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ABSTRACT: The Group Contribution with Association Equation of State (GCA-EoS) has been successfully applied to represent
the global phase behavior of carbon dioxide mixtures with alkanes. Using a single set of parameters, the model is able to predict
vapor−liquid and liquid−liquid equilibria of binary mixtures not included in the parametrization procedure. Special emphasis was
set on describing the transformation between types of fluid phase behavior to reduce the jeopardy of predicting incorrect liquid
split. This family of binary systems has been investigated in previous works; however, this is the first time that GCA-EoS was
shown to be able to represent the transformation between types of phase behavior as the length of the alkyl chain increases. The
model was tested against an experimental database covering C3−C36 alkanes, temperatures from 210 to 660 K, and pressures up
to 400 bar. The wide range of conditions and the parametrization strategy are keys to develop a robust thermodynamic tool for
predicting multiphase behavior.

1. INTRODUCTION
Modeling phase equilibria in mixtures containing alkanes and
carbon dioxide (CO2) is a challenge for any equation of state.
The task is even more complex for a group contribution
method, which uses a single set of interaction parameters for all
the binaries of the homologous series. The nonideality highly
affects the behavior of these mixtures, causing multiple
transformations between types of phase behavior as the alkyl
chain increases, namely, the binary mixtures of CO2 show phase
behavior Type II with alkanes up to n-undecane, Type IV with
n-tridecane, and Type III with higher alkanes, according to the
van Konynenburg and Scott1 classification. Briefly, Type II
presents a continuous critical L = V locus bounded between the
pure components critical points. In addition, these systems
show liquid immiscibility at low temperature, which generates
the appearance of a second critical line (L1 = L2), also known
as upper critical solution temperatures (UCST points) starting
from the three-phase equilibrium line L1L2V as can be seen in
Figure 1a. In the PT projection, the intersection of the L1 = L2
critical line with the L1L2V line corresponds to an upper
critical end point (UCEP of the class L1 = L2V). In Figure 1a,
we sketched the critical line L1 = L2 with a positive slope, but it
can also be negative or show a maximum or minimum in
temperature. In many cases solid phase formation hinders the
potential for low-temperature liquid split. If this is the case,
from a practical point of view we will not be able to distinguish
between Type I (completely miscible systems) and Type II
phase behavior. For example, the binary systems CO2 +
n-alkanes with 6−12 carbons show Type II phase behavior, but
with pentane the liquid immiscibility is inhibited by the CO2
precipitation.2 On the other hand, when the liquid immiscibility
interrupts the L = V critical curve, it leads to Type III behavior
(see Figure 1b). The main trait of this case is the existence of
liquid immiscibility from low temperatures up to the end of
light component existence as a liquid, nearby its critical point
(CP). The L1 = V critical line starting from this CP stretches
out up to the L1L2V equilibrium line in a UCEP; in general,

this critical line is short because the L1L2V line usually runs
close to the more volatile component vapor pressure curve.
This fact means that the UCEP, as a rule, is located close to the
light component CP. Furthermore, the greater the difference
of volatility between both components, the L1L2V curve gets
even closer to the light component vapor pressure curve.
The L2 = V critical line starting from the heavier compound CP
will diverge toward high pressures. Finally, Type IV (Figure 1c)
phase behavior is quite unusual; it shows liquid phase split at
low and high temperature, but the mixture becomes completely
miscible at an intermediate temperature range. Consequently,
the system shows a low-temperature L1 = L2 critical univariant
line that diverges toward high pressures and a discontinuous
L = V critical line. In addition, Type IV phase behavior shows
two UCEP and one LCEP due to the discontinuity of the
three-phase L1L2V equilibrium. Figure 1 also shows the typical
temperature−composition projection of each type of phase
behavior depicted by CO2 + n-alkane mixtures.
Several authors3−10 have correlated isolated binary systems of

this homologous series using either isobaric or isothermal data
sets. This approach can lead to wrong predictions outside the
range of the correlated experimental data because it may fail to
notice the comprehensive phase behavior of these mixtures.
In this regard, it is common to find models showing liquid split
for completely miscible systems.6,7 Parameterization of a model
taking into account the transformation of type of phase
behavior as the alkane chain grows is not a simple work.
Nevertheless, some authors11−17 recognized the importance of
considering the comprehensive phase behavior and made
efforts to model the phase transition using either transferable
parameters (i.e., the same parameters for all binary interactions
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of the homologous series), generalized correlations of binary
parameters, or a group contribution approach. In this regard,
Polishuk et al.12,13 proposed fitting the binary interaction
parameters of a cubic equation of state to the UCEP and critical
pressure maximum. Using C4EoS with quadratic mixing rules,
they were able to model correctly the transformation between
types of fluid phase behavior and qualitatively the mutual
solubility between CO2 and n-alkanes. On the other hand,
Cismondi et al.14 also considered the correlation of the
interaction parameters to key equilibrium points of some binary
mixtures, comprising critical points, VLE, and LLE experi-
mental data. In this case, the authors applied RKPR-EoS with
cubic mixing rules (CMR) for the mixture parameters. The
CMR involve eight binary interaction parameters, which in this
case were correlated with a fourth-order polynomial expression
as a function of the carbon number. This flexible mixing rule
allows achieving accurate predictions in the complete PVTx
space for the CO2 + n-alkane homologous series.
Alternatively, some authors used thermodynamic perturbation

theory based equations of state taking into account the type of
phase behavior during the parametrization. Galindo and Blas,15

Garcıá et al,16 and Llovell and Vega17 applied, respectively, the
SAFT-VR, PC-SAFT, and Soft-SAFT EoS to investigate the
CO2 + n-alkane homologous series. The three groups followed a
similar approach: they correlated the interaction parameter
(two in the case of Galindo and Blas) to represent the binary
mixture of CO2 + n-tridecane, which is the only binary system of
the homologous series that shows Type IV phase behavior. Then
they predicted the phase behavior of the other binaries of the
homologous series transferring the interaction parameter. The
models depicted qualitatively correct predictions in most of the
cases. Galindo and Blas15 and Llovell and Vega17 also showed
precise PT projections of the critical loci.
All previously discussed contributions applied molecular

models, which show limited capabilities to predict, with high
accuracy, other binaries than those that were correlated. It is
important to bear in mind that the systems under study show a
significant change of phase behavior as the alkyl chain increases.
Therefore, hardly a molecular model can achieve accurate
predictions by means of transferring parameters. Particularly,
group contribution methods are a well-suited approach when
dealing with multicomponent mixtures containing compounds
with similar structures. As benefits, not only potential accurate
predictions can be achieved but also the number of required

binary interaction parameters is greatly reduced. For instance,
Horstmann et al.8 applied the PSRK model to correlate the
vapor−liquid critical locus of CO2 + ethane. Subsequently, they
showed accurate predictions of CO2 + n-butane VLE data and
Henry constants of CO2 in n-hexadecane using the same
parameters. Moreover, Vitu et al.9 performed an extensive
thermodynamic modeling with PPR78 of CO2 + hydrocarbons
(methane up to n-nonadecane) mixtures. They achieved good
results in VLE and critical loci calculation of several binary
systems. On the other hand, Nguyen-Huynh10 used the
GC-PPC-SAFT EoS to model the phase equilibria of CO2 +
n-alkanes up to n-tetratetracontane. The authors correlated the
VLE of some CO2 + n-alkane binary systems and were able to
accurately predict the VLE of other investigated binaries. In all
these cases, isolated binary VLE data was correlated and
nothing was discussed regarding the LLE and the trans-
formation between types of phase behavior.
The aim of this work is to show a parametrization strategy

with focus on the quantitative representation of the binary
mixture phase equilibria without compromising the prediction
of the global phase behavior and its transformation within
the homologous family. We investigate the correlation and
prediction of CO2 + alkane binary mixtures using a group
contribution approach and including the PTx projections of
CO2 with alkanes from propane up to n-hexatriacontane and
their excess properties when available. Furthermore, we also
challenged the model to predict binary systems of CO2 +
branched alkanes with the same set of parameters. This review
of alkyl chains parametrization will also provide a basis to
improve the modeling of other homologous series with CO2
such as alcohols, ethers, carboxylic acids, etc.

2. THERMODYNAMIC MODELING

A robust parametrization of a group contribution model compels
one to consider the transformation between types of phase
behavior as the alkyl chain grows. Given this somehow evident
statement, it is not always easy to be considered because the
behavior of the whole series must be described with the same set
of binary interaction parameters by only changing the number of
functional groups. In this work we review the modeling of the
CO2 + n-alkanes series phase behavior using the Group Contri-
bution with Association Equation of State (GCA-EoS).18 Previous
works have shown the capacity of this model to accurately
represent the complex multiphase behavior of mixtures containing

Figure 1. Types of fluid phase behavior depicted by CO2 + n-alkane binary homologous series according to the van Konynenburg and Scott1

classification. (a) Type II, (b) Type III, and (c) Type IV.
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hydrocarbons with polar and associating compounds, such as
alcohols and water,19−22 amines,23,24 and furans.25 Moreover, this
model also showed excellent predictive potential when applied
to the phase behavior of multicomponent mixtures containing
natural products26−31 or fuel blends.32−34 It is worth mentioning
that the GCA-EoS is an extension to associating mixtures of
the GC-EoS, originally proposed by Skjold-Jørgensen35 to model
gas solubility. Therefore, parameters for nonassociating species
normally come from the original table of GC-EoS parameters.
The multiphase modeling of CO2 + hydrocarbons has been a

challenge for several models, even when no special constraints
were set about depicting the correct transformation between the
types of phase behavior shown by the alkane homologous series.
Evidence of this fact is that some authors have modeled CO2 as a
self-associating entity, yet it is a nonpolar compound.4,5 In this
work, carbon dioxide is modeled as a nonassociating compound;
thus, the new parameters obtained here intend to improve those
given in the original GC-EoS35 and later parametrizations of
the model.36,37 Since methane and ethane are modeled molecu-
larly, as all first compounds of a series, their binary interaction
parameters with CO2 remain the same as the original.
2.1. GCA-EoS Model. There are three contributions to the

residual Helmholtz energy (AR) in the GCA-EoS model:18 free
volume (Afv), attractive (Aatt), and association (Aassoc).

= + +A A A AR fv att assoc (1)

The free volume contribution is represented by the extended
Carnahan−Starling38 equation for mixtures of hard spheres
developed by Mansoori and Leland39
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where ni is the number of moles of component i, NC stands for
the number of components, V represents the total volume, R
stands for the universal gas constant, T is temperature, and di is
the hard-sphere diameter per mole of species i.
The following generalized expression gives the temperature

dependence of the hard-sphere diameter
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where dci and Tci are, respectively, the critical hard-sphere
diameter and critical temperature of component i.
The attraction contribution to the residual Helmholtz energy,

Aatt, accounts for dispersive forces between functional groups. It is
a van der Waals expression combined with a density-dependent
local-composition mixing rule based on a group contribution
version of the NRTL model.40 The van der Waals expression for
the attractive Helmholtz energy is equal to −a·n·ρ, with a being
the energy parameter, n the number of moles, and ρ the mole
density. For a pure component, a is computed as follows

=a
z

q g
2

2
(6)

where g is the characteristic attractive energy per segment and q is
the number of surface segments as defined in the UNIFAC
method.41 The interactions are assumed to take place through the
surface, and the coordination number (z) is set equal to 10 as
usual.41 In GCA-EoS the extension to mixtures is carried out
using the NRTL model but using local surface fractions like in
UNIQUAC42 rather than local mole fractions
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where q ̃ is the total number of surface segments and gmix is the
mixture characteristic attraction energy per total segments and are
calculated as follows
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where νij is the number of groups of type j in molecule i, qj stands
for the number of surface segments assigned to group j, θj
represents the surface fraction of group j
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Figure 2. Transformation between types of fluid phase behavior in
binary CO2 + n-alkane systems. Symbols: experimental data91,105

of UCEP (⧫, ▲) and LCEP (■) . Lines: GCA-EoS predic-
tions with previous and current set of parameters: (-·-·) Skjold-
Jørgensen,35 (···) Espinosa et al.,36 (----) Cismondi et al.,37 and ()
this work.
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gij is the attractive energy between groups i and j and αij is the
nonrandomness parameter. It is worth highlighting that in the
absence of nonrandomness (αij = 0), eq 8 gives the classical
quadratic mixing rule.
The attractive energy, gij, is calculated from the energy

between like-group segments through the following combina-
tion rule

= =g k g g k k( )ij ij ii ji ij ji (14)

with the following temperature dependence for the energy and
interaction parameters
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where gii* is the attraction energy and kij* the interaction
parameter at the reference temperature Ti* and (Ti* + Tj*)/2,
respectively.

Finally, the association term,18 Aassoc, is a group contribution
version of the SAFT equation of Chapman et al.43
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In this equation NGA represents the number of associating
functional groups, ni* the total number of moles of associating
group i, Xki the fraction of group i nonbonded through site k,
and Mi the number of associating sites in group i. The total
number of moles of associating group i is calculated from the
number νmi* of associating groups i present in molecule m and
the total amount of moles of specie m (nm)
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The fraction of groups i nonbonded through site k is
determined by the expression
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Table 1. Pure Compound Critical Temperature44 and Diameter for the Repulsive Contribution of GCA-EoSa

compound Tc (K) dc
b (cm mol−1/3) ARD(Pc) %

c ARD(Tc) %
c ΔTr AARD(Pv) %d

carbon dioxide 304.21 3.1287 0.2 0.2 0.71−0.95 1.0
propane 369.83 4.0066 1.3 2.1 0.44−0.95 4.8
isobutane 407.80 4.3511 0.8 2.0 0.45−0.95 3.8
n-butane 425.12 4.3617 0.4 0.8 0.45−0.95 2.8
isopentane 460.40 4.6597 0.2 0.1 0.54−0.95 1.0
n-pentane 469.70 4.6880 0.1 0.7 0.41−0.95 2.6
3-methylpentane 504.60 4.9469 0.9 1.6 0.48−0.95 2.9
n-hexane 507.60 4.9907 0.2 0.2 0.48−0.95 3.4
n-heptane 540.20 5.2726 0.4 0.4 0.50−0.95 3.0
isooctane 543.80 5.4126 0.4 0.4 0.49−0.95 4.6
2,5-dimethylhexane 550.00 5.5232 0.8 3.4 0.50−0.95 3.2
n-octane 568.70 5.5371 0.4 0.5 0.51−0.95 3.0
n-nonane 594.60 5.7868 0.6 1.0 0.52−0.95 2.7
2-methylnonane 610.00 6.0174 0.8 2.7 0.53−0.95 3.7
3-methylnonane 613.00 6.0096 1.1 4.0 0.53−0.95 2.6
4-methylnonane 610.00 6.0281 1.1 5.3 0.52−0.95 2.8
n-decane 617.70 6.0239 0.7 1.2 0.53−0.95 3.4
n-undecane 639.00 6.2497 0.8 1.1 0.54−0.95 3.0
n-dodecane 658.00 6.4659 0.8 1.5 0.55−0.95 2.7
n-tridecane 675.00 6.6739 0.8 0.4 0.56−0.95 2.6
n-tetradecane 693.00 6.8724 1.0 0.1 0.56−0.95 2.8
n-pentadecane 708.00 7.0648 1.0 0.3 0.57−0.95 2.5
n-hexadecane 723.00 7.2506 1.2 0.6 0.58−0.95 2.8
n-octadecane 747.00 7.6079 1.1 1.9 0.60−0.95 3.0
n-nonadecane 758.00 7.7854 1.1 2.6 0.60−0.95 3.1
n-eicosane 768.00 7.9457 0.9 2.8 0.61−0.95 2.5
n-heneicosane 778.00 8.1071 0.9 3.2 0.62−0.95 3.9
n-docosane 787.00 8.2656 0.8 3.1 0.62−0.95 5.5
n-tetracosane 804.00 8.5717 0.7 3.9 0.63−0.95 3.3
n-octacosane 832.00 9.1479 0.4 5.3 0.65−0.95 4.8
n-dotriacontane 855.00 9.6921 0.1 7.1 0.66−0.95 5.9
n-hexatriacontane 874.00 10.183 0.3 9.1 0.68−0.95 9.0

aGCA-EoS deviations in the prediction of critical properties and vapor pressure within the reduced temperature range, ΔTr.
bCritical diameter fitted

to a pure compound saturation point. cARD: Absolute relative deviation with respect to experimental data44 = 100 × |(zexp − zcalc)/zexp|.
44 dAARD:

Average absolute relative deviation with respect to experimental data44 = (100/N) ∑i
N |(zexp i − zcalc i)/zexp i|.
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where the summation includes all NGA associating groups and
Mj sites. Xki depends on the association strength, Δki,lj

κ
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The association strength between site k of group i and site l of
group j depends on the temperature T and on the association
parameters κki,jl and εki,jl, which represent the volume and
energy of association, respectively.
The parametrization procedure was performed through

optimization of the following objective function
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where NEq is the number of experimental points in the
correlation database and eeqi are the relative deviations between
experimental and calculated data as follows

= − + −

× − + −

e wp P P wx

x x wy y y

IFL ( ) (1 IFL )

( ) ( )

i i i i i i i

i i i i i

eq
2 2

exp calcd
2 2

exp calcd
2 2

exp calcd
2

(22)

where P is the pressure, x and y are the molar fraction in the
liquid and vapor phase, and wpi, wxi, and wyi are the weighting
factors of P, x, and y. IFL is an auxiliary variable which sets the
type of flash calculation: 0 for a TP flash and 1 for bubble point
calculations. In this work, all VLE data was simulated through
bubble point calculations while the LLE data were via TP
flashes. Furthermore, the weighting factor of each experimental

data was set equal to the inverse of its value. Nonetheless, in the
case of the two data points closest to each critical point, their
weighting factors were also increased by a factor of 10. This
methodology allowed achieving a better critical locus represen-
tation of the correlated systems. The objective function (eq 21)
was minimized employing the Levenberg−Marquardt algorithm
of finite difference coded in Fortran77.
GCA-EoS correlation is laborious due to the density-

dependent mixing rule and the group contribution approach
(different compounds share the same binary interaction
parameters). In this work the parametrization was performed
fitting binary VLE data of n-butane and n-decane and the VLLE
data of CO2 + n-tridecane. The latter induces the model
to depict a Type IV phase behavior in the correct transition
binary system. The new binary interaction parameters were
determined based on the pure group parameters already set in
previous works.21,35 The initial values of the binary param-
eters were set so that the mixing rules of the model were
reduced to the classical van der Waals one fluid (i.e., kij* = 1,
kij′ = αij = αji = 0). Moreover, interaction parameters between
CO2 and paraffinic groups (CH3 and CH2) were assumed equal
until the final optimization. In a first step, only kij* was allowed
to change, next its temperatures dependence kij′, and last the
nonrandomness parameters (αij and αji). Any parameter that
did not improve substantially the fitting was set back to its
initial value. Finally, the interaction parameters between CO2
and the paraffinic groups were allowed to accomplish different
values. All those parameters that during the parametriza-
tion were left in its initial value were challenged to improve the
final correlation, but again, if the result did not improved
substantially, the parameter under evaluation was left in its
original value.

3. RESULTS AND DISCUSSION
3.1. Phase Behavior Modeling of Carbon Dioxide +

n-Alkane Mixtures. As already introduced, in order to
develop a robust model to predict multiphase behavior, it is
also important to challenge the model to follow up the
transformation between types of phase behavior as the alkyl
chain length increases. As we will show next, the three previous
parametrization of CO2/alkyl-group binary interaction portray
incorrectly this transformation (see Figure 2). Of course, a
wrong prediction of the type of binary phase behavior will lead
to false heterogeneous regions for particular mixtures and,
consequently, also for multicomponent systems. It is important
to bear in mind that the fitted parameters of a group contri-
bution model will affect not only the behavior of CO2 + alkanes
mixtures but also other alkyl derivative compounds. In fact, we
faced the need to review CO2/alkyl group binary interaction
of GCA-EoS when we found it infeasible to attain accurate

Table 2. GCA-EoS Pure Group Parameters for the Attractive
Contribution

group i qi
Ti*
(K)

gi*
(atm cm6 mol−2) gi’ gi″ ref

CH3 0.848 600.0 316 910 −0.9274 0 35
CH2 0.540 600.0 356 080 −0.8755 0 35
CHCH3 1.076 600.0 303 749 −0.8760 0 21
(B)CH3 0.848 600.0 282 715 −0.6393 0 21
(B)CH2 0.540 600.0 294 523 −0.8233 0 21
CO2 1.261 304.2 531 890 −0.5780 0 35

Table 3. Binary Energy Interaction Parameters Fitted in
This Work

groups

i j kij* kij′ αij αji

CO2 CH3/(B)CH3 0.9185 0.0469 −26.0 4.0
CH2/(B)CH2/CHCH3 0.9100 0.0469 −21.0 0

Table 4. GCA-EoS Phase Behavior Correlation of CO2 + n-Alkanes Binary Systemsa

alkane T (K) P (bar) AARD(P) % AARD(y1) % N ref

vapor−liquid equilibria
n-butane 311 4−75 1.5 1.0 21 45
n-decane 278, 444 3−188 5.5 0.15 25 46

AAD(AARD %)

alkane T (K) P (bar) CO2 in HC HC in CO2 N ref

vapor−liquid−liquid equilibria
n-tridecane 255−314 21−87 0.014 (1.8) 0.011 (33) 29 47, 48

aAAD and AARD%: average absolute and relative deviations in pressure (P) and composition (x/y), respectively.
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Table 5. GCA-EoS Phase Behavior Prediction of CO2 + n-Alkanes Binary Systemsa

alkane T (K) P (bar) AARD(P) % AARD(y1) % N ref

vapor−liquid equilibria
n-propane 240−361 3.0−65 4.1 3.1 173 49−52
n-butane 227−418 0.35−82 2.2 2.5 519 45−59
n-pentane 277−463 2.0−96 2.6 2.6 110 60−62
n-hexane 303−393 8.0−116 1.7 0.63 65 63,64

273−303 10−60 1.1 24 65
n-heptane 310−477 2.0−133 8.6 0.86 62 66

310−413 23−134 8.6 117 67
n-octane 313−372 15−137 2.3 0.23 48 68,69
n-nonane 315−418 20−167 7.7 0.43 44 70,71
n-decane 310−584 7.0−186 4.5 0.66 174 46,68,71−74

344 9.0−127 3.1 31 75,76
n-undecane 315−418 20−200 4.0 0.22 42 70
n-dodecane 318 10−90 3.5 0.20 10 77

313−343 1.0−143 4.6 56 78,79
n-tetradecane 290, 311 9.0−40 15 18 80
n-pentadecane 293−303 6.0−70 7.0 0.19 22 81,82
n-hexadecane 296, 297 4.0−16 9.5 4 83

AAD(AARD %) of xi in j

alkane T (K) P (bar) CO2 in HC HC in CO2 N ref

liquid−liquid equilibria
n-pentadecane 293−303 56−141 0.021 (2.6) 0.020 (96) 19 81,82

liquid−supercritical f luid equilibria
n-tetradecane 331, 344 14−164 0.022 (5.6) 24 84
n-tetradecane 344 71−163 6.9 × 10−3 (44) 22 84
n-pentadecane 313−353 5.1−175 0.023 (6.2) 6.0 × 10−3 (228) 46 81

313 16−64 0.028 (7.3) 8 85
n-hexadecane 314−664 20−257 0.024 (4.7) 8.1 × 10−3 (33) 64 72,86−89

313, 333 17−145 0.026 (5.1) 17 78,84
313, 323 98−153 0.019 (75) 7 78

n-octadecane 310−353 100−200 0.068 (9.8) 7.7 × 10−3 (129) 32 90
n-nonadecane 313, 333 3.0−87.0 0.024 (7.1) 47 91,92
n-eicosane 310−473 5.0−344 0.021 (5.8) 135 78,83,93−96

315−348 100−320 7.7 × 10−3 (113) 14 98
n-eneicosane 318−338 9.0−78 0.018 (5.0) 26 91
n-docosane 323−473 10−373 0.020 (4.1) 75 93,97
n-tetracosane 373−573 10−300 0.013 (7.8) 4.3 × 10−4 (21) 15 98

330−473 94−389 0.016 (2.2) 37 78,93
330−357 190−283 7.9 × 10−3 (172) 11 78

n-octacosane 338−473 8.0−408 0.015 (4.0) 60 78,93,94,99
308−366 119−327 4.1 × 10−3 (156) 77 78
573 10−50.0 0.019 (10) 1.5 × 10−4 (5.7) 5 99

n-dotriacontane 373−573 10−400 0.023 (7.1) 1.1 × 10−3 (66) 21 86,98
348, 373, 398 9.0−72.0 0.018 (5.8) 37 97

n-hexatriacontane 344−423 5.2−298 0.013 (4.4) 33 78,94
344−366 223−292 1.4 × 10−3 (146) 17 78

n-tetratetracontane 373−423 6.0−71 0.048 (19) 14 94
vapor−liquid−liquid equilibria

n-octane 216−231 5−9 0.12 (19) 18 100
215−226 5−9 0.019 (35) 12 100

n-decane 235−248 11−16 0.078 (11) 0.024 (36) 9 101
n-dodecane 254−267 20−29 0.028 (3.4) 0.011 (11) 8 47
n-tetradecane 269−303 30−83 0.012 (1.5) 0.010 (33) 23 47
n-pentadecane 207−308 32−80 0.035 (4.7) 0.012 (69) 16 47,102
n-hexadecane 283−306 44−78 0.040 (5.5) 9 × 10−3 (91) 6 102
n-nonadecane 293−304 58−74 0.052 (7.3) 5.1 × 10−3 (193) 17 91
n-eicosane 300−305 68−75 0.048 (6.7) 2.2 × 10−3 (296) 37 91,95
n-eneicosane 302−304 71−75 0.050 (7.0) 1.1 × 10−3 (205) 10 91

aAAD and AARD %: average absolute and relative deviations, in pressure (P) and composition (x/y), respectively.
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multiphase prediction of CO2 with n-alcohols homologous
series, based on the available interaction parameters.
Before fitting the binary interaction, it is important to check

whether the model is able to correctly predict the critical prop-
erties of pure paraffins. This is usually the case for molecular
models, since the pure compound parameters are set on the
basis of fulfilling the critical point and its conditions (null value
of the first and second pressure derivative with respect to the
volume). However, in a group contribution model, this is not
the case as the same two groups (CH2 and CH3) have to
describe the vapor pressure curve of the whole n-alkane
homologous family. Moreover, the branched paraffins, also
considered in this work, share the CHCH3 and the bulky alkyl
groups, (B)CH3 and (B)CH2, when linked to a quaternary
carbon. Tables 1 and 2 give the critical temperature and
diameter for the free volume contribution and the pure surface

energy parameters for the attractive term, respectively. More-
over, Table 1 also reports GCA-EoS accuracy to predict the
critical point and the vapor pressure curve of all compounds
considered in this work. In summary, GCA-EoS performs very
well for the 32 compounds under study.
Table 3 reports the only binary interaction parameters fitted

for the attractive term in this work. It is worth mentioning that
the 31 binary systems are modeled based on no more than
these 8 binary interaction parameters. Tables 4 and 5 show the
GCA-EoS accuracy to correlate and predict binary equilibrium
data of CO2 + n-alkanes, respectively. The tables also report the
temperature and pressure range of the experimental data,
number of data points (N), and source of the experimental data
for each binary system. These results bring to light the main
advantage of applying a group contribution approach. Common
molecular models require at least 31 binary interaction parame-
ters to describe the systems tested here. However, it is unlikely
that a model can predict the results shown here for a wide
temperature range with temperature-independent interaction

Figure 3. PT projection of the phase equilibria of selected CO2 +
n-alkane binary systems: (□) propane, (+) n-butane, (△) n-hexane,
(●) n-heptane, (×) n-decane, (⧫) n-tridecane, (○) n-hexadecane, (*)
n-nonadecane, and (■) n-docosane. Symbols: experimental
data.45,47,48,53,54,61,66,90,106−111 Solid lines: GCA-EoS predictions of
critical lines. Dashed lines: GCA-EoS prediction of pure compound
vapor pressure curves.

Figure 4. Vapor−liquid equilibria of CO2 (1) + n-alkane (2) binary
systems: (×) n-pentane at 377 K, (□) n-octadecane, and (◆)
n-hexatriacontane at 373 K. Symbols: experimental data.60,90,94 Solid
lines: GCA-EoS predictions.

Figure 5. Vapor−liquid equilibria of CO2 (1) + n-alkane (2) binary
systems at 313 K: (◆) n-hexane, (□) n-dodecane, and (×)
n-hexadecane. Symbols: experimental data.63,64,78,85,89 Solid lines:
GCA-EoS predictions.

Figure 6. Vapor−liquid equilibria of CO2 (1) + n-alkane (2) binary
systems at 477 K: (□) n-heptane, (◆) n-decane, and (△)
n-hexadecane. Symbols: experimental data.46,66,88 Solid lines: GCA-
EoS predictions.
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parameters, meaning that at least 62 parameters would be
needed. In conclusion, the GCA-EoS requires 7 times less
binary interaction parameters.
Figure 2 shows the experimental upper and lower critical end

points for the CO2 + n-alkane binary systems as the alkyl chain
increases. These data allow inferring the type of phase behavior
for each binary and, consequently, its transformation within the
homologous family, namely, binary behavior changing from
Type II (lower than C12) to III (higher than C14), going
through Type IV at n-tridecane. Figure 2 also depicts GCA-EoS
predictions using the previous sets of parameters and the new
set proposed in this work. The phase behavior of carbon
dioxide + n-alkanes binary systems was originally modeled with
the GC-EoS by Skjold-Jørgensen,34 who considered only VLE
data of mixtures containing hydrocarbons up to n-decane. Even
though this original parametrization performs well within the
correlated systems, it presents serious failures when dealing
with heavier hydrocarbons. To overcome this, Espinosa et al.36

proposed a different set of binary interaction parameters for
specifically modeling high molecular weight fatty compounds.
The parametrization improved the description of heavy
hydrocarbons (up to n-tetradecane) while keeping precise
VLE predictions for light hydrocarbons (from propane to
n-heptane). The work of Espinosa provided accurate mutual
solubility of CO2 and fatty compounds up to 400 bar, but it was
unable to predict binary critical points. Later, Cismondi et al.37

did an ad hoc parametrization of the binary interaction between
CO2 and the alkyl groups, correlating also critical points103,104

of fatty compounds with CO2. By this way the authors solved
the previous overestimation of immiscible regions. As evident
from Figure 2, the parametrization provided by Skjold-
Jørgensen predicts the transition Type IV between n-heptane
and n-octane. Parameters provided by Espinosa et al.36 predict a
Type IV behavior from n-decane up to n-tridecane. In contrast,
those of Cismondi et al.37 predict the transition in n-undecane.
Consistent with the parametrization strategy of this work,
the new set of parameters correctly reproduces the transition at
n-tridecane.
Figure 3 shows the prediction of the critical loci of selected

binary systems. Overall, a very good description is obtained for

all the series. The reader should keep in mind that a good
description of the PT projection of the whole n-alkane family
means that the model will perform well in multiphase behavior
with a single set of parameters.
Figures 4−6 depict the model accuracy to predict VLE and

VLLE of selected binary systems using the new set of
parameters. It is interesting to see how well the model predicts
the change in phase behavior with the length of the alkyl chain.
Figure 7 shows that GCA-EoS also adequately predicts changes
from miscible to partially miscible or completely immiscible
behavior.
Since we report a set of parameters covering equilibrium data

under a wide range of temperature and pressure, it is expected
that the model correctly predicts excess property data of
CO2+alkanes binary systems. As examples, Figures 8 and 9

show the model predictions of excess enthalpy of CO2 +
n-pentane and excess volume of CO2 + n-decane, data available
in the open literature,112,113 respectively.

3.2. Phase Behavior Prediction of Carbon Dioxide +
Branched Alkanes. Extension of the GCA-EoS to branched

Figure 7. Vapor−liquid−liquid equilibria of CO2 (1) + n-alkane binary
systems: (+) n-octane, (*) n-decane, (△) n-dodecane, (◊) n-tridecane,
(□) n-tetradecane, (○) n-hexadecane, and (×) n-eicosane. Symbols:
experimental data.47,100−102 Dashed and solid lines: GCA-EoS
correlation and prediction, respectively.

Figure 8. Excess enthalpy of CO2 (1) + n-pentane (2) binary system at
348 K and (◊) 75 bar, (■) 105 bar, and (△) 125 bar. Symbols:
experimental data.112 Solid lines: GCA-EoS predictions. Dotted line:
two-phase mixture.

Figure 9. Excess volume of CO2 (1) + n-decane (2) binary system at
333 K and different carbon dioxide molar compositions: (◊) 0.0551,
(×) 0.4536, and (●) 0.9663.113 Solid lines: GCA-EoS predictions.
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alkanes was revised by Soria et al.21 As mentioned before, in
order to build a branched alkane molecule, the bulky groups
are needed: (B)CH3 and (B)CH2 for alkyl groups bonded
to quaternary carbon atoms and CHCH3 for ternary carbon
atoms. These three groups have different surface energy than

that of CH2 and CH3 groups (see Table 2). However, their
binary energy interaction with CO2 was set the same, as shown
in Table 3. Table 6 shows the GCA-EoS accuracy to predict
VLE data. The table summarizes the temperature and pressure
range of the experimental data, GCA-EoS average deviations
in bubble point calculation, the number of experimental data
points (N), and the source of experimental data. Figures 10
and 11 depict results for selected branched alkanes with CO2.
Using the interaction parameters derived from linear alkanes,
the agreement in most cases is highly accurate, considering that
it is fully predicted data.

4. CONCLUSIONS

The GCA-EoS has been reviewed to model mixtures of carbon
dioxide with the homologous family of n-alkanes. The model
was tested against an experimental database covering C3−C36
alkanes, temperatures from 210 to 660 K, and pressures up to
400 bar. The wide range of conditions and the parametrization
strategy are keys to developing a robust thermodynamic tool
for predicting multiphase behavior. Previous parametrizations
of the GCA-EoS are not able to follow the transformation
between types of fluid phase behavior in CO2 + n-alkane binary
mixtures. In this work, special attention was given to this
transformation in order to develop a multiphase predictive
model. If a model does not follow the type of phase behavior, it
either overestimates the immiscible regions or does not predict
the liquid phase split for particular systems. The new set of
binary interaction parameters between CO2 and the alkyl
groups correctly represents the transformation between types
of phase behavior. Moreover, we show that the revised set
of binary parameters also depicts accurate predictions for
branched alkanes.
The density-dependent mixing rules of this model are

laborious to fit. However, they give enough flexibility to
reproduce the global phase diagrams without affecting the
quality of bubble and dew curve calculations. It is worth
highlighting that the same set of parameters accomplishes
accurate results both in subcritical and in critical regions for the
whole alkane family. The liquid−liquid calculations are less
accurate in some cases; nevertheless, the VLLE is always
qualitatively modeled. Prediction of multiphase behavior with a
single set of parameters is a key point when developing a model
for new processes and product design.
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Table 6. GCA-EoS Phase Behavior Prediction of CO2 (1) + Branched Alkanes (2) Binary Systemsa

alkane T (K) P (bar) N AARD(P)% AARD(y1)% ref

isobutane 250−398 0.64−67 122 3.1 2.4 53,56,114
isopentane 277−453 0.42−83 70 2.3 4.6 61,115
3-methylpentane 293−383 28−102 40 8.6 67
isooctane 270−393 12−106 184 5.0 67,116,117

323−348 21−28 6 6.8 118
2.5-dimethylhexane 278−413 25−116 101 9.3 67
2-methylnonane 308−349 57−131 42 2.3 119
3-methylnonane 308−348 54−134 37 1.7 119
4-methylnonane 308−348 59−124 49 1.4 119

aAARD %: average absolute relative deviations in pressure (P) and composition (y).

Figure 10. Vapor−liquid equilibria of CO2 (1) + branched alkane (2)
binary systems at 344 K: (◊) isobutane, (×) isopentane, and (●)
isooctane. Symbols: experimental data.67,114,115 Solid lines: GCA-EoS
predictions.

Figure 11. Vapor−liquid equilibria of CO2 (1) + branched alkanes (2)
binary systems at 383 K: (◊) isobutane, (×) 3-metylpentane, and (●)
isooctane Symbols: experimental data.53,67 Solid lines: GCA-EoS
predictions.
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■ LIST OF SYMBOLS
A Helmholtz free energy
AAD(Z) average absolute deviation in variable Z: (1/N)

∑i
N |Zexp i − Zcalc i|

ARD(Z)% absolute relative deviation in variable Z: 100 |
(Zexp i − Zcalcd i/Zexp i)|

AARD(Z)% average absolute relative deviation in variable Z:
(100/N) ∑i

N|(Zexp i − Zcalcd i/Zexp i)|
CN carbon number
CP critical point
di effective hard-sphere diameter of component i
dci effective hard-sphere diameter of component i

evaluated at Tc
gij group energy interaction per surface segment

between groups i and j
HC hydrocarbon
IFL auxiliary variable for objective function calculation

in eq 22
kij binary interaction parameter between groups i and j
LLE liquid−liquid equilibria
N number of experimental points of each data set
NC number of components in the mixture
NG number of attractive groups in the mixture
NGA number of associating groups in the mixture
Mi total number of associating sites in group i
P pressure
qj number of surface segments of group j
R Universal gas constant
T temperature
Tci critical temperature of component i
UCEP upper critical end point
UCST upper critical solution temperature
V total volume of the mixture
VLE vapor−liquid equilibria
wi mass composition of component i
wp, wx, wy weight factors for pressure, liquid, and vapor

composition, respectively, in eq 22
Xki fraction of nonbonded associating sites of type

k in group i
xi molar composition in liquid phase of component i
yi molar composition in vapor phase of component i
Z dummy variable
z coordination number

Greek Symbols
αij nonrandomness parameter between groups i and j
ΔZ% ARD% in variable Z
εki,lj energy of association between site k of group i and site l

of group j
κki,lj volume of association between site k of group i and site l

of group j
νij number of groups j in compound i
νij* number of associating groups j in compound i
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