28158 58822 - 0.95285 - 4
P=15.00 MPa
1/3 (3,2 O<x1<1 11128 10275 —52100 61826 —0.17897 -0.69761 3
1 (2,0) 0<x1 <0.339 145® 36622 61104 - - 11
0.929<x1 <1
,2) 0.339%< x; <0.929 1072 —57137 - - 0 -1 7
3 (1,0) 0<x1<0.110 1758 —32624 - - - - 20
0.916<x1 <1
,2) 0.110< x; <0.916 62855 —20348 - - 0 -1 7
the denominator coefficient8y =0 andB, = —1, was used. EtOH] mixtures,H,E(x)bi”:
The HE representation using E€L.) is shown irFigs. 2 and 3 £ E i £
Table 5lists values for the coefficients; and B; and the  Hp(x1)™ = (1 — x2) Hp(x)*" + Hpp(x2)P™" (2

standard deviation between experimental and calculdfgd
values.

Values of pseudobinarkit data for the three series of de-
terminations at 323.15K and 7.64 MPa are intermediate be-
tween those reported by Ochi etfdl1] at 308.15 K for anal-
ogous series of determinations at 7.5 and 8.0 MPa. When th
pressure is raised to 15.00 MPa, the mixing of supercritical
CO, and ethanol aqueous solutions becomes endothermic
Very exothermic mixing may be avoided at both tempera-

tures by raising the pressure of the experiments. To a good

approximation the heat evolved when supercriticab@@d
ethanol aqueous solutions are mixed at constant temperatur
and pressure is the sum of two binary contributioH§; for
CO;+H0 andHrE for CO, + EtOH. As shown earlier in this
paper, CQ+ HO mixtures at 308.15 and 323.15 K and pres-
sures from 7.64 to 15.00 MPa exhibit moderately exother-
mic mixing; Hr'f] values do not change much with pressure.
However, CQ + ethanol mixtures at 308.15 K change from
very exothermic mixing at 7.50 MPa to partially exother-
mic and partially endothermic mixing at 10.00 and 12.5 MPa
[15,16] At 325.15K, CQ +ethanol mixtures change from
very exothermic mixing for most of COmole fraction at
5.00, 7.50 and 10.00 MPa to moderately exothermic mixing
at 12.5 MP415]. Thus, the variation offE for CO, + ethanol

with temperature and pressure follows the same trends as that, E

of HE for [COz(x1) + {H20(x2) + EtOH(x3) }]. COx—ethanol

interactions substantially change with pressure and represent

the main contribution to excess enthalpies when supercritical
CO;, and ethanol solutions are mixed.

Ternary excess enthalpies for [@@®;)+H20(x2)
+EtOH(x3)], HE(x1)'®", may be obtained from the pseudobi-
nary excess enthalpies: (x1)PS®Ureported irTables 3 and 4
by adding the corresponding enthalpy for thelpO + (1— x)

e

where x=0.250, 0.500 and 0.750. Ott et &g12-14]
have reported excess enthalpies fosCH EtOH at sev-
eral temperatures and pressures in the 298.15-473.15K and
0.40-15.00 MPa intervals. Mixtures at 298.15 and 323.15K
show exothermic mixing; at a given temperaturé: (x)
varies slightly with pressure. Values of387, —146 and
~76JImot ! are obtained forHE(0.750P™, HE(0.500f™,
'HnE(O.ZSO)b'”, respectively, at 323.15 K and 15.00 MPa.

Due to the time and effort required to obtain a meaningful
set of ternary excess enthalpy data, there has been consider-
able interest in developing reliable equations for estimating

?ernary data from the excess enthalpy data of the three related

binary systems. Equations of state, group contribution meth-
ods and empirical equations may be used to this end. The first
two methods have limited applicability in the case of phase-
splitting mixtures. For this reason, the empirical method pro-
posed by Kohlef27] was used to calculated ternary excess
enthalpies for [CQ(x1) + HoO(x2) + EtOH(x3)] at 323.15K
and 7.64 and 15.00 MPa from théE values of the three
related binary systems. This is a symmetrical method that
gives the same weight to the three related binary systems.
The ternaryHE is given by,
k
X[+x_/)

(=)

whereA; andB; are the coefficients of Eq1) for the three
binary systems. Values for these coefficients are given in
Table 6 Binary HE data fitted using E(1) were as follows:

Hn'ﬁ data of CQ + H2O are reported in this work at 323.15K
and 15.00 MPa; excess enthalpies for this system do not
change much with pressure and these binary data were

Xi—Xj

n
k:OAk(
= E XiXj

i<j 1+34B

m 3)
Xi—Xj

Xi+xj
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Table 6
Correlation of binaryHE, data at 323.15K related to the ternary system §G&) + H2O(x2) + EtOH(x3)] using Eq.(1): coefficientsA; andB; and standard
deviation between experimental and calculated excess enthatiigs)ol 1)

CO, +H,0 7.64 and 15.00 MPa 40+ EtOH 7.64 and 15.00 MPa G® EtOH 7.64 MPa C@+EtOH 15.00 MPa
(m, n) t.2) @2 ) @2
Ao -262.71 -584.13 —8538.6 426.89
Ay 227.79 -1444.5 —2878.7 1396.6
Az - —2351.4 —28682 -2161.0
Az - -1299.7 49439 3986.9
B 0 0.28992 1.5248 -1.5511
B> -1 —0.59188 5.8301 2.3422
B3 - - —8.1448 -
o 2 5 30 15

used to estimate ternary enthalpies at 7.64 and 15.00 MPa4. Conclusions
HE data of HO + EtOH were taken from Ott et gl13] as
described earlier in this pape‘lrﬁ data of CQ + EtOH have Excess enthalpies for mixtures of supercritical C4hd
been measured by Cordray et HI5] at 325.15K at 7.5, ethanol aqueous solutions were measured at 323.15K and
10.0 and 12.50 MPa. The small difference in temperature 7.64 and 15.00 MPaH £ values obtained at the lower pres-
was ignored. Excess enthalpies for this system changesure are very exothermic while those obtained at the higher
considerably with pressure. The Peng—Robinson equationpressure are moderately endothermic. These data are ex-
of state[28] together with the Wong—Sandler mixing rule amined together with data previously reported at 308.15K
[29] and the non-random two liquid model (NRTL) for and 7.5, 8.0 and 8.5 MPa taking into account VLE data for
the excess Gibbs enerd®0] were used to describe this the ternary system CG- H,O + ethanol and the excess en-
pressure effect. The interaction parameters obtained from thethalpy data for the three related binary systems. Excess en-
simultaneous fit ofE at 325.15K and 10.0 and 12.5MPa thalpies for CQ + H,O were only available at higher temper-
(k12=0.4363A1,=7176 IJmottandA,; = —53.18 Jmot 1) atures. For this reasoiE for this system at 308.15K and
were used to calculate HE at 323.15K at 7.64 MPa and 323.15K and 15.00 MPa were also measured.
15.00 MPa. Moderately exothermic enthalpies are obtained in both cases.
Values for the standard deviations, between experi- The CQ +H,0 +ethanol and C&+ H,0 systems present
mental ternary excess enthalpies and those predicted usimmiscibility at the temperature and pressure conditions of
ing Kohler's method for the three series of determinations this study. The vapor and liquid compositions obtained from
are given inTable 7 These values are of similar mag- calorimetric data are found to be in agreement with previ-
nitude for the two pressures studied and should be com-ously reported VLE data.

pared to ternanE values. To this end, values for the per- COy,—ethanol interactions are shown to be the main con-
cent ratio ofo and the maximum absolute value &£, tribution to excess enthalpies when supercritical,GDd
0% =1000/|HE |max, are also included iffable 7 Predic- ethanol solutions are mixed. Very exothermic mixing at

tions of the very exothermic values obtained at the lower 308.15 or 323.15K may be avoided by raising the pressure
pressure are much more accurate than those of the smalleof the experiments.

enthalpies obtained at the higher pressure. The same may be Ternary excess enthalpies for ¢®H,0 + ethanol are
said fortheHrE versusy; plots for the three series of determi- obtained from the pseudobinary excess enthalpies of
nations. These poor predictions at 323.15K and 15.00 MPaCO; + ethanol solutions by adding the term corresponding
stress out the importance of measurements in the ternaryto H,O + ethanol mixing. An empirical method for estimat-

system. ing ternary data from the excess enthalpy data of the three
related binary systems is used to predict ternary excess en-
Table 7 thalpies for CQ + H»O +ethanol at 323.15K and 7.64 and

Prediction ofHE for [CO,(x1) + H2O(x2) + EtOH(x3)] at 323.15 K and 7.64 15.00 MPa. Predictions at the lower pressure are satisfactory
and 15.00 MPa using Kohler'method for three@®land EtOH composition but those at the higher pressure are poor. These results point

ratios,xo/x3: standard deviation between experimental and calculated excess out the importance of measurements in the ternary system.
enthalpiesy, and percent ratio ef and the maximum absolute valueE,

0% =100/| HE | max
7.64MPa 15.00 MPa
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