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Abstract

In the present work, the group contribution with association equation of state (GCA-EoS) is extended to represent phase equil-
ibria in mixtures containing acids, esters, and ketones, with water, alcohols, and any number of inert components. Association
effects are represented by a group-contribution approach. Self- and cross-association between the associating groups present in these
mixtures are considered. The GCA-EoS model is compared to the group-contribution method MHV2, which does not take into
account explicitly association effects. The results obtained with the GCA-EoS model are, in general, more accurate when compared
to the ones achieved by the MHV2 equation with less number of parameters. Model predictions are presented for binary self- and

cross-associating mixtures.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The group contribution with association equation of
state (GCA-EoS) was initially proposed by Gros et al.
[1]. It results from the addition of a third contribution,
which quantifies the association forces, to the original
repulsive and attractive terms of the group-contribution
equation of state, GC-EoS [2,3].

The GCA-EoS was successfully applied to multi-
component mixtures containing water, alcohols, and
any number of inert components by defining a single
associating group, the hydroxyl group OH, to represent
association effects in these mixtures [1]. This approxima-
tion resulted in very good representation of the thermo-
dynamic properties and phase equilibria for solutions
containing these associating components [1,4].
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In this work, the GCA-EoS is extended to several
cross-associating mixtures containing esters, ketones,
alcohols, water, acids, aromatics, and alkanes. The par-
ameterization strategy is described, followed by the pres-
entation of correlation and prediction results obtained
with the GCA-EoS. A comparison with the group-
contribution equation of state based on the modified
Huron-Vidal second order mixing rule (MHV2) [5,6]
is made.

2. The group contribution with association equation of
state

The total Helmholtz energy can be written as a sum
of three terms

A :Arep+Aattr —i—AaSSOC. (1>

The repulsive term is described by the Mansoori and Le-
land expression for hard-spheres [7] and the attractive
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contribution is a group-contribution version of a density
dependent local composition expression (NRTL). The
association term results from the application of the
group-contribution approach based on the first order
perturbation theory presented by Chapman et al [§]
and Huang and Radosz [9], of the Wertheim’s statistical
fluid association theory [10-13].

The expression for the association term of the resid-
ual Helmholtz energy is a function of the number of
association groups NGA present in the mixture [1]

(2)

where X is the fraction of group k not associated at
site A, M, is the number of sites and »; is the number
of moles of the correspondent association group k.
The remaining equations that describe the association
term are given in appendix A.

Gros et al. [1] defined one associating group, the hyd-
roxyl group OH, to represent association effects in mix-
tures containing water, alcohols, and any number of
inert components. Each water or alcohol molecule was
considered to have one associating group with two sites
(one electronegative site O and one electropositive site
H). The rigorous model for the alcohol group with
two electronegative sites (A and B) and one electroposi-
tive site (C) is replaced by the approximate model with
only one electronegative site and one electropositive site
(A and B, respectively). The rigorous model for water
(two electronegative sites + two electropositive sites) is
also replaced by the hydroxyl associating group.

2.1. Model development for new associating groups

The introduction of new associating groups besides the
hydroxyl group gives rise to the effect of cross-association
that will be discussed later. In this work, the model is

TABLE 1
Self-association models defined in the GCA-EoS

extended to mixtures containing, additionally, three
new associating groups:

e The carboxylic acid association group COOH with
one site capable of both self- and cross-associating.

e The ester association group COOR with one site that
does not self-associate but can cross-associate with
groups that have one electropositive site.

e The ketone association group COR with one site that
does not self-associate but can cross-associate with
groups that have one electropositive site.

Therefore, the model is extended to mixtures contain-
ing four possible associating groups as described in
table 1. The same nomenclature proposed by Huang
and Radosz [9] is used to classify the different sites
and associating groups.

The number of sites assigned to each associating
group is represented schematically on the first column
of table 1. The second column shows the different
assumptions concerning the association strengths be-
tween each pair of sites. Finally, the third column pre-
sents the association parameters that have to be fitted.

As can be seen from table 1, the double hydrogen
bond of the acids is represented by a strong single bond
between sites A. The ester group is represented by a un-
ique electron-donor site and, that is also the case for the
ketone group that has its own electron-donor site. These
two latter associating groups (ester and ketone) do not
self-associate, i.e., their self-association strengths are
zero.

The groups defined in table 1 are able to cross-
associate in some situations. Table 2 describes the
cross-association models developed in this work. The
cross-association parameters are usually estimated by
establishing appropriate combining rules between the
self-association parameters and/or by treating them as
additional adjustable parameters using thermodynamic
data for cross-associating mixtures.

Self-association Assumptions Association parameters
. ~0
Acid C\ AAA#O EAA  KAA
OH
OHp
Hydroxyl Aap #0
A
Aapn=Apg =0 g K
-0 AA BB AB KAB
Ester Cf A Aapn =0
(O
Ketone ? A Aapa =0

—C—
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TABLE 2
Cross-association models defined in the GCA-EoS model

Cross-association

Assumptions Cross-association parameters

0 OH
Acid-hydroxyl C/ } Al B2
“OH
Az
0 (0]
Acid-ester Cf A Az >
oH o
0 O-H
Ester-hydroxyl Cf A1 BZ
A,
OH
Ketone-hydroxyl ﬁ A] B2
—C- Ay

AAIAI #0, AAsz #0 EAIA; = EAIB, = (SAlAl + SA:Bz)/Z

1/2

AAlAz = AAIBg 7é 0 KAA, = KAB, = (KAlAlKAZBZ)

Apaa, #0, Apyp, =0 EAA, KA A,
Aaa, #0
Aaa, =0, Aa,p, #0 EAB,  KAB

Apan, =0, App, #0
Aaa, =0, App, #0 EAB,  KAB

Ana, =0, Aap, #0

Suresh and Elliot [14] proposed the following geomet-
ric mean with respect to the association strength:

1/2

(3)

Fu and Sandler [15] used the geometric mean of the
energies of association of the pure components and the
arithmetic mean of the association volumes:

M = (sA"st)l/z, kKA = (kN + k) /2. (4)

AA,-B,- — (AA,AB,-)

Other alternative combining rules were also proposed
[16]:

A= (sA" + @B/)/Z7 KA — (KA' + KBf)/2, (5)

GAB (SA,- + 8B,-)/Z7 KAB— (KAiKB/)1/27 (6)

AB (EA,-SB‘,-)I/Z’ AB (KA,-KB,)I/z. (7)

Several authors [16,17] have concluded that the optimal
combining rules for the cross-association parameters are
the arithmetic mean of the self-association energies and
the geometric mean of the self-association volumes.
Additionally, this rule has a theoretical background
[16,17]. Therefore, in this work, the combining rules gi-
ven by equation (6) were adopted.

For the cross-association between one associating
group that can self-associate (hydroxyl or acid groups)
and one group that can solely cross-associate (the
ketone or ester groups), it is necessary to fit those
cross-association parameters to experimental data,
simultaneously with the attractive parameters.

After defining which groups are present in the mix-
ture, the association contributions for the compressibil-
ity factor Z and the fugacity coefficient In (}Si can be
obtained from the Helmholtz energy of association.
The original expressions [8] involve the calculation of
derivatives of the fraction of non-bonded sites. More re-

cently, some researchers [18,19] have presented and dis-
cussed a simpler but equivalent mathematical expression
that does not include any derivative of X**. The general
expressions that result from applying this much simpler
mathematical approach to the group-contribution asso-
ciation expressions are presented in appendix A.

It is interesting to analyze the equations obtained for
Z and In ¢, for some particular cases.

Case I. One self-associating group with one site (acid
group):

7559 = e {pA (X"} /(2), 8)

Ing, " = v InXxm", 9)
Case II. One self-associating group with two sites
(alcohol):

ZaSSOC — _n;;pAXmOH/n, (10)

Ing, = =2V Inxmn, (11)
These expressions can be further simplified when applied
to a binary mixture where one of the components is infi-
nitely diluted in the other. At very low concentrations of
the associating component, its monomer fraction will be
close to one, i.e., the component behaves as not associ-
ated at all. On the other hand, at higher concentrations,
a high degree of association takes place. Therefore, for
the calculation of self-association parameters, pure com-
ponent thermodynamic properties of the associating
component are a convenient source of experimental data.

When dealing with problems of cross-association it
is possible to find an analytical solution for the fraction
of non-associated groups in the cases where two asso-
ciating groups are present. In this case, a cubic or
quartic equation is obtained that can be solved analyt-
ically. Kraska [20] presents a review on several analyt-
ical solutions for these and other cross-association
models.
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3. Parameterization

Table 3 shows the temperature and pressure ranges for
the (vapour + liquid) equilibria data used, together with
the sources of the experimental information. The experi-
mental database used in the optimization step includes
vapour pressure (PV?P) of pure carboxylic acids [21]; bin-
ary low-pressure (vapour + liquid) equilibria (LPVLE)
for (carboxylic acids + alkanes) [22,23], (carboxylic
acids + alcohols) [22], (carboxylic acids + esters) [22,24],
and (carboxylic acids + water) [22,25,26]; LPVLE for
(benzene + alcohols) [22,27]; and high-pressure (vapour
+ liquid) equilibria for (water + ketones) [28-30]. The
interactions between the ester group and the alcohol
(or water) group were estimated using binary LPVLE
for (esters + alcohols) and (esters + water) [22]. In the
same way, the interactions between the alcohol and
ketone groups were estimated using binary LPVLE for
(ketones + alcohols) [22,31].

3.1. Association parameters

In order to model association using the GCA-EoS
model, it is necessary to determine the number of asso-
ciating groups, the number of active sites in each group
and the wvalues of the corresponding association
strengths. Carboxylic acids present a high degree of
non-ideality even at low pressures, which can be as-
cribed to the formation of oligomers in both liquid
and vapour phases. Generally only the formation of di-
mers is considered, and it is possible to find in the liter-
ature [22] the values of the vapour phase dimerization

constants for a number of carboxylic acids. In this work,
a new associating group (COOH) was defined as having
one associating site that self-associates by double hydro-
gen bonding.

Following the procedure adopted by Gros et al. [1]
for the hydroxyl (OH) group, the COOH association
parameters were obtained by reproducing the fraction
of non-bonded molecules predicted by the SAFT equa-
tion for linear acids from propanoic to decanoic at sat-
urated liquid conditions [9]. The values obtained for the
energy and volume of association are &/k“°°H = 6300 K
and «k“°°"=2-1072 cm® - mol™!, respectively. As ex-
pected, the COOH energy of association is much larger
than that of the OH group (¢/k°™ = 2700 K), which is in
accordance with the higher degree of association of
carboxylic acids. Figure 1 shows the results obtained.
Huang and Radosz [9] determined both association
parameters from pure component properties (vapour
pressure and liquid density data).

The cross-association parameters between the hyd-
roxyl group and the acid group were calculated using
the combination rules given by equation (6). In this
way, the cross-association parameters were calculated
using the already existent self-association parameters
and no additional association parameters had to be
estimated.

However, for the cross-association between the ester
group and the OH, or COOH groups, no combination
rule can be established since the ester group does not
self-associate. Therefore, it was decided to set them as
adjustable parameters. As the hydrogen bonding will
be between one site O in the ester group and one site
H in the OH, or COOH groups, as a first estimate, the

TABLE 3

Experimental VLE database used for correlation (NS: number of data sets)

Systems T range/K P range/kPa NS References

CH,/CHj; (hexane, heptane; octane; cyclohexane) + 313 to 443 1 to 100 15 [22,23]
COOH (acetic acid, propanoic acid, butanoic acid,
valeric acid, hexanoic acid, octanoic acid)

CH3;0H + COOH (acetic acid, propanoic acid) 333 to 411 20 to 180 5 [22]

CH,0H (ethanol, 1-propanol, 1-butanol; 1-pentanol) + 353 to 416 100 7 [22]
COOH (acetic acid, propanoic acid)

CHOH (2-propanol, 2-butanol) + COOH 357 to 412 100 3 [22]
(acetic acid, propanoic acid)

H,O + COOH (acetic acid, propanoic acid, butanoic acid) 298 to 432 4.1 to 360 [22,25,26]

CH3COO (ethyl acetate; propyl acetate; butyl acetate) + 315 to 398 3 to 200 11 [22]
COOH (acetic acid, propanoic acid)

CH,COO (ethyl propionate) + COOH (propanoic acid) 323 3t0 20 1 [22,24]

CH,OH (1-propanol, 1-butanol) + CH,COO 328 to 368 19 to 85 7 [22]
(methyl propionate, methyl butyrate)

CH,OH (ethanol, 1-propanol, 1-butanol) + 323 to 328 22 to 53 3 [22]
CH3COO (ethyl acetate, butyl acetate)

H,0 + CH3COO (methyl acetate, ethyl acetate, 298 to 353 8.1 to 130 8 [22]
propyl acetate; butyl acetate)

H,O + CH;CO (acetone and 2-butanone) 308 to 523 18 to 6800 9 [28-30]

CH,OH (ethanol, 1-propanol) + CH3CO (acetone, 2-butanone) 328 to 368 44 to 100 4 [22]

CHOH (2-propanol) + CH,CO (3-pentanone) 355 to 373 100 1 [22,31]

CH,O0OH (ethanol, 1-propanol, 1-butanol) + ACH (benzene) 313 to 403 15 to 193 12 [22,27]




O. Ferreira et al. | J. Chem. Thermodynamics 36 (2004) 1105-1117 1109

0.7

0.6r 1

04r
03+

Fraction of non bonded sites

0.0

150 225 300 375 450 525 600
T/K

FIGURE 1. Fraction of non-bonded sites plotted against tempera-
ture. GCA-EoS: (®) ethanol; (O) acetic acid. SAFT-EoS: ethanol (—);
acetic acid (---).

TABLE 4
GCA-EoS self and cross-association parameters

Self-association

(e;k)/K x/(em? - mol ™)
COOH 6300.0 0.0200
OH 2700.0 0.8621

Cross-association

i j (e5lk)IK x/(cm? - mol ™)
COOH OH 4500.0 0.1313

COOR 3248.8 0.7786
OH COOR 2105.3 0.9916

RCOR 2485.0 0.5000

values of the self-association parameters values for the
OH group were used. The ketone group has the same
type of association, ie., it can cross-associate with the
OH group but does not self-associate. The same proce-
dure was followed for the case of the ester associating
group. The corresponding self and cross-association
parameters obtained in this work are presented in
table 4.

3.2. Attractive parameters

The group-contribution attractive term includes five
pure-group parameters (7%, ¢, g*, g’, and g”) and four
binary interaction parameters (the symmetrical
kj; and kj;, and the asymmetrical non-randomness

TABLE 6
Binary interaction parameters in the attractive term

i j kij Experimental information
COOH CH3/CH, 0.8520 LPVLE acids-alkanes
CHOH 1.1295 LPVLE acids-alcohols
CH,OH 1.0383 LPVLE acids-alcohols
CH;0H 1.0256 LPVLE acids-methanol
H,O 1.0479 LPVLE acids-water
CH;COO/CH,COO 1.0000 LPVLE acids-esters
CH,OH CH,COO 1.0000 LPVLE alcohols-esters
CH;COO 1.0174 LPVLE alcohols-esters
CH;CO 0.9790 LPVLE alcohols-ketones
ACH 0.9670 LPVLE alcohols-aromatics
H,0 CH;COO 1.0000 LPVLE water-esters
CH;CO 1.0000 HPVLE water-ketones

parameters o;; and o;). The meaning of these parameters
has been given previously [2,3].

The new acid group was added to the GCA-EoS
parameter table. The attractive-energy parameters be-
tween this group and the paraffinic (CH; and CH,),
alcohol (CHOH, CH,OH, CH;0H), water (H,O), and
ester (CH;COO and CH,COO) functional groups were
estimated using the experimental VLE database pre-
sented in table 3. It should be mentioned that neither
temperature dependent parameters nor asymmetrical
non-randomness parameters was estimated (k’l.j =0 and
o = ot = 0).

Besides the association parameters, it was only neces-
sary to calculate binary interaction parameters in some
cases (e.g. CH;COO/CH,OH; CH;CO/CH,OH).

Tables 5 and 6 show the pure-group and the binary
interaction parameters, respectively, together with the
type of experimental data used in their estimation.

3.3. Repulsive parameters

The critical diameter of components where the group
described in the attractive term coincides with the mole-
cule (H,O, CH;OH) is given, rigorously, by the follow-
ing expression [3]:

d. = (8.943-1072RT./P.)"". (12)

For the remaining cases, the critical diameter is fitted to
a point of the vapour pressure curve, usually the normal
boiling point.

TABLE 5

Pure group parameters in the attractive term

Group Ti*/K q gr* ! g’ Experimental information
COOH 600 1.224 999600.5 0.0 0.0 P'*? and LPVLE acids-alkanes
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4. Results and discussion

In this section some of the GCA-EoS correlation and
predictions are presented. For comparison, the results
obtained with the group-contribution equation of state
MHV?2 [5,6] are also shown. This model was chosen as
it also follows a group-contribution approach for which
an extensive table of parameters is available.

4.1. Self-associating (acids + alkanes)

The correlation of carboxylic acid (acetic acid, prop-
anoic acid, butanoic acid, pentanoic acid, hexanoic acid,
and heptanoic acid) vapour pressures gave an average
relative deviation of 4% within a reduced temperature
range between 0.55 and 0.90. Figure 2 presents some
GCA-EoS correlation and predictions for several organic
acids.

Table 7 compares experimental vapour compressibil-
ity factors (Z ) at saturation [32] with the GCA-EoS pre-
dictions. The low values of Z reflect the strong
association of carboxylic acids in the vapour phase, even
at low pressures. It is interesting to notice that the GCA-
EoS is able to follow the slight increase of Z with tem-
perature, evidenced by the experimental data.

Figure 3 presents the saturation vapour and liquid
compressibility factors for acetic acid. As can be seen,
the GCA-EoS is able to correctly follow the shape of
the curve: Z'?P presents a maximum and then decreases
until it reaches the critical point value. However, the
MHV?2 model is not able to predict this behaviour.

The interaction parameters between the groups CHs/
CH, and COOH were calculated using not only the va-
pour pressures of pure carboxylic acids, but also low
pressure binary VLE data of alkanes and acids. Table 8
shows the average absolute deviation in composition
oy and the average relative deviation in pressure oP/P

250

200

150

p/kPa

100

50

0 i 1 1 1
320 360 400 440 480 520
T/K

FIGURE 2. Vapour pressure of several organic acids plotted against
temperature. Experimental data: (A) butanoic acid; (x) 2-methylbut-
anoic acid; (+) pentanoic acid; (—) octanoic acid [34]; (OJ) propanoic
acid; (O) 2-methylpropanoic acid; (®) hexanoic acid [35]. GCA-EoS:
(---) prediction; (—) correlation.

TABLE 7

7P prediction

Component TIK VA za Error® (%)

Acetic acid 313 0.551 0.577 4.7
323 0.569 0.583 25
343 0.579 0.595 2.8
363 0.595 0.606 1.8

Propanoic acid 323 0.611 0.646 5.7
343 0.627 0.657 4.8
363 0.638 0.668 4.7
383 0.664 0.678 2.1

Butanoic acid 343 0.687 0.746 8.6
363 0.706 0.752 6.5
383 0.720 0.757 5.1
403 0.741 0.761 2.7

Pentanoic acid 363 0.793 0.847 6.8
383 0.805 0.845 5.0
403 0.807 0.843 4.5
423 0.801 0.840 49

“ Error = {[anlc - Zexp]/Zexp}~

1.0 —

081 1
0.6 1
04+ 1

02F

0.0

300 350 400 450 500 550 600

T/K

FIGURE 3. Saturation compressibility factor plotted against temper-
ature for acetic acid: (A) [32]; (—) GCA-EoS prediction; (---) MHV2
prediction.

for both models. The GCA-EoS significantly improves
the results when compared with the MHV2 model. Sat-
isfactory results are obtained as can be observed from
figures 4 and 5. A more accurate description of the aze-
otropes is obtained by the GCA-EoS model compared
to the MHV2 model.

The same parameters obtained by correlating low-
pressure VLE of acids and alkanes were applied to higher
pressures. Figure 6 shows the solubility predictions of
ethane in nonanoic acid. Satisfactory results are ob-
tained. As a first approximation, the interaction CoHg—
COOH was set equal to the interaction CH3;—COOH.

4.2. Self-associating (alcohols + aromatics)

The mixtures containing alcohols and aromatics only
contain the OH associating group. The interaction
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TABLE 8
Correlation results for VLE of acids and alkanes
System NP TIK P/kPa GCA-EoS MHV?2
OPIP (%) 3y (%) OPIP (%) oy (%)
Heptane + propanoic acid 7 323 8.7t0 18 7.4 0.6 13.6 4.7
Octane + butanoic acid 13 398 to 434 100 3.5 2.7 10.0 2.8
Octane + acetic acid 17 378 to 397 100 3.6 2.2 10.4 4.8
Octane + acetic acid 18 343 19 to 29 2.6 1.6 2.4 10.3
Heptane + acetic acid 15 303 7.1t09.1 3.0 0.8 2.0 10.5
Heptane + valeric acid 5 323 11 to 17 1.6 0.30 5.7 0.51
14 348 16 to 44 3.0 0.60 7.0 0.80
11 373 23 to 91 6.1 1.8 6.4 0.96
Hexanoic acid + octanoic acid 11 373 to 395 1.3 5.1 1.5 5.1 1.4
15 423 to 443 13 5.2 1.6 3.7 3.8
Cyclohexane + acetic acid 10 352 to 389 100 3.1 2.3 5.5 5.8
9 313 8.6 to 25 6.1 3.7 16.0 4.1
Hexane + acetic acid 9 313 10 to 37 3.4 1.0 7.6 5.1
Hexane + propanoic acid 9 313 4.1 to 37 4.3 0.38 2.2 24
Cyclohexane + propanoic acid 9 313 32t024 3.9 0.85 9.3 1.6
Average deviations 4.0 1.5 6.7 4.5
“ NP, number of experimental points.
40 1k ]
35+ 1 10+ 1
< 8 | i
™ [a¥
A
S 6f 1
B <
4t |
2 [ 4
10 : : : : (())0 0‘2 0‘4 0‘6 0‘8 1.0
0.0 0.2 0.4 0.6 0.8 1.0 ’ ’ ’ (CH) ’ ’ ’
x(CH,COOH) Xt

FIGURE 4. (Vapour + liquid) equilibrium of (acetic acid + octane) at
343 K: (®) [22]; (—) GCA-EoS correlation; (---) MHV2 prediction.

40+ b

30
<
£ 20
a,

101

0 1 1 L 1 1

0.0 0.2 0.4 0.6 0.8 1.0
x(CeHi4)

FIGURE 5. (Vapour + liquid) equilibrium of (hexane + acetic acid) at
313 K: (@) [23]; (—) GCA-EoS correlation; (---) MHV2 prediction.

between the attractive groups CH,OH/ACH was ob-
tained by correlating the binary VLE data shown in ta-
ble 9 using one interaction parameter k;;. Table 9 shows

FIGURE 6. (Vapour + liquid) equilibrium of ethane and several
solutes: (®) nonanoic acid at 353 K [36]; (<) octanol at 318 K [37]; (x)
octane at 313 K [38]; (—) GCA-EoS prediction.

the average relative deviations obtained using the GCA-
EoS model and the MHV2 model. The MHV2 results in
slightly lower average errors for these systems. How-
ever, it should be mentioned that the GCA-EoS
only uses one symmetrical temperature independent
kcn,on,aca parameter. Figure 7 presents some predic-
tions using both models.

4.3. Cross-associating mixtures with OH and COOH
groups

As mentioned before, the cross-association parame-
ters between the OH associating group and the COOH
group were obtained using the geometric rule for the
volume of association and the arithmetic rule for the en-
ergy of association. For these systems, good predictions
were obtained without further estimating interaction
parameters.
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TABLE 9
Correlation results for VLE of aromatics and alcohols
System NP“ T/IK P/kPa GCA-EoS MHV2
OPIP (%) oy (%) OPIP (%) oy (%)
Benzene + ethanol 12 318 36 to 41 2.2 1.2 1.7 0.88
11 313 19 to 34 2.9 0.9 1.2 0.92
13 341 to 350 100 1.9 1.7 1.8 1.04
11 333 50 to 76 0.8 2.0 1.5 0.97
Benzene + 1-propanol 11 318 16 to 32 32 0.4 0.59 0.37
12 349 to 365 100 2.9 1.9 2.0 2.1
10 328 17 to 34 1.6 0.9 0.77 0.82
13 348 51 to 95 1.0 1.1 1.2 0.85
Benzene+1-butanol 10 376 to 403 193 43 1.6 1.8 1.2
7 313 21 to 24 4.3 0.1 1.2 0.074
9 318 15 to 30 3.0 0.4 0.89 0.14
18 353 to 390 100 2.5 0.9 0.85 0.40
Average deviations 2.5 1.1 1.3 0.83

“ NP, number of experimental points.

p/kPa

0 02 04 06 08 10
x(C,H,0H)

00 02 04 06 08 1.0

5 L L

x(CH,)

FIGURE 7. (Vapour + liquid) equilibrium predictions: (a) (1-butanol + benzene) at 298 K [39]; (b) (benzene + 2-butanol) at 318 K [40]. Model

predictions: (—) GCA-EoS; (---) MHV2 prediction.

To improve the description of VLE for these systems
a k; interaction parameter was estimated between the
acid group and each of the alcohol attractive groups
(CH3;0H, CH,OH, and CHOH). Table 10 shows the
average relative deviations obtained using the GCA-
EoS model (both correlation and prediction results)
and with the MHV2 model for cross-associating (alcoh-
ols and acids).

The water/acid interaction was obtained by correlat-
ing binary VLE data shown in table 11 using one inter-
action parameter k;. The MHV2 results in slightly lower
average errors for these systems. Figure 8 gives the pre-
dictions for the (water + acetic acid) system at several
pressures.

4.4. Cross-associating mixtures with COOH and COOR
groups

As mentioned before, two cross-associating parame-
ters must be estimated, as the ester group does not

self-associate. The cross-association parameters were
calculated using low pressure VLE data for acids and es-
ters. As a first estimate, for the optimization step, it was
assumed that the association parameters between the
COOR and COOH groups were equal to the ones of
the alcohol group (eop/k =2700 K and xoy = 0.8621
cm’ -mol'). Furthermore, it was considered that
kCH3COO,COOH =10 and %CH,COO,COOH = %COOH,CH,COO
= 0.0. The final values obtained for the cross-association
parameters are: &écoomn.coor/k =3249 K and xcoon.-
coor = 0.7786 cm® - mol~!. Table 12 compares the cor-
relation results from the GCA-EoS and the MHV2-EoS
for mixtures containing esters and acids. Better results
are obtained with the GCA-EoS.

4.5. Cross-associating mixtures with OH and COOR
groups

For the cross-association between the hydroxyl and
the ester associating groups, satisfactory results were ob-
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TABLE 10
Results for VLE of alcohols and acids
Systems NP T/K P/kPa GCA-EoS prediction GCA-EoS MHV2
correlation
OPIP (%) oy (%) OPIP (%) oy (%) OPIP (%) oy (%)
Methanol + acetic acid 19 338 to 388 100 14.4 1.7 9.6 1.9 17.6 42
6 333 20 to 93 4.0 2.5 5.7 1.8 6.3 3.7
5 353 51 to 120 7.3 5.9 5.1 5.9 6.9 1.5
6 363 63 to 180 8.6 29 5.5 2.4 9.2 52
Methanol + propanoic acid 21 338 to 411 100 10.2 2.9 7.9 35 16.8 2.3
Ethanol + propanoic acid 18 354 to 400 100 13.3 0.9 8.4 1.1 18.4 4.5
1-Propanol + propanoic acid 18 373 to 411 100 7.5 1.0 4.6 1.1 13.6 4.2
1-Butanol + propanoic acid 16 392 to 413 100 3.1 1.4 2.3 1.6 10.6 3.5
1-Pentanol + propanoic acid 19 411 to 416 100 2.1 2.2 3.1 2.4 9.8 4.7
Ethanol + acetic acid 16 353 to 388 100 13.1 1.4 7.7 1.2 16.2 5.5
1-Propanol + acetic acid 19 371 to 390 100 8.7 1.4 6.4 1.6 13.1 3.6
1-Butanol + acetic acid 19 392 to 396 100 2.9 2.2 4.0 2.5 9.3 3.6
2-Propanol + propanoic acid 18 358 to 412 100 15.0 0.9 6.1 1.2 17.6 4.5
2-Propanol + acetic acid 17 357 to 390 100 16.7 2.3 8.0 1.4 16.3 5.4
2-Butanol + acetic acid 18 375 to 391 100 10.5 22 4.8 1.9 12.9 4.5
Average deviations 9.5 1.9 6.1 1.9 14 4.1
TABLE 11
Results for VLE of water and acids
Systems NP T/K P/kPa GCA-EoS prediction GCA-EoS MHV2
correlation
oPIP (0 0) 5y (0 ()) oPIP (OA)) 5}’ ((%) oPIP (0 0) 6y (0 0)
Water + acetic acid 11 298 2.4 to0 3.1 9.4 6.9 52 2.2 13.5 6.6
13 412 210 to 350 7.6 3.1 1.0 1.5 49 3.1
13 372 62 to 100 8.6 44 25 1.5 8.5 4.8
Water + propanoic acid 8 313 4.1t0 7.1 9.6 4.4 4.4 32 3.9 2.0
15 373 25 to 100 10.8 3.6 2.8 2.3 3.7 32
18 353 19 to 46 10.3 33 6.5 4.0 2.7 33
Water + butanoic acid 26 373 to 432 100 12.0 4.7 5.5 4.1 4.2 0.81
26 366 to 424 80 14.3 43 6.7 3.8 3.9 0.82
25 356 to 405 54 14.7 42 7.0 3.7 42 1.0
Average deviations 11 4.3 5.1 32 5.0 24

640

600r ]
560 =

520 =

T/K
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440 | ]

0.6 0.8
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0.0 0.2
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x(H,0)
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FIGURE 8. (Vapour + liquid) equilibrium of (water + acetic acid):
(®) P =2.2 MPa [25]; (O) P = 3.9 MPa [26]; (x) P = 0.98 MPa [26]; (—)
GCA-EoS prediction; (---) MHV2 prediction.

tained. In fact, for the binary mixtures containing the
CH,OH and CH,COO groups, no additional attractive
parameters had to be estimated. For the interaction
CH,OH/CH;COO, it was necessary to estimate a
kenycoocmon (very close to one). Table 13 compares
the results obtained for mixtures containing esters and
alcohols. The MHV?2 gives slightly better results than
the GCA-EoS. Again, it should be mentioned that the
GCA-EoS uses a smaller number of parameters to quan-
tify the interaction between two associating groups.

As an alternative model, it was considered that no
hydrogen bonding between esters and alcohols existed.
That is, the (alcohol + ester) mixtures were considered
to have only the OH self-associating group. It was ver-
ified that, to have the same level of accuracy as the
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TABLE 12
Correlation results for VLE of esters and acids
Systems NP T/K P/kPa GCA-EoS MHV2
OPIP (%) oy (%) OPIP (%) oy (%)
Methyl acetate + acetic acid 14 333 to 378 100 3.7 33 39 8.4
5 315 to 364 53 1.8 0.9 34 4.4
Ethyl acetate + acetic acid 11 323 8.1 to 37 3.6 4.0 5.5 1.9
11 338 19 to 55 2.9 2.8 2.9 5.2
11 346 27 to 73 3.1 3.6 3.0 4.4
11 373 58 to 200 2.8 3.6 4.1 1.4
6 353 to 381 100 2.6 2.8 4.9 4.1
9 333 to 386 53 2.9 33 5.0 1.3
Propyl acetate + acetic acid 29 375 to 391 100 1.4 0.8 6.3 4.9
Butyl acetate + acetic acid 15 390 to 398 100 1.3 1.3 10 20
Ethyl acetate + propanoic acid 9 323.2 3to 39 4.9 0.8 2.2 3.1
Ethyl propionate + propanoic acid 9 3232 2.7to 17 32 0.9 4.0 34
Average deviations 2.7 2.2 5.0 5.9
TABLE 13
Correlation results for VLE of alcohols and esters
Systems NP T/IK P/kPa GCA-EoS MHV2
OPIP (%) oy (%) OPIP (%) oy (%)
1-Propanol + methylpropanoate 18 328 18 to 42 32 2.6 1.29 0.91
16 348 44 to 86 22 1.7 0.72 0.43
1-Propanol + methylbutanoate 17 333 21 to 26 1.9 1.8 2.34 0.99
17 353 51 to 60 1.5 1.3 1.35 0.43
1-Butanol + methylpropanoate 20 348 22 to 83 24 1.3 0.7 1.4
1-Butanol + methylbutanoate 17 348 19 to 40 2.9 1.3 2.6 1.7
17 368 46 to 79 2.6 1.0 0.9 0.7
Ethanol + ethyl acetate 11 328 44 to 54 2.5 1.7 2.1 0.6
1-Propanol + ethyl acetate 12 328 23 to 46 59 1.5 3.4 0.5
1-Butanol + butyl acetate 7 323 to 328 22 0.96 1.5 0.7 0.6
Average deviations 2.6 1.6 1.6 0.8

cross-associating model, it was necessary to use temper-
ature dependent parameters between the attractive
CH,OH and CH,COO groups, and asymmetric non
random parameters. For the water/ester groups no addi-
tional parameters were estimated. Figures 9 and 10 are
two examples of the GCA-EoS predictions for these
systems.

4.6. Cross-associating mixtures with OH and RCOR
groups

The cross-association parameters between the hyd-
roxyl associating group (representing water and alcoh-
ols) and the ketone associating group were calculated
using binary VLE for systems containing either water
and ketones, or alcohols and ketones. Again, as a first
estimate for the cross-association parameters, the values
for the energy and volume of association for the hyd-
roxyl group were used. An attractive interaction param-
eter between groups CH3CO and CH,OH was

estimated, using binary VLE data of primary alcohols
and ketones (acetone and 2-butanone). Again, the ki,
is close to one (0.979).

T/K

0.0 0.2 0.4 0.6 0.8
X(CH,0H)

FIGURE 9. (Vapour + liquid) equilibrium at 101.325 kPa: (4A)
(methanol + isobutyl acetate); (®) (methanol + butyl acetate) [41];
(—) GCA-EoS; (---) MHV2.
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FIGURE 10. Vapour phase mole fraction versus liquid phase mole fraction: (a) butyl acetate (1) + water (2) at 317 K; (b) {water (1) + propyl acetate
(2)} at 353 K. Experimental data [22]; (—) GCA-EoS prediction; (---) MHV2 prediction.

TABLE 14
Correlation results for VLE of ketones and water, or alcohols
Systems NP T/K P/kPa GCA-EoS MHV2
OP/P (%) oy (%) OP/P (%) oy (%)
Water + acetone 19 308 18 to 46 1.0 0.71 1.5 0.86
22 373 110 to 370 3.1 0.8 4.7 2.0
14 423 670 to 1200 35 1.9 3.1 1.8
25 473 1600 to 2800 29 1.3 2.7 1.4
14 523 4000 to 6300 1.3 0.6 0.8 0.90
Water + 2-butanone 25 347 to 373 100 1.8 1.5 29 2.6
19 385 to 406 340 5.0 3.5 3.6 2.5
18 412 to 435 690 4.7 32 34 2.5
18 453 to 474 1700 39 1.8 3.0 1.2
Ethanol + acetone 4 331 to 342 100 1.7 2.5 1.3 1.8
Ethanol + 2-butanone 5 328 44 to 50 32 1.6 1.7 1.3
5 348 to 350 100 1.1 1.6 2.1 1.3
1-Propanol + 2-butanone 15 353 to 368 100 1.7 0.8 1.3 0.7
3-Pentanone + 2-propanol 23 355 to 373 100 1.4 1.5 2.3 1.1
Average deviations 2.7 1.6 2.7 1.6

Table 14 presents the correlation results. Similar re-
the

sults are obtained using both models. For

(water + acetone) system, there are binary VLE data

p/MPa

0.0 0.2 0.4
x(CH,COCH,)

FIGURE 11. (Vapour + liquid) equilibrium of (water + acetone).
Experimental data [28]: (®) 423 K; (O) 473 K; (x) 523 K. Models:

0.6 0.8 1.0

(—) GCA-EoS correlation; (---) MHV2 prediction.

540

510

480 g

450

T/K

420

390

x(CH,COCH,CH,)

of water and acetone over a wide range of temperature
(between the temperatures 303 K and 523 K). The re-
sults can be seen in figure 11. Figures 12 and 13 show

FIGURE 12. (Vapour + liquid) equilibrium of (2-butanone + water).
Experimental data [30]: (x) 3.4 MPa; (A) 1.7 MPa; (O) 0.69 MPa; (@)
0.34 MPa. Models: (—) GCA-EoS; (---) MHV2 prediction.
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FIGURE 13. Vapour pressures of (butanone + alcohol). (a) (butanone + ethanol) [42]: (O) 278 K, (x) 288 K, (—) 298 K, (#) 308 K, ((0) 313 K, (A)
323 K. (b) (butanone + 2-butanol) [43]: (#) 278 K, (A) 288 K, (A) 293 K, (+) 298 K, (—) 303 K, (O0) 308 K, (x) 313 K, (©) 323 K. Model: (—) GCA-

EoS prediction.

some of the GCA-EoS predictions for systems contain-
ing 2-butanone and water or one alcohol.

5. Conclusions

Association effects were represented by a group-
contribution approach. The GCA-EoS was extended
to mixtures containing acids, esters, aromatics, and ke-
tones, with water, alcohols, and any number of inert
components.

Cross-association parameters between the acid asso-
ciating group and the hydroxyl associating group were
calculated using the geometric mean for the volume of
association and the arithmetic mean for the energy of
association as combination rules.

A good representation of pure component properties
and phase equilibria for mixtures of carboxylic acids
with inert compounds, alcohols, and water at both low
and high pressures is obtained.

Cross-association parameters between the ester asso-
ciating group and either the acid, or the hydroxyl asso-
ciating groups, were estimated using binary low-pressure
(vapour + liquid) equilibria data. Again, very satisfac-
tory results were obtained for these cross-associating
mixtures.

The GCA-EoS model was compared to the group-
contribution MHV2 method, which does not explicitly
take into account association effects. The differences
are in many cases very small. In this work, our intention
is to compare two different approaches to model associ-
ation effects: to use temperature dependent parameters
which is the case of the MHV2 model and to modify a
pure-component equation of state by adding an associa-
tion term. In the case of acids, where association effects
are very important, the GCA-EoS significantly improves
the description of their phase equilibria. For the remain-
ing cases, similar results are obtained. However, it
should be mentioned that the GCA-EoS uses fewer

parameters to quantify the interaction between two
associating groups. Another important conclusion from
this work is the possibility of modelling association ef-
fects using a group-contribution approach.

The group-contribution nature of the GCA-EoS al-
lows its application to highly associated mixtures, for
which experimental information is scarce or not availa-
ble over a wide density range.
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Appendix A.  The expression for the association term
of the residual Helmholtz energy is a function of the
fraction of group k not associated at site A, X [1]

NG4 M, -

XM = (1 + ijXBfAA"B-’> , (A1)
=1 =1

where p; is the mole density of group j:

pi=m V. (A2)

The number of moles of the association group k is calcu-
lated as follows:

NC

* k,m

n, = E ViR,
m=1

where v is the number of groups k in molecule m and
n,, is the number of moles of component m.

The association strength (A™®) is a simplified
expression of the one proposed by Huang and Radosz

(A.3)
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[33], since it does not include the radial distribution
function g’. In this way, the group-contribution charac-
ter of the model is preserved [1]

AMB — AB foxp (M8 /KT) — 1. (A.4)

The association parameters between site A of group k
and site B of group j are the association energy & and
the corresponding bonding volume x. The general
expressions to the association contributions for the com-
pressibility factor Z and the fugacity coefficient In (2),- can
be obtained from the Helmholtz energy of association
[1,18,19]:

NGA

e = 1 SN " (1—x™), (A.5)
2 =
~ assoc Nod
Ing, =D VN (InxA) b (A.6)
k=1 XAk

References

[1] H. Gros, S.B. Bottini, E.A. Brignole, Fluid Phase Equilib. 116
(1996) 537-544.
[2] S. Skjold-Jergensen, Fluid Phase Equilib. 16 (1984) 317-351.
[3] S. Skjold-Jergensen, Ind. Eng. Chem. Res. 27 (1988) 110-118.
[4] H. Gros, S.B. Bottini, E.A. Brignole, Fluid Phase Equilib. 139
(1997) 75-87.
[5] S. Dahl, A. Fredenslund, P. Rasmussen, Ind. Eng. Chem. Res. 30
(1991) 1936-1945.
[6] S. Dahl, M.L. Michelsen, Fluid Phase Equilib. 36 (1990) 1829-
1836.
[71 G.A. Mansoori, T.W. Leland, J. Chem. Soc., Faraday Trans. 11
68 (1972) 320-344.
[8] W. Chapman, K. Gubbins, J. Jackson, M. Radosz, Ind. Eng.
Chem. Res. 29 (1990) 1709-1721.
[9] S.H. Huang, M. Radosz, Ind. Eng. Chem. Res. 29 (1990) 2284—
2294.
[10] M. Wertheim, J. Stat. Phys. 35 (1984) 19-34.
[11] M. Wertheim, J. Stat. Phys. 35 (1984) 35-47.
[12] M. Wertheim, J. Stat. Phys. 42 (1986) 459-476.
[13] M. Wertheim, J. Stat. Phys. 42 (1986) 477-492.
[14] S.J. Suresh, J.R.J. Elliott, Ind. Eng. Chem. Res. 31 (1992) 2783—
2794.
[15] Y.-H. Fu, S.I. Sandler, Ind. Eng. Chem. Res. 34 (1995) 1897-
1909.
[16] E.C. Voutsas, I.V. Yakoumis, D.P. Tassios, Fluid Phase Equilib.
160 (1999) 151-163.

[17] S.O. Derawi, G.M. Kontogeorgis, M.L. Michelsen, E.H. Stenby,
Ind. Eng. Chem. Res. 42 (2003) 1470-1477.

[18] M.L. Michelsen, E.M. Hendriks, Fluid Phase Equilib. 180 (2001)
165-174.

[19] I.V. Yakoumis, G.M. Kontogeorgis, E.C. Voutsas, E.M. Hend-
riks, D.P. Tassios, Ind. Eng. Chem. Res. 37 (1998) 4175-4182.

[20] T. Kraska, Ind. Eng. Chem. Res. 37 (1998) 4889-4892.

[21] T.E. Daubert, R.P. Danner, Physical and Thermodynamic Prop-
erties of Pure Chemicals: Data Compilation, Hemisphere Pub-
lishing Corporation, New York, 1989.

[22] J. Gmehling, U. Onken, W. Arlt, P. Grenheuser, Vapor Liquid
Equilibrium Data Collection, DECHEMA Chemistry Data
Series, Frankfurt, 1977.

[23] S. Miyamoto, S. Nakamura, Y. Iwai, Y. Arai, J. Chem. Eng.
Data 45 (2000) 857-861.

[24] S. Miyamoto, S. Nakamura, Y. Iwai, Y. Arai, J. Chem. Eng.
Data 46 (2001) 1225-1230.

[25] D.F. Othmer, S.J. Silvis, A. Spiel, Ind. Eng. Chem. Res. 44 (1952)
1864-1872.

[26] M.I. Ermolaev, V.F. Kapitanov, A.K. Nesterova, Viniti 71 (1971)
3716.

[27] P. Oracz, G. Kolasinska, Fluid Phase Equilib. 35 (1987) 253-278.

[28] J. Griswold, S.Y. Wong, Chem. Eng. Progr. Symp. Ser. 48 (1952)
18-34.

[29] L. Lieberwirth, H. Schuberth, Z. Phys. Chem. Leipzig 260 (1979)
669-672.

[30] D.F. Othmer, M.M. Chudgar, S.L. Levy, Ind. Eng. Chem. Res.
44 (1952) 1872-1881.

[31] T.Y. Wen, M. Tang, Y.P. Chen, Fluid Phase Equilib. 163 (1999)
99-108.

[32] S. Miyamoto, S. Nakamura, F. Iwai, Y. Arai, J. Chem. Eng.
Data 44 (1999) 48-51.

[33] S.H. Huang, M. Radosz, Ind. Eng. Chem. Res. 30 (1991) 1994—
2005.

[34] D. Ambrose, N.B. Ghiassee, J. Chem. Thermodyn. 19 (1987) 505-
519.

[35] D. Ambrose, J.H. Ellender, H.A. Gundry, D.A. Lee, R. Town-
send, J. Chem. Thermodyn. 13 (1981) 795-802.

[36] S. Peter, H. Jakob, J. Supercrit. Fluids 4 (1991) 166-172.

[37] W.I. Weng, M.J. Lee, Fluid Phase Equilib. 73 (1992) 117-127.

[38] A.B.J. Rodrigues, D.S. McCraffey, J.P. Kohn, J. Chem. Eng.
Data 13 (1968) 165-168.

[39] V. Rodriguez, C. Lafuente, M.C. Lopez, F.M. Royo, J.S. Urieta,
J. Chem. Thermodyn. 25 (1993) 679-685.

[40] I. Brown, W. Fock, F. Smith, J. Chem. Thermodyn. 1 (1969) 273.

[41] JM. Resa, C. Gonzalez, B. Moradillo, J. Lanz, J. Chem.
Thermodyn. 30 (1998) 1207-1219.

[42] R. Garriga, F. Sanchez, P. Perez, M. Gracia, J. Chem. Therm-
odyn. 28 (1996) 567-576.

[43] R. Garriga, S. Martinez, P. Perez, M. Gracia, J. Chem. Therm-
odyn. 31 (1999) 117-127.

JCT 03-161



	Modelling of phase equilibria for associating mixtures using an equation of state
	Introduction
	The group contribution with association equation of state
	Model development for new associating groups

	Parameterization
	Association parameters
	Attractive parameters
	Repulsive parameters

	Results and discussion
	Self-associating (acids+alkanes)
	Self-associating (alcohols+aromatics)
	Cross-associating mixtures with OH and COOH groups
	Cross-associating mixtures with COOH and COOR groups
	Cross-associating mixtures with OH and COOR groups
	Cross-associating mixtures with OH and RCOR groups

	Acknowledgements
	Appendix A
	References


