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In this work, a group contribution-associating equation of state namely GCA-EoS, is extended to model the
phase behavior of alkyl amine + hydrocarbon and alkyl amine + alcohol systems while considering the
association of functional groups. A generalized routine has been implemented to quantify the association
effects through functional groups with associating sites. The predictions of the model are found in good
agreement with experimental data reported in the literature. The model parameters were estimated in the
temperature range 218-428 K and pressures up to 735 kPa.

1. Introduction

Natural gases often contain quantities of acid gases like CO2

and H2S. The presence of acid gases can cause corrosion and
other operational problems during production, transportation,
and processing of natural gases. To avoid these problems, acid
gases are normally separated through amine absorption units.
Alcohols are added to aqueous alkanolamine solutions when
significant physical absorption is desired. Design and optimiza-
tion of these units naturally require accurate knowledge of phase
behavior in natural gas components + amine aqueous solution
systems. For the continuous representation of properties, in
particular, of phase equilibria of the above-mentioned systems,
it is necessary to rely on accurate and reliable thermodynamic
models. Existing thermodynamic models based on group
contribution and cubic equations of state (EoS) like SRK with
the modified Huron-Vidal mixing rule MHV21,2 may be used
for modeling amine aqueous solutions containing systems;
however, in this type of model, the association and solvation
effects are normally ignored. Nevertheless, these effects have
an important contribution to the nonideality of the water- and
amine-containing systems. A well-known concept applied in
modeling associating solutions is the chemical theory, which
postulates the existence of distinct chemical species in solution.
A different approach is to apply statistical-mechanics such as
in Wertheim’s perturbation theory3 for fluids with highly
oriented attractive forces. Wertheim’s theory has been used in
equations of state such as the statistical associating fluid theory
(SAFT) based equations of state4,5 and the group contribution
associating equation of state (GCA)6-9 to account explicitly for
association effects. In contrast with the approach used in this
work, researchers using SAFT family models assumed that
amines present self-association.10-13 Other researchers14 have
developed a cubic plus association equation of state (like SAFT,
molecular based, and it is accounted for amine self-association)
that has been applied to phase equilibrium correlation of amine
vapor pressure and vapor-liquid equilibria of amines or
alkanolamines with water, alcohol, and alkanes.15,16

This study is part of a project for measuring and predicting
phase equilibria in natural gas treating units of removing acid

gases using aqueous solutions of alkanol amines. In the previous
works, the solubilities of hydrocarbons in water were measured,
and their correlation and prediction were studied.17,18

The aim of the present work is to study the capability of the
GCA-EoS to model the phase behavior of alkane + alkyl amine
and akyl amine + alcohol systems. A detailed description of
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Table 1. Pure Group Parameters

group q T*/K
g*/atm ·

cm6 ·mol-2 g′ g′′ ref

Paraffins

CH3 0.848 600 316910 -0.9274 0 20
CH2 0.54 600 356080 -0.8755 0 20
CHdCH2 1.176 600 337980 -0.6764 0 21

Alcohols

CH3OH 1.432 512.6 547424.9 -0.6195 0.2488 22
CH2OH 1.124 512.6 547424.9 -0.6195 0.2488 22
CH3CH2OH 1.972 514.00 438928.6 -0.6945 0.1448 22

Primary Amines

CH3NH3 1.544 430.05 704426 -0.325 -0.2543 this work
CH2NH2 1.236 430.05 768254 -0.451 -0.0581 this work
CHNH2 0.942 430.05 768254 -0.451 -0.0581 this work

Secondary Amines

CH3NH 1.244 430.05 738872 -0.7057 0 this work
CH2NH 0.936 430.05 738872 -0.7057 0 this work
CHNH 0.624 430.05 738872 -0.7057 0 this work

Ternary Amines

CH3N 0.94 430.05 558334.6 -0.4789 0 this work
CH2N 0.632 430.05 558334.6 -0.4789 0 this work

Table 2. Binary Interactions Parameters of Primary, Secondary,
and Tertiary Amine Groups with Hydrocarbons and between Amine
Groups

group i group j kij* kij′ Rij Rji

Paraffins - Primary Amines

CH3/CH2/CH CH3NH2 0.8705 -0.0227 1.2736 1.2736
CH3/CH2/CH CH2NH2/CHNH2 0.8608 -0.0219 1.0000 1.0000
CHdCH2 CH2NH2/CHNH3 0.8608 -0.0219 1.0000 1.0000

Paraffins - Secondary Amines

CH3/CH2/CH CH3NH/CH2NH/CHNH 0.9242 0.0675 0.9574 0.9574
CHdCH2 CH2NH/CHNH 0.9242 0.0675 0.9574 0.9574

Paraffins - Tertiary Amines

CH3/CH2 CH3N/CH2N 1 0 0 0
CHdCH2 CH3N 1 0 0 0

Ind. Eng. Chem. Res. 2009, 48, 7705–7712 7705

10.1021/ie802004v CCC: $40.75  2009 American Chemical Society
Published on Web 07/29/2009



this equation of state is given in the Appendix. Using pure
compound and binary equilibrium data reported in the literature,
the parameters of the GCA-EoS are adjusted in the temperature
range 218-428 K and pressures up to 735 kPa. The model
predictions are compared with experimental data from the
literature not used in the parameter fitting procedure.

2. Results and Discussion

Alkyl Amine + Alkane Systems. The GCA-EoS was
applied to calculate phase equilibria in alkyl amine +
hydrocarbon systems. The self-association effect of the alkyl
amines is disregarded in this work; therefore, only parameters
for the dispersive contribution of the GCA-EoS for the new
amine groups are estimated. The groups for primary, second-
ary, and tertiary amines were defined. Table 1 reports all

pure-group parameters to be applied in the attractive term
of the equation in this work. These are the attractive energy
parameters (g*, g′, and g′′), the reference temperature (T*),
and the normalized van der Waals group surface area (q).
Also, the reference source for each set is indicated. The
temperature-dependent attractive energy parameters estimated
in this work were obtained from vapor pressure data for
molecular groups (methylamine) and from binary phase
equilibria and vapor pressure data for functional groups.
Vapor pressures of the different amines were taken from the
DIPPR Data Bank19 in the range of reduced temperature
0.5-0.99. Parameters for aliphatic, olefinic, and alcohol
groups are from refs 20, 21, and 22, respectively.

Table 2 contains the values of the binary interaction
parameters between hydrocarbon and amine groups (kij

′ and

Table 3. GCA-EoS Vapor Pressure Correlation of Alkyl Aminesa

alkyl amine Tr ∆p% dc
b/cm ·mol-1

methylamine 0.57-1c 0.42 3.4997c

ethylendiamine 0.48-0.99 2.9 4.1235
ethylamine 0.58-0.99 1.6 3.8653
n-propyl amine 0.52-0.96 2.2 4.2333
sec-butylamine 0.50-0.95 5.4 4.5432
iso-butylamine 0.49-0.95 1.3 4.5871
diethylamine 0.45-0.97 2.9 4.6218
di-n-propylamine 0.49-0.99 4.1 5.2477
di-iso-propylamine 0.58-0.95 5.3 5.2998
trimethylamine 0.60-0.99 0.7 4.2933

a Relative error (∆p%) is indicated in the correlated temperature
range (reduced temperature, Tr). b Critical diameter fitted to the normal
boiling point except for methylamine. c In compounds formed by a
single group, the critical diameter is calculated to exactly represent the
critical point.

Table 4. GCA-EoS Vapor Pressure Prediction of Alkyl Aminesa

alkyl amine Tr ∆p% dc
b/cm ·mol-1

iso-propyl amine 0.5-0.99 3.5 4.1943
n-butylamine 0.49-0.98 4.5 4.5615
n-pentylamine 0.48-0.99 2.2 4.8667
n-hexylamine 0.43-0.98 3.8 5.1519
n-nonylamine 0.55-0.99 3.1 5.8848
dimetylamine 0.51-0.99 2.4 3.9709
di-n-butylamine 0.48-0.99 3.3 5.7587
di-iso-butylamina 0.50-0.97 7.0 5.8550
triethylamine 0.50-0.97 4.0 5.2500
dimethylbutlamine 0.50-0.95 5.7 5.2079

a Relative error (∆p%) is indicated in the predicted temperature range
(reduced temperature, Tr). b Critical diameter fitted to the normal boiling
point.

Table 5. GCA-EoS Model Correlation of Systems Containing
Amines + Hydrocarbonsa

compound

1 2 T/K P/kPa ∆p% ∆y1%
data

points ref

Primary amines

methylamine n-butane 288 180–315 1.1 - 21 24
methylamine n-hexane 253-293b 5–287 3.2 - 63 25
ethylamine n-hexane 273-293c 6–115 3.7 - 49 24
n-propylamine n-hexane 253 2–5 5.2 - 22 24
n-butylamine n-heptane 328, 348 23–93 0.5 0.8 28 26

Secondary amines

diethylamine n-hexane 333 8–12 1 0.1 6 27
di-n-propylamine n-hexane 333 2–7 0.4 0.2 7 27

a The temperature and pressure ranges of experimental data and the
reference source are reported together with the relative errors of the
model correlation. b Isotherms at 263 and 283 K of this source were not
used for correlating. c Isotherms at 253 and 273 K were not used for
correlating.

Table 6. GCA-EoS Model Prediction of Systems Containing Amines
+ Hydrocarbonsa

compound

1 2 T/K P/kPa ∆zb% ∆y1%
data

points ref

Primary amines + Paraffins

methylamine n-butane 233-273 45–182 4.0 - 66 24
methylamine n-hexane 263, 283 7–198 2.8 - 42 25
ethylamine n-butane 218-293 2–223 2.4 - 90 24
n-propylamine n-hexane 273, 293 6–34 1.3 - 44 24
n-butylamine n-hexane 333 83–64 4.1 0.5 7 27
n-butylamine 1-hexene 333 64–91 0.5 0.7 7 27
n-hexylamine n-hexane 333 69–18 1.5 1.5 6 27
n-hexylamine 1-hexene 333 19–82 0.7 0.6 7 27

Secondary amines + Paraffins

dimethylamine n-hexane 233, 293 1–185 4.5 - 63 28
diethylamine 1-hexene 333 95–117 1.1 5.1 7 27
diethylamine n-heptane 308, 328 11–100 1.2 0.2 14 26
di-n-propylamine 1-hexene 333 24–83 0.8 0.5 8 27
di-iso-propylamine n-hexane 333 50–73 0.8 0.7 7 27
di-iso-propylamine 1-hexene 333 52–86 0.7 0.7 7 27

Tertiary amines + Paraffins

trimethylamine n-hexane 223-293 1–185 3.8 - 63 29
triethylamine n-hexane 333 40–74 0.8 0.5 7 27
triethylamine 1-hexene 333 43–85 0.8 0.4 7 27
triethylamine n-heptane 333 30–39 0.6 0.3 19 26
triethylamine n-heptane 353 70–76 0.2 0.1 19 26

a The temperature and pressure ranges of experimental data and the
reference source are reported together with the relative errors of the
model predictions. b ∆z% corresponds to pressure for isothermal data
and to temperature for isobaric data.

Figure 1. Vapor-liquid equilibrium of the n-propylamine (1) + hexane
(2) binary system. Experimental data24 at (9) 253.15 K, (×) 273.15 K, and
([) 293.15 K. (- - -) GCA-EoS correlation. (s) GCA-EoS prediction.
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kij
″), used to calculate the attractive energy between unlike

interactions (gji). This table also reports the values of the
nonrandomness parameters Rij and Rji, which quantify devia-

tions from second-order mixing rules. The parameters of
Table 2 were estimated on the basis of binary vapor-liquid
equilibrium data as indicated in the table together with vapor
pressure information of amines from the DIPPR database.19

Table 3 presents the percent average relative deviations
(∆p%) of the correlation of vapor pressures of amines with
the GCA-EoS model, and Table 4 reports the ∆p% in vapor
pressure predictions. Table 5 contains a summary of the

Figure 2. Vapor-liquid equilibrium of the ethylamine (1) + n-hexane (2)
binary system. Experimental data24 at (9) 273.15 K, ([) 293.15 K. Dashed
lines: GCA-EoS correlation.

Figure 3. Vapor-liquid equilibrium of dimethylamine (1) + n-hexane (2)
binary system. Experimental data28 at (×) 233.15 K, (+) 253.15 K, (b)
273.15 K, and ([) 293.15 K. Solid lines: GCA-EoS prediction.

Figure 4. Vapor-liquid equilibrium of the triethylamine (1) + 1-hexene
(2) binary system. Experimental data27 at ([) 333.15 K. Solid lines: GCA-
EoS predictions.

Table 7. Binary Interactions Parameters of the Alcohol Group with
Paraffins and Primary, Secondary, and Tertiary Amine Groups

group i group j kij
* kij′ Rij Rji

Paraffins - alcoholsa

CH3 CH3OH 0.91 -0.05 3 1
CH2 CH3OH 0.98 -0.05 6 3
CH3/CH2 CH3CH2OH 1 0 0 0
CH3 CH2OH 0.93 -0.08 0 0
CH2 CH2OH 0.93 0 0 0

Primary amines - alcohols

CH2NH2 CH3OH/CH2OH 1 0 0 0
CH2NH2 CH3CH2OH 0.97 0 0 0

Secondary amines - alcohols

CH3NH/CH2NH CH3OH 1.2062 0.1587 0 0
CH3NH/CH2NH CH3CH2OH 1 0 0 0
CH3NH/CH2NH CH2OH 1 0 0 0

Tertiary amines - alcohols

CH2N CH3OH 1.200 0 0 0
CH2N CH2OH 1 0 0 0

a Binary interaction parameters from Soria.22

Table 8. Energy (ε) and Volume (K) of Association Parameters for
the OH Group Self Association and for the Cross Association of the
OH Group with the Amine Group

associating
sitea K

associating
groupb i

associating
site l

associating
group j εk,i,l,j/K

κk,i,l,j/
cm3 mol-1

A NHx A NHx 0 0
A NHx A OH 0 0
A NH2 B OH 3049 0.5418
A NH B OH 3775 0.03614
A N B OH 3775 0.02926
A OH A OH 0 0
A OH B OH 2759 0.8709
B OH B OH 0 0

a A: electronegative site. B: electropositive site. b x refers to 2, 1, and
0, for primary, secondary, and tertiary amines, respectively.

Table 9. GCA-EoS Model Correlation of Systems Containing
Amines + Alcoholsa

compound

1 2 T/K P/kPa ∆z% ∆y1%
data

points ref

Primary amines + primary alcohols

n-butylamine 1-propanol 318 9-26 1.8 2.0 10 30
n-butylamine 1-butanol 353-388 101 0.1 1.6 10 31
methanol ethylendiamine 337-386 99 0.1 0.8 10 32
n-butylamine ethanol 313 16-23 0.1 0.6 8 33

Secondary amines + primary alcohols

1-propanol di-n-propylamine 298 2-4 1.1 0.4 8 34
1-butanol di-n-butylamina 393-428 101 0.2 1.2 8 31
diethylamine methanol 298, 399 14-735 1.8 1.1 37 35

Tertiary amines + primary alcohols

triethylamine 1-propanol 343 35-55 1.1 - 22 36
triethylamine 1-butanol 363 81-104 1.3 - 13 36
methanol triethylamine 293 8-13 3.8 - 20 37

a The temperature and pressure ranges of experimental data and the
reference source are reported together with the relative errors of the
model correlations. b ∆z% corresponds to the error in pressure for
isothermal data and to the error in temperature for isobaric data.
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GCA-EoS model vapor-liquid equilibrium correlation of
experimental data of alkanes with primary, secondary, and
tertiary amines and the relative errors of the correlation. Table
6 shows GCA-EoS predictive capacity for several binary
hydrocarbon + amine systems. Figures 1-4 compare selected
vapor-liquid equilibrium data with GCA-EoS correlation
(dashed lines) and predictions (solid lines). The effect of self-
association is normally dominant in determining the value
of the activity coefficient at infinite dilution. It can be seen
from Figures 1-4 that disregarding the self-association of
the amine group has not hampered the predictions of
vapor-liquid equilibria at low amine concentrations. These
results are in agreement with the claim of Funke et al.23 that
the self-association effect in alkyl amines is several orders
of magnitude lower than in alcohols.

Alkyl Amine + Alcohol Systems. In the case of alcohol +
alkyl amine system, the self-association of the alcohols and
the cross association between the active hydrogen of the
alcohol and the electron donor site of the amine group are

considered. On the basis of spectroscopic information, Soria22

determined new values for the self-associating energy and
volume parameters of the alcohol hydroxyl group. On the
other hand, this author also determined the energy parameters
for molecular description of methanol and ethanol (g*, g′,
and g′′ reported in Table 1). In the present work, this new
description of the associating methanol group is also used
for the alcohol group CH2OH. The dispersive interaction
parameters of amine and paraffins with alcohol groups are
given in Table 7.

In Table 8 are given the energy and volume of association
parameters for the alcohol self-association and for the cross-
association between the amine and the alcohol groups. It is
interesting to note the rather large value of the energy of
cross association between the alcohol and the amine groups.
There was no need of binary interaction energy parameters
for the primary, secondary, and tertiary amine + alcohol.
However, methanol did require an interaction parameter with

Table 10. GCA-EoS Model Prediction of Systems Containing Amines + Alcoholsa

compound

1 2 T/K P/kPa ∆z% ∆y1% data points reference

Primary amines + primary alcohols

methanol n-butylamine 341-351 101 0.2 1.3 9 38
ethanol ethylendiamine 357-381 99 0.2 1.5 10 32
n-propylamine 1-propanol 318 42-83 4.5 - 16 39
n-butylamine 1-propanol 313, 328-338 15-62 2.3 1.1 29 30, 33
n-butylamine 1-butanol 313 3-21 10.8 5.5 8 40

Secondary amines + primary alcohols

dimetylamine methanol 293-313 99-119 4.7 - 16 41
methanol diethylamine 329-339 101 0.2 1.4 45 38, 42
methanol di-n-propylamine 337-370 99 0.5 1.5 10 32
diethylamine ethanol 313 19-50 2 1.9 9 42
ethanol di-n-propylamine 351-373 99 0.3 0.8 10 32
1-propanol di-n-propylamine 303-318 4-10 0.8 0.6 38 34
di-n-propylamine 1-propanol 380-372 101 0.2 2.2 8 43

Tertiary amines + primary alcohols

methanol triethylamine 338-356 101 0.2 1.6 18 38
triethylamine 1-propanol 353, 363 57-104 0.9 - 32 36
triethylamine 1-butanol 338, 352 13-70 0.7 - 13 36

a The temperature and pressure ranges of experimental data and the reference source are reported together with the relative errors of the model
predictions. b ∆z% corresponds to the error in pressure for isothermal data and to the error in temperature for isobaric data.

Figure 5. Vapor-liquid equilibrium of the n-butylamine (1) + ethanol (2)
binary system. Experimental data33 at ([) 313.15 K. Dashed lines: GCA-
EoS correlation.

Figure 6. Vapor-liquid equilibrium of the n-butylamine (1) + n-propanol
(2) binary system. Experimental data30,33 at ([) 318.15 K; (9) 328.15 K;
(×) 338.15. (- - -) GCA-EoS correlation. (s) GCA-EoS prediction.
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secondary and tertiary amines which is common for the first
component of the series. Table 9 presents a summary of the
GCA-EoS model correlation of vapor-liquid equilibrium data
of alcohols with primary, secondary, and tertiary amines and
the relative errors of the model. GCA-EoS predictions of
selected alcohol + amine binaries are given in Table 10.
Figures 5-10 compare selected vapor-liquid equilibrium
data with GCA-EoS correlation (dashed lines) and predictions
(solid lines). It is interesting to note the almost ideal behavior
of the n-butanol + triethyl amine binary.

3. Conclusions

In this paper, a group contribution associating equation of
state was extended to take into account association and solvation
effects, to properly model the phase behavior of alkyl amine +
hydrocarbon and alkyl amine + alcohol systems. New values
for associating groups were defined. Acceptable representation
of vapor-liquid equilibria was achieved in binary systems of

alkyl amine + hydrocarbon and alkyl amine + alcohol binaries,
and good predictions of vapor pressures of alkylamines were
obtained.
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Appendix

Group-Contribution Associating Equation of State,
GCA-EoS

The GCA-EoS6-9 is based on the group contribution expres-
sion for the configurational Helmholtz function, Ac. All ther-
modynamic phase equilibrium properties may be derived from
Ac by differentiation with respect to composition or volume.

The Helmholtz energy is considered as composed of two
parts: the first describes the ideal gas behavior, Aideal, and the

Figure 7. Vapor-liquid equilibrium of methanol (1) + diethylamine (2).
Experimental data35 at (×) 297.7 K; (b) 348.1 K; ([) 398.8 K. (- - -)
GCA-EoS correlation and (s) GCA-EoS prediction.

Figure 8. Vapor-liquid equilibrium of 1-propanol (1)+di-n-propylamine
(2) binary. Experimental data34 at ( ×) 308.15 K; (+) 313.15 K; ([) 318.15
K. Solid lines: GCA-EoS predictions.

Figure 9. Vapor-liquid equilibrium of the triethylamine (1) + 1-propanol
(2) binary system. Experimental data36 at (×) 343.2 K, (+) 352.2 K, ([)
362.2 K, (- - -) GCA correlation, (s) GCA prediction.

Figure 10. Vapor-liquid equilibrium of the triethylamine (1) + 1-butanol
(2) binary system. Experimental data36 at (+) 337.65 K, ([) 353.95 K,
(- - -) GCA correlation, (s) GCA prediction.

Ind. Eng. Chem. Res., Vol. 48, No. 16, 2009 7709



second part takes into account the intermolecular forces, which
can be evaluated by a repulsive or free volume term, Afv, a
contribution from attractive intermolecular forces, Aatt, and an
associative term, Aassoc

The free volume contribution is modeled by assuming a hard
sphere behavior for the molecules, characterizing each substance
i by a hard sphere diameter di. A Carnahan-Starling44 type of
hard sphere expression for mixtures is adopted

with

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 universal gas constant; and T is temperature.

The following generalized expression is assumed for the hard
sphere diameter temperature dependence

where dc is the value of the hard sphere diameter at the critical
temperature, Tc, for the pure component.

For the evaluation of the attractive contribution to the
Helmholtz energy, a group contribution version of a density-
dependent NRTL-type expression45 is derived

where

where z is the number of nearest neighbors to any segment (set
to 10); Vj

i is the number of groups type j in molecule i; qj stands
for the number of surface segments assigned to group j; θk

represents the surface fraction of group k; q̃ is the total number
of surface segments; gij stands for the attraction energy parameter

for interactions between groups i and j; and Rij is the NRTL
nonrandomness parameter.

The interactions between unlike groups are calculated from

with the following temperature dependence for the interaction
parameters

and

where gjj* is the interaction parameter for reference temperature
Ti*.

The Helmholtz function due to association is calculated with
a modified form of the expression used in the SAFT equation4

and is formulated in terms of associating groups

where NGA represents the number of associating groups; ni is
the total number of moles of associating group i; X(k,i) stands
for the mole fraction of group i not bonded at site k; and Mi is
the number of associating sites assigned to group i. The number
of moles of the associating group is

where Vassoc
(i,m) represents the number of associating groups i in

molecule m and nm is the total number of moles of molecules
m; the summation includes all the NC components in the
mixture.

The mole fraction of group i not bonded at site k is determined
by

X(k,i) depends on the molar density of the associating group j, Fj

) nj*/V, and on the association strength between site k of group
i and site l of group j

The associating strength is a function of the temperature and
characteristic association parameters ε (association energy) and
κ (associating volume).

List of Symbols

A ) Helmholtz energy (J ·mol-1)
Aideal ) Helmholtz energy term describing ideal behavior part

(J ·mol-1)
Afv ) Helmholtz energy term describing free volume part (J ·mol-1)
Aatt ) Helmholtz energy term describing attractive part (J ·mol-1)
Aassoc ) Helmholtz energy term describing association part

(J ·mol-1)
di ) diameter of the component i (cm ·mol-1)

A ) Aideal + (Afv + Aatt + Aassoc) (A.1)

(A/RT)fv ) 3(λ1λ2/λ3)(Y - 1) + (λ2
3/λ3

2)(Y2 - Y - ln Y) +
n ln Y (A.2)

Y ) (1 )
πλ3

6V )-1

(A.3)

λk ) ∑
j

NC

njdj
k (A.4)

di ) 1.065655dci{1 - 0.12 exp[-2Tci/(3T)]} (A.5)

(A/RT)att ) - z
2 ∑

i)1

NC

ni ∑
j)1

NG

Vj
iqj

∑
k)1

NG

θkgkjq̃τkj/(RTV)

∑
i)1

NG

θlτlj

(A.6)

θj ) (qj/q̃) ∑
i

NC

niVj
i (A.7)

q̃ ) ∑
i

NC

ni ∑
j

NG

Vj
iqj (A.8)

τij ) exp(aij∆gijq̃/(RTV)) (A.9)

∆gij ) gij - gjj (A.10)

gij ) kij(giigjj)
1/2 (kij ) kji) (A.11)

gjj ) gjj*[1 + gjj′ (T/Tj
* - 1) + gjj′′ ln(T/Tj

*)] (A.12)

kij ) kij*[1 + kij′ ln( 2T

Ti
* + Tj

*)] (A.13)

Aassoc

RT
) ∑

i)1

NGA

ni*[∑
k)1

Mi (ln X(k,i) - X(k,i)

2 ) + 1
2

Mi]
(A.14)

nj* ) ∑
m)1

NC

Vassoc
(i,m) nm (A.15)

X(k,i) ) [1 + ∑
j)1

NGA

∑
l)1

Mj

FjX
(l,j)∆(k,i,l,j)]-1

(A.16)

∆(k,i,l,j) ) κ
(k,i,l,j)exp(ε(k,i,l,j)/kT) - 1 (A.17)
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dci ) hard sphere diameter of the component i (cm ·mol-1)
gij ) attractive energy parameter for interactions between groups i

and j (atm · cm6 ·mol-1)
k ) Boltzmann constant
kij,kji ) binary interaction parameters
Mi ) number of associating sites assigned to group i
NC ) number of components in the mixture
NGA ) number of associating groups
ni ) number of moles of component i
nj* ) number of moles of associating group j
q ) surface-area segments per mole
qj ) number of surface segments assigned to group j
q̃ ) total number of surface segments
T ) temperature (K)
Tci ) critical temperature of component i (K)
R ) ideal gas constant (8.314 (J ·mol-1 ·K-1))
V ) volume (m3)
xi ) mole fraction in liquid phase of component i
X(k,i) ) fraction of not bonded site k of group i
yi ) mole fraction in vapor phase of component i
z ) number of nearest neighbors to any segment

Greek Letters

Rij, Rji ) nonrandomness parameters
∆(k,i,l,j) ) association strength between site k of group i and site l

of group j (cm3 ·mol-1)
∆z% ) average relative deviation 100 ·∑N[((zcalc - zexp)/zexp)2]1/2/N
ε(k,i,l,j) ) association energy between site k of group i and site l of

group j (J)
κ(k,i,l,j) ) association volume between site k of group i and site l of

group j (cm3 ·mol-1)
νi

j ) number of groups j in molecule i
Vassoc

(i,m) ) number of associating group i in molecule m
F ) density (mol · cm-3)
Fj ) molar density of the associating group j (mol · cm-3)
θj ) surface fraction of group j
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