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Representation of phase equilibria and densities for
complex systems using a van der Waals volume translated
equation of state with a UNIFAC mixing rule

Representacion del equilibrio de fases y densidades en sistemas
complejos, usando la ecuacion de estado de Van der Waals, con
translacion en volumen y regla de mezcla UNIFAC

O. Chiavone-Filho!, E. L. Foletto? and L. R. Terron3

ABSTRACT

This work investigated the applicability of the van der Waals cubic equation of state (EoS) with volume translation (vdWt), using the
modified Huron-Vidal (MHV?2) mixing rule with the UNIFAC (UNIQUAC Functional Activity Coefficients) model for describing phase equi-
librium and density data for a series of complex systems over wide ranges of temperature (T) and pressure (P). Some limitations were
identified in the prediction of the experimental data collected, e.g., systems with highly associating components, but in general, the
EoS vdWt+MHV was able to satisfactorily represent both phase equilibrium and volumetric behavior.
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RESUMEN

En este trabadjo se investigd la aplicabilidad de la ecuacién de estado cubica, de Van der Waals, con translacién en volumen (vdWt).
Para la regla de mezcla, se aplicé el método de Huron-Vidal modificado (MHV2), con el modelo UNIFAC (UNIQUAC funcional coefi-
ciente de actividad) para describir datos del equilibrio de fases y la densidad para una serie de sistemas complejos; en amplias gamas
de temperatura (T) y presién (P). Se encontraron algunas limitaciones en la prediccidn de los datos experimentales recogidos, por
ejemplo, en los sistemas con componentes altamente asociativos, la ecuaciéon vdWi+MHY demostrd capacidad para representar

de manera satisfactoria, tanto el equilibrio de fases como el comportamiento volumétrico.
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Introduction

UNIFAC is a group contribution activity coefficient model whose
application as a mixing rule results in a predictive equation of state
(EoS) for the desired thermodynamic properties, i.e., density, en-
thalpy, and phase equilibrium. It is important to note that an EoS
may be applied over wide ranges of temperature (T) and pressure
(P), which is not possible using activity coefficient models such as
UNIFAC because these models are limited by the conditions of
the experimental data from which their parameters are estimated,
normally low pressures and subcritical components. On the other
hand, activity coefficient models are characterized by their capa-
bility to describe phase equilibrium data for complex systems due
to their mathematical flexibility. Thus, a cubic and simple EoS,
combined with the UNIFAC model via the mixing rule, may pro-
vide the required tool for predicting thermodynamic properties
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valid for various classes of mixtures as well as for wide ranges of
T and P. Mixing rules for cubic EoS using group contribution excess
free energy models have been studied by various researchers, in-
cluding Twu et al. (1998), Heidemann (1996), Orbey and Sandler
(1996), Novenario et al. (1996), Kalospiros et al. (1995), Konto-
georgis and Folas (2010), Haghtalab and Mahmoodi (2010), Staud
and Soares (2012), and Costa et al. (2014). The modified Huron-
Vidal mixing rule was introduced by Michelsen (1990), properly
matching the excess Gibbs energy calculated by the EoS at zero
pressure. This procedure allows for the use of the existing param-
eters of activity coefficient models that are usually based on ex-
perimental data gathered at low pressure.

In this study, the MHV2 mixing rule for the vdW EoS is combined
with the UNIFAC model. Several versions of the UNIFAC model
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have been used according to the system studied, i.e., original (Han-
sen et al, 1991), modified (Larsen et al,, 1987) and gas-solvent
group (Dahl et al., 1991).

The translation in volume also constitutes an extension of the cu-
bic EoS by an implementation of a volumetric dependency. It is
shown in this study that the translated vdW EoS significantly im-
proves the representation of saturated liquid densities. Further-
more, the translation does not affect the phase equilibrium calcu-
lation (Péneloux et al,, 1982, Meyer, 1987, Tsai and Chen, 1998,
Wang and Gmebhling, 1999). On the other hand, the calculation of
mixture-saturated densities depends on the energy parameter and
thereby on the mixing rule adopted, which in this study is the
MHV2 mixing rule.

This aim of this work is to systematically evaluate the applicability
of the vdWt EoS using the MHV2 mixing rule with UNIFAC for
representing phase equilibrium and density data for various com-
plex systems over wide ranges of T and P.

Thermodynamic model

The vdWt EoS is used to represent the desired properties.

RT a

pP= _ _= Prepulsive + Paumcuve (|)
w+0)—b (v+1)

The pure component parameters are calculated from the critical

properties according to equation (2).

Q T’R’ T Q. TR
T = T = a’ ¢ T 4T = ,b: b~ ¢
aT) = a.all) = Lo T, = b = 2 @)

o is a function of the reduced temperature (T). Equation (3) shows
the Soave expression applied, where  is the acentric factor. For
subcritical conditions, the Mathias and Copeman (1983) function
has been used with coefficients fitted to match the vapor pressure
curve; see equation (4) and Table 1.

a=l+c -y lic, = 0486 +1.6240-0.2190% for T, 21 (3)

oc:[1+C](1—\/f)+C2(l—\/fT+C1(1—\/fﬂz; T <1 )

Table 1. Coefficients C;, C; and C; from Mathias and Copeman
(1983) of pure components for the vdW EoS estimated from the va-
por pressure curve’

Component T ;all(r;ge Ci C Cs (A;)f A'(:'/:;xt
water 300-641 1.1221 -0.7092  0.7179 0.14 0.34
carbon dioxide 216-303  0.8971 -0.5058 1.4440 0.04 0.20
acetic acid 300-580  1.4265 -1.7468  2.1533 0.49 2.08
isobutane 150-400 0.8270  -0.4489  0.9424 0.49 1.13
o-xylene 250-620  1.0571 -0.6362 1.0786 0.35 0.74

*100 vapor pressure data points were generated by using the AIChE DIPPR corre-
lation (Daubert and Danner, 1986) over the T range specified.

TAP: Percent average deviation (100/M Z|Pexp, i-Pcalc, i|/Pexp, i).

FAPmax: Percent maximum deviation presented (100 |Pexp, i-Pcalc, i|/Pexp, i).

It is noteworthy that the vdWV yields the same degree of vapor
pressure correlation as the Peng-Robinson (PR) and Soave-Red-
lich-Kwong (SRK) EoS (Meyer, 1987). This suitable representation
of the vdW EoS has also been observed for 438 components
(Chiavone-Filho et al., 2001).

The translation function t used herein was developed based on a
series of organic and inorganic species of liquid molar volume data
and is described as follows (Terron, 2009).

t=1,+( —1,)0; 6=0.7800T7"" (5)
t,=1.0232+0.4334 ; 1. =(38-Z)(RT/P) (6)
t=t for7 <05; t=0forT =1 (7)

Table 2 shows the predicted saturated liquid densities for a series
of components with four cubic EoS, where the vdWt representa-
tion of the experimental points is emphasized.

Table 2. Prediction of saturated liquid densities’ (p) for a series of
components using the SRK, PR, vdW and vdWt EoS

SRK PR vdw vdWt
Component
[T range (K)] Apt Apmax  Ap  APmax  Ap  APmax  Ap  ApPmax
(%) %) (&) *) (%) (%) (%) (*)
Water [300-641] 283 417 191 356 457 499 21 153
Methane [90-185] 44 171 88 125 268 300 12 55
['ié}'?g;';’m“ha”e 124 316 27 240 338 411 57 114
Ethanol [230-510] 167 325 60 252 376 424 46 76
Acetone [190-500] 23 332 134 259 424 463 22 6l
Propane [130-364] 83 264 55 184 309 368 27 142
Belg‘_é'%;bhexa”e 104 240 37 164 325 360 09 68
Ethylbenzene [240-610] 14.1 27.1 3.1 193 354 390 20 77
n-Decane [260-610] 175 313 69 238 380 420 20 74
Water [300-641] 283 417 191 356 457 499 21 153

*200 density data points were generated by using the AIChE DIPPR correlation
(Daubert and Danner, 1986) over the T range specified.

TAp: Percent average deviation (100/M X|pexp, i-pcalc, i|/pexp, i).

FApmax: Percent maximum deviation presented (100 |pexp, i-pcalc, i|/pexp, i).

The mixing rules define how the EoS parameters are calculated as
a function of composition. For the translation (t) and the covolume
(b) parameters, the simple linear mixing rule is adequate.

b =inbi ot = int,, 8)

For the attractive parameter (a), the conventional quadratic mix-
ing rule presents limitations for systems of species with asymmetry
in terms of size, shape and polarity. Michelsen (1990) successfully
modified the mixing rule of Huron and Vidal from an infinite-ref-
erence pressure to a zero-reference pressure using a function q
of the EoS parameters.

a a_),G" b
(o ) ey | e T | o)

This g function provides the adequate matching procedure for the
application of the Huron-Vidal mixing rule using activity coefficient
models. As explained in the literature (Michelsen, 1990; Dahl and
Michelsen, 1990), the function q in its original form presents dis-
continuities for values of a/(bRT) lower than 3+2v/2. To overcome
this limitation, a linear correlation of q was proposed using phase
equilibrium data at low pressure in the range of ai/(biRT) values
between 7 to 9 for the vdW EoS. More recently, Dahl et al. (1991)
applied a quadratic q function, introducing the so-called MHV2
model. In this work, MHV2 is applied for the vdW EoS with the
following estimated parameters: q1=-0.6731 and q>=-0.0112. Equa-
tion (10) describes the MHV2 for the mixture parameter a, which
is an implicit expression,
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q‘[(%RT),,,,\ ’Z(%RT}]*%[(%RTIW ’Z(%RTU =%;*Z)‘r 1“(%,] (10)

Methods of calculation

The isofugacity equilibrium criterion is applied via the phi-phi ap-
proach, one model for both phases.

f”l’ :ﬁ”: (Ap[xl =@y, ; i=12,..N (I I)

Two types of phase equilibrium calculations were used. The Bub-
ble P calculation is the one in which xi and T are given and yi and P
are determined. In the PT-FLASH mode (Michelsen, 1982; Michel-
sen and Mollerup, 2007), T, P and zi (feed concentration) are given
to determine xi and yi and the concentrations of the two phases.
The PT-FLASH routine is also applied for liquid-liquid calculation.

The saturated liquid densities are calculated after the determina-
tion of the roots of the cubic EoS and are corrected by translation.

1
awe = Viaw ti= p= (I 2)
v

v
VAWt

Results and final remarks

A representative series of experimental data for vapor-liquid equi-
librium (VLE) and saturated liquid density (p) were selected for
various systems and conditions to evaluate the prediction ability
of the present vdWt+MHV2 EQOS; see Table 3.

Table 3. vdWt + MHV2 predictions of VLE and saturated
liquid densities

System T(K) P (bar) dtpts* devi(%) Reference
carbon dioxide + I0/VLE AP=5.4 Besserer and
isopentanet 278 0.4-39 10/p  Ap=0.4 Robinson (1975)

S/VLE AP=1.2 Brow etal. (1969) Or-

n-hexane + |-propanol# 308-318 0.1-1 10/p  Ap=1.4 manoudis etal. (1991)

n-butane + _

I,1,2-trichloro- 363-423 34-36 'f’Z\;LE iP :?‘3 Laugier et al. (1994)
1,2,2-trifluoretane P p=1.

1,1,2-trichloro- _

1,2,2-trifluorethane +  363-408 0.7-9.8 |6VLE  AP=I.1 Laugier et al. (1994)
h " 16/p  Ap=1.1

eptane

hydrogen sulfide + 323423 05-85 24/VLE AP=3.7 Laugier and Richon
hexanet (1995)

acetone + methanol + Griswold and Wong

373 1.2-4  5I/VLE AP=7.0

water# ’ (1952)

water +isobutane * 319364 ¢ 171 9VLE AP=19 Zabaloy etal. (1993)
2-propanol#

System T(K) P(bar) dtpts* devi(%) Reference

*Number and type of data points.

TPercent average deviation (100/M X|expi-calci|/expi).

fModified (Larsen et al., 1987) and gas-solvent group (Dahl et al., 1991) UNIFAC
tables have been used.

#Original UNIFAC tables have been used (Hansen et al., 1991).

Liquid-liquid equilibrium (LLE) data representation for some ter-
nary systems, such as water + acetic acid + isoamyl alcohol, was
also studied. Figure | demonstrates the LLE behavior predicted by
the vdWt+MHV2 for the mixture water + ethanol + toluene,
which is as good as the UNIFAC (Peschke and Sandler, 1995).

Figures 2 and 3 present the good phase equilibrium and density
data predictions yielded by the vdWt+MHV2 EoS for the butane
+ I,1,2-trichloro-1,2,2-trifluorethane system. The HaS + hexane
system was also studied under supercritical conditions, and the

vdWt+MHV2 EoS was determined to provide satisfactory repre-
sentation; see Figure 4.

ethanol
P
© % - ‘ - exp. tie lines

— vdWt+MHV2

T T T T ‘ T T T ‘ T T T ‘ T T T T
water 25 50 75 100 toluene

Figure 1. vdWt+MHV2 prediction of the LLE data for the water +
ethanol + toluene system at 298 K and 1.013 bar. Axes are in mole
percent. Experimental data presented by Peschke and Sandler
(1995).

40.00
A 363K
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Figure 2. Diagram of pressure versus composition for n-butane +
1,1,2-trichloro-1,2,2-trifluorethane. Experimental data obtained by
Laugier et al. (1994).
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o g m W
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Figure 3. Saturated liquid density versus composition for n-butane
+ 1,1,2-trichloro-1,2,2-trifluorethane. Experimental data obtained
by Laugier et al. (1994).
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Figure 4. Representation of the VLE data for the H.S + n-hexane
system (Laugier and Richon, 1995).

Some limitations in the prediction of the experimental data col-
lected were identified, e.g., systems with highly associative com-
ponents and with significant asymmetry. In particular, the systems
carbon dioxide + isopentane and acetone + methanol + water pre-
sented higher deviations for the vdWt+MHV2 VLE data descrip-
tion. For the liquid density representation, polar species such as
[,2-dichloroethane and ethanol showed more pronounced devia-
tions from the vdWt EoS. To overcome these limitations, associ-
ation and more rigorous repulsive terms should be considered in
the thermodynamic model (Kalospiros et al., 1995; Kontogeorgis
and Folas, 2010). However, in general, the EoS vdWt+MHV2 was
able to satisfactorily represent both phase equilibrium and volu-
metric behavior. The translation in volume expression proposed
in this work can be extended to a more comprehensive series of
pure substances using available data. In addition, it would be ad-
vantageous to have a continuous translation function, valid for
wide ranges of T and P. The mixing rule is limited to the UNIFAC
parameters; however, as shown by Dahl et al. (I1991) and more
recently by Haghtalab and Mahmoodi (2010), interaction parame-
ters for supercritical components can be estimated by correlating
gas solubility data, thereby extending the application of the EoS.
The flexibility and predictive character of the vdWt+MHV2 is
found to be a simple but powerful simple tool for calculating ther-
modynamic properties. Furthermore, the vdWt+MHV2 may be
applied in a process simulator-.
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Nomenclature

AIChE  American Institute of Chemical Engineers
a Attractive parameter

b Covolume parameter

al/(bRT) Dimensionless parameter; argument of the q function in
equation (9)

G Mathias and Copeman (1983) coefficients to express o
as a function of the reduced temperature, see equation
(4)

Dev Deviation

DIPPR  Design Institute for Physical Properties
dtpts Number and type of data points, see Table 3
EoS Equation(s) of State

G Gibbs free energy

LLE Liquid-liquid equilibrium

MHV2  Modified Huron-Vidal mixing rule with quadratic ap-
proximation for the q function

M Total number of data points

N Total number of components

P Pressure

PR Peng-Robinson

q Function of ai/(biRT) in the MHV mixing rule

qj Coefficients of the g function in the MHV mixing rule

R Universal gas constant

SRK Soave-Redlich-Kwong

T Absolute temperature

t Translation parameter or function

ti Translation coefficients, see equations (5) and (6)

% Molar volume

vdW van der Waals
vdWt  van der Waals translated or with volume translation
VLE Vapor-liquid equilibrium

X Mole fraction of the liquid phase

y Mole fraction of the vapor phase

V4 Compressibility factor

z Mole fraction of the feed in the Flash calculation

Greek Letters

03 Alpha function expressing the dependence of the attrac-
tive parameter on the reduced temperature; see equa-
tion (4)

p Liquid molar density

(0] Fugacity coefficient

0 Theta function expressing the dependence of the trans-
lation parameter on the reduced temperature; see equa-
tion (5)

o] Acentric factor

Superscripts and Subscripts

c Critical property
calc Calculated value

E Excess property
exp Experimental value
L Liquid phase

max Maximum

r Reduced property
v Vapor phase

A

Property of component i in the mixture
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