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The Cubic-Plus-Association (CPA) equation of state is applied to a large variety of
mixtures containing H2S, which are of interest in the oil and gas industry. Binary H2S
mixtures with alkanes, CO2, water, methanol, and glycols are first considered. The
interactions of H2S with polar compounds (water, methanol, and glycols) are modeled
assuming presence or not of cross-association interactions. Such interactions are
accounted for using either a combining rule or a cross-solvation energy obtained from
spectroscopic data. Using the parameters obtained from the binary systems, one ter-
nary and three quaternary mixtures are considered. It is shown that overall excellent
correlation for binary mixtures and satisfactory prediction results for multicomponent
systems are obtained. There are significant differences between the various modeling
approaches and the best results are obtained when cross association is explicitly
accounted for, especially using the cross-association energy from independent experi-
mental studies rather than from combining rules. VVC 2010 American Institute of Chemical

Engineers AIChE J, 56: 2965–2982, 2010
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Importance of H2S in Oil and Gas Industry

Phase equilibria of mixtures containing acid gases like
CO2 and H2S with water, alcohols, and glycols are of great
importance in numerous processes in the oil and gas and
chemical industries. Water, typically found in petroleum res-
ervoirs or brine may cause reduction of the amount of gas
available for mixing with hydrocarbons and this effect
increases with pressure and the amount of the aqueous phase
(while it decreases with salinity). Understanding of the phase
behavior of gas (methane, H2S, and CO2)/water (brine)/oil is
of importance for the design of these processes.

In particular, H2S is an important nonhydrocarbon compo-
nent of petroleum. Carroll and Mather stated more than 10

years ago that refiners will have in the future to process feed
stocks that are heavier (contain larger hydrocarbons) and
sourer (contain more sulfur compounds, including hydrogen
sulfide) than in the past.1 Indeed, this is the case already
today. Modeling the production and processing of these sour,
heavy crude substances, requires accurate vapor-liquid equi-
librium data. Only few data exist due to especially the corro-
sion and toxicity of H2S, combined also with the high pres-
sures involved with several applications.

Moreover, processing of natural fluids with significant
amount of H2S is increasing as search and effort for more
effective use of energy resources increase. Related problems
of practical interest are the processing of sour natural gas to
enhance ethane and propane recovery, the sweetening of
liquefied petroleum gases (LPG), which are often contami-
nated with H2S and/or CO2 (components which must be
removed from LPG).2 Moreover, there is renewed interest in
developing oil and gas reserves, which have been bypassed
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previously because of high content of CO2 and H2S. In addi-
tion, a number of rich H2S sour natural gas or oil fields have
been discovered around the world, e.g., North China, Can-
ada, Italy, and Greece (where the ‘‘Prinos’’ reservoir oil is
with about 42% (mole) H2S).

2 Some of these fields are al-
ready under production. Refiners already face declining
crude oil quality as they have to process feedstocks that
become heavier and sourer than in the past.

Thermodynamic data for H2S containing mixtures (with
hydrocarbons, water, and other polar chemicals) are needed
in numerous processes, e.g., gas processing, refining, and
reinjection of acid gases in deep reservoirs.

With respect to gas processing, in the petroleum industry,
H2S (and CO2) acid gases are generally removed from natu-
ral gas/gas streams by absorption/stripping process. The sol-
vent is often an aqueous solution of alkanolamines especially
MEA, DEA, and MDEA. MDEA is particularly suitable for
H2S due to rapid reaction with H2S and low heat of absorp-
tion and lower corrosivity, which leads to lower energy
requirements for regeneration, and selective removal of H2S
from process streams containing CO2 as well (due to slower
reaction with CO2). Mixed solvents (MDEA together with
physical solvents like sulfolane and methanol) receive
increasing interest. Improved design of gas treating processes
requires VLE data for CO2-H2S-water-alkanolamine-possible
physical solvent mixtures. The importance of gas processing
is expected to increase in the next few decades, but future
developments will depend on the progress of gas processing
technologies to give access to reserves now not exploitable.
More than 30% of the available gas fields are acid, contain-
ing large quantities of CO2 and H2S and other sulfur com-
pounds.3

Finally, Ungerer et al. discuss two more aspects where
extensive thermodynamic data for H2S-containing mixtures
is needed.4 First, the reinjection of acid gases in deep reser-
voirs is mentioned. To improve the economics of producing
H2S-rich gas fields, one option that is considered is to rein-
ject H2S in deep reservoir rocks, instead of converting it into
sulfur. In these reservoirs, H2S may contact oil deposits
under high pressures. Design of such reinjection processes
requires extensive data about phase equilibrium, volumetric
and transport properties of H2S-hydrocarbon mixtures.4

Another important application is related to refining. Hydro-
treating is an important process for the processing of heavy
crude oils as it allows cracking of heavy compounds with
generation of excessive amounts of coke, because of the use
of high-pressure hydrogen. Hydrotreating processes are also
used to remove sulfur-bearing compounds such as thiols and
thiophene derivatives. Sulfur is then converted into H2S,
which is distributed between the liquid and vapor phases.
Design of such units requires phase equilibrium data at typi-
cal process temperatures (430�C), which are often above the
investigated range of temperatures with conventional models.
Heavy hydrocarbons are unstable at these high temperatures.

The purpose of this work is to present, using an associa-
tion equation of state (the CPA model), an extensive model-
ing study of the phase behavior of H2S-containing systems
with various compounds (hydrocarbons, CO2, methanol,
water, and glycols). As a central characteristic of models
like CPA is the implementation of the different types of
cross interactions, the nature of H2S and especially its cross

interactions with polar compounds is discussed next. In the
next section are also briefly discussed previous modeling
attempts for H2S-containing systems. Then, the CPA equa-
tion of state is presented in short together with the modeling
approaches and the pure parameters obtained with the vari-
ous methods. Results for binary mixtures are presented and
discussed. Next, the predictions for one ternary and three
quaternary mixtures are presented and discussed. Conclu-
sions and recommendations are summarized in the last
section.

The Nature of H2S and its Interactions with
Polar Chemicals—Literature Studies on
Thermodynamics of H2S Containing Mixtures

Hydrogen sulfide is usually considered as a nonassociating
compound. There is no experimental evidence for strong
specific interactions between H2S molecules. The absence of
strong self-associating interactions is the main reason for the
large difference between the physicochemical properties of
H2S and water, which is considered as a structural analog
since sulfur and oxygen belong to the same group of the per-
iodic table. This is illustrated in Table 1, where the physical
properties of H2S, other compounds considered in this work
and some simple hydrocarbons are shown.

Despite this inert character, there are some studies about
the interactions between H2S molecules, especially in pres-
ence of polar compounds. Cabaleiro-Lago et al. studied the
naphthalene-H2S interactions using ab initio calculations.5

They concluded that in H2S clusters there is a low tendency
for self-association. Naphthalene-H2S-H2S structures with no
hydrogen bonds between H2S molecules were at least as sta-
ble as the hydrogen bonded ones. Moreover, Pecul per-
formed ab initio calculations to investigate H2S-H2S interac-
tions.6 He estimated the binding energy (due to the forma-
tion of a hydrogen bond) between two H2S molecules to
range between –3766 and –6276 J mol�1. Compare this to a
value about –25,000 J mol�1, for a typical hydrogen bond.
From the aforementioned studies, it is clear that only weak
hydrogen bonding interactions may occur between H2S
molecules.

While self-associating interactions between H2S molecules
are very weak, H2S can cross associate with other hydrogen
bonding fluids. Sennikov et al. studied the intermolecular
interactions of hydrogen sulfide with water using IR spec-
troscopy.7 They concluded that weak complexes of water
and H2S molecules are formed in the liquid phase. They esti-
mated the association energy equal to –10,878 J mol�1. Fur-
thermore, ab initio calculations showed that the most stable
hydrogen bond between water and hydrogen sulfide is when
the latter (H2S) acts as a proton donor, while water acts as a
proton acceptor.8–10 A summary of the reported association
energies for the H2S-H2O cross interactions is presented in
Table 2.

On the other hand, relatively few studies exist for the
cross interactions of H2S with other hydrogen bonding fluids.
Sennikov et al. performed an IR-spectroscopic study and
report that a weak hydrogen bond is established between
ethanol and H2S in liquid phase.11 They estimated the hydro-
gen bonding enthalpy to be equal to –8786 J mol�1.
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In conclusion, H2S is shown to cross associate with both
water and alcohols (especially methanol and ethanol) and the
same can be said for CO2-water and CO2-alcohol mixtures,
as will be discussed in the forthcoming article (Part II in this
series).

Previous Studies with Association (and Other)
Models for H2S Systems

Compared to mixtures containing CO2, relatively few
studies have been published with association models for H2S
containing systems. Most of these previous investigations
have been made with different versions of the CPA
approach. More specifically, Ruffine et al. have used CPA
(as presented here, see ‘‘The CPA Equation of State’’ sec-
tion) for VLE of binary H2S mixtures (with water, methanol,
and alkanes).12 Satisfactory results are obtained when H2S is
considered to be a self-associating molecule with three asso-
ciation sites. They have used as combining rules for the
cross-associating parameters the geometric mean rule for the
cross-association energy and the arithmetic mean rule for the
cross-association volume, which is different than the CR-1
rule, presented in ‘‘The CPA Equation of State’’ section.

Kontogeorgis et al. have presented a few calculations for
H2S-water, H2S-methanol, and H2S-glycols.

13 It is illustrated
that explicitly accounting for cross-association (solvation)—
using the modified CR-1 rule, see ‘‘The CPA Equation of
State’’ section—improves the VLE of H2S-mixtures with
water and methanol, while there is essentially no influence
in the case of H2S-glycol mixtures. The latter study has been
further verified by the recent investing of Afzal et al. who
made a systematic investigation of H2S (and other com-
pounds) with MEG, DEG, and TEG (Afzal et al., submitted
for publication). A single (glycol-specific) temperature inde-
pendent interaction parameter (in the region 298–398 K) is
sufficient in all cases.

An alternative approach for modeling acid gas mixtures
with a CPA-type EoS has been recently presented by Perfetti
et al.14,15 They developed a polar CPA EoS, based on a non-
primitive mean spherical approximation (MSA) theory, with
the polar term expressed via the Padé approximant and the
integrals given by Gubbins and Twu.16 Perfetti et al.14,15

applied the polar CPA (termed CPAMSA) to water-H2S,
CO2-water, and water-methane. Water is treated as both po-
lar and associating compound (six pure compound parame-
ters), H2S is treated as polar nonassociating compound (four
pure compound parameters), whereas methane and CO2 are

treated as ‘‘inert’’ (nonpolar, non–self-associating com-
pounds) and have thus only three parameters (critical proper-
ties and acentric factors). For mixtures, mixing rules are
needed for the dipole moment appearing in the MSA term.
Some preliminary first results are promising (especially for
the pure compounds) but improvements will be needed. For
example there is need in the current version of CPAMSA for
two different sets of interaction parameters for water-meth-
ane (for the liquid and gas phase), which are, moreover, tem-
perature-dependent and have been correlated using a three-
parameter correlation. The best results are obtained for
water-H2S for which the interaction parameters are also
small, about 0.02 in the 60–180�C range (roughly tempera-
ture independent), while higher interaction parameter values
are needed for water-CO2, which are dependent on tempera-
ture as they vary from 0.05 (at 50�C) up to –0.2 (300�C).
No results were presented with temperature-independent
interaction parameters.

The most recent investigation is that of Li and Firoozabadi
who modeled with a Peng Robinson CPA (PR-CPA) the
multicomponent system water/methane/CO2/H2S (and the
corresponding binaries).17 They conclude that good results
are obtained if the cross association (solvation) between acid
gases but also methane with water is accounted for. They
state that a certain degree of cross association, possible due
to induced polar interactions, is present between water and
methane or ethane at very high pressures.

Finally, relatively few of the ‘‘conventional’’ models, e.g.,
cubic equations of state have been extensively applied to
H2S systems. Most such models have been applied to mix-
tures of H2S with hydrocarbons.1,2,18,19 In these articles,
interaction parameters (kij) for H2S-hydrocarbons have been
presented for cubic EoS (SRK and PR). Generalizations with
the molecular weight and acentric factor have been also
given. When cubic EoS is extended to H2S-water, satisfac-
tory VLE results can be obtained if two interaction parame-
ters (corrections to the cross energy and covolume) are used

Table 1. Some Physical Properties of H2S, Water, CO2, Methanol, MEG, and Simple Hydrocarbons

Molecule
Molecular

Weight (g mol�1)
Dipole

Moment (D)
Quadrupole

Moment (C m2)
Polarizability

(Å3)
van der Waals

Volume (cm3 mol�1) Boiling Point (K)

Methane 16.04 0 2.59 17.05 111.66
Ethane 30.07 0 �2.16 4.45 27.34 184.55
Propane 44.10 0.084 6.29 37.57 231.11
Butane 58.12 0 8.22 47.80 272.65
Ethylene 28.05 0 þ4.98 4.25 23.88 169.41
CO2 44.01 0 �14.3 2.91 19.70 194.70
H2S 34.08 0.97 3.78 18.72 212.8
Water 18.02 1.85 1.45 12.37 373.15
Methanol 32.04 1.70 3.23 21.71 337.85
MEG 62.07 2.31 36.54 470.45

Table 2. Association Energies for the H2S-H2O Complex

Interaction

Association
Energy

(J mol�1) Technique References

H2O���H2S �13,807 Ab initio calculations 10
HOH���SH2 �12,552
HOH���H2S �10,878 IR (experimental) 7
H2O���H2S �6276 Ab initio calculations 8
HOH���SH2 �5439
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(see, e.g., Ref. 20). These interaction parameters have large
values, they are strongly temperature dependent, and they
cannot describe the phase behavior over extended tempera-
ture ranges including the LLE region.21 EoS/GE models have
been also applied to H2S-hydrocarbons. It was shown that,
as for other size-asymmetric systems, classical EoS/GE mix-
ing rules like MHV2 and PSRK fail for very asymmetric
mixtures, e.g., H2S with alkanes heavier than pentadec-
ane.22–25 The deviations become progressively worse as the
chain length of the hydrocarbon increases and, e.g., for H2S-
eicosane, MHV2 and PSRK yield errors around 30% or
higher in pressure.22 Other mixing rules like LCVM and the
newest versions of PSRK22–24,26 perform well for H2S-alka-
nes. Still, none of these models has, to our knowledge, been
applied to binary and especially multicomponent mixtures of
H2S with water, methanol, glycols, and hydrocarbons. For
these polar mixtures, inevitably the performance of EoS/GE

models should be, in principle, determined by the activity
coefficient models they are combined with.

The CPA Equation of State

The CPA EoS can be expressed for mixtures in terms of
pressure P, as27–29:

P ¼ RT

Vm � b
� aðTÞ
VmðVm þ bÞ

� 1

2

RT

Vm

1þ q
@ ln g

@q

� �X
i

xi
X
Ai

ð1� XAi
Þ (1)

The key element of the association term is XAi
, which repre-

sents the fraction of A-sites on molecule i that do not form
bonds with other active sites, while xi is the mole fraction of
component i. XAi

is related to the association strength DAiBj

between two sites belonging to two different molecules, e.g., site
A on molecule i and site B on molecule j, determined from:

XAi
¼ 1

1þ q
P

j xj
P

Bj
XBj

DAiBj
(2)

where the association strength DAiBj in CPA is expressed as:

DAiBj ¼ gðqÞ exp
eAiBj

RT

� �
� 1

� �
bijb

AiBj (3)

with the radial distribution function gðqÞ ¼ 1
1�1:9g, the reduced

density g ¼ 1
4
bq while bij ¼ biþbj

2
. bi is the temperature-

independent covolume parameter of the component i and q
is the molar density. The energy parameter of the EoS is given
by a Soave-type temperature dependency:

aðTÞ ¼ ao 1þ c1ð1�
ffiffiffiffiffi
Tr

p Þ� �2
(4)

Tr ¼ T
Tc

is the reduced temperature, while Tc is the experi-
mental critical temperature. Finally, c1 is a CPA parameter
in the energy term (Eq. 4). In the expression for the associa-
tion strength DAiBj, the parameters eAiBj and bAiBj are called
the association energy and the association volume, respec-
tively. These two parameters are only used for associating
components, and the three additional parameters of the SRK

Table 3. Parameters for Pure Fluids (Obtained in This Work)

Association
Scheme*

Temperature
Range a0 (L

2bar mol�2) b (L mol�1) c1 e (bar L mol�1) b %AAD† in Psat %AAD† in qliq

H2S
n.a. Tmelt–0.9 Tcr 4.45050 0.0285 0.60265 – – 0.4 1.4
2B Tmelt–0.9 Tcr 3.47972 0.0285 0.41107 80.8884 0.08581 0.2 0.4
3B Tmelt–0.9 Tcr 3.86049 0.0292 0.50222 54.3992 0.05832 0.1 0.4
4C Tmelt–0.9 Tcr 3.96977 0.0295 0.53703 37.2634 0.04745 0.1 0.4

CO2

n.a. Tmelt–0.9 Tcr 3.50795 0.0272 0.76020 – – 0.20 0.80
Methane
n.a. 0.5 Tcr–0.9 Tcr 2.32038 0.0291 0.44718 – – 0.35 1.97

Ethane
n.a. 0.5 Tcr–0.9 Tcr 5.50926 0.0429 0.58463 – – 0.29 1.38

Propane
n.a. 0.5 Tcr–0.9 Tcr 9.15391 0.0587 0.66719 – – 0.25 1.08

Iso-Butane
n.a 0.5 Tcr–0.9 Tcr 12.92553 0.0751 0.71311 – – 0.25 1.08

*n.a., non associating.
†%AAD ¼ 1

n

P
i

Xcal
i �Xexp

i

Xexp

i

��� ���� 100, where X stands for Psat or qliq and n is the number of experimental data points.

Table 4. Pure Fluid Parameters (Obtained from Literature)

Fluid Association Scheme* a0 (L
2bar mol�2) b (L mol�1) c1 eAiBi (bar L mol�1) bAiBj References

n-Butane n.a. 13.14274 0.07208 0.70771 – – 13
Water 4C 1.22770 0.01451 0.67359 166.55 0.0692 13
Methanol 2B 4.05310 0.03098 0.43102 245.91 0.0161 13
Ethanol 2B 8.67160 0.04911 0.73690 215.32 0.0080 13
Ethylene glycol (MEG) 4C 10.819 0.0514 0.6744 197.52 0.0141 32
Diethylene glycol (DEG) 4C 26.408 0.0921 0.7991 196.84 0.0064 32
Triethylene glycol (TEG) 4C 39.126 0.1321 1.1692 143.37 0.0188 32

*n.a.: non associating.
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Table 5. CPA Calculations for Water – H2S Phase Equilibria (VLE and LLE)

Temperature
Range (K)

Association
Sites in H2S kij ecross (bar L mol�1) bcross

VLE LLE

Water Rich
Phase (Liquid)

H2S Rich
Phase (Vapor)

Water Rich
Phase (Liquid)

H2S Rich
Phase (Liquid)

%AAD in xwater % AAD in ywater %AAD in xwater % AAD in xwater

310.9–444.3 0 �0.0098 – – 1.7 36 0.3 90
First approach

2d–0a 0.0985 mCR1: 83.275 0.0655 1.2 24 0.3 63
1d–1a (2B) 0.2367 CR-1: 123.72 CR-1: 0.0771 1.3 [100 0.6 [100
2d–1a (3B) 0.2601 CR-1: 110.47 CR-1: 0.0635 1.3 [100 0.6 [100
2d–2a (4C) 0.2643 CR-1: 101.91 CR-1: 0.0573 1.5 [100 0.8 [100

Second approach
2d–0a 0.1913 Exp.: 108.78 0.0624 1.1 11 1.6 8

1d–1a (2B) 0.1005 Exp.: 108.78 0.0590 1.2 17 0.4 17
2d–1a (3B) 0.0991 Exp.: 108.78 0.0299 1.2 21 0.3 16
2d–2a (4C) 0.0856 Exp.: 108.78 0.0188 1.2 23 0.4 21

Calculations using different association schemes for H2S and the three approaches (zeroth, first, and second) described in ‘‘The CPA Equation of State’’ section

(Experimental data from Refs. 36 and 37). d, proton donor; a, proton acceptor, %AAD ¼ 1
n

P
i

Xcal
i �Xexp

i

Xexp

i

��� ���� 100, where X stands for mole fraction, x or y, and n is

the number of experimental data points.

Figure 1. H2S-water vapor-liquid and liquid-liquid equilibrium at 310.9 K and 344.3 K.

Smoothed data based on experimental measurements36 and raw experimental data37 (points) and CPA calculations (lines) using first and
second approach. Water rich phase (a, b) and H2S rich phase (c, d).
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Figure 2. H2S-water vapor-liquid equilibria.

Smoothed data36 based on experimental measurements (points) and CPA calculations assuming that H2S is self-associating fluid and using
3B associating scheme (solid lines) and that H2S in non–self-associating fluid, but has two proton donors able to cross associate with water
(dotted lines). Calculations using first and second approach.
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Figure 3. H2S-water liquid-liquid equilibria.

Experimental data37 (points) and CPA calculations assuming that H2S is self-associating fluid and using 3B associating scheme (solid
lines) and that H2S in non–self-associating fluid, but has two proton donors able to cross associate with water (dotted lines). Calculations
using first and second approach.

AIChE Journal November 2010 Vol. 56, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 2971



term (a0, b, c1) are the five pure compound parameters of
the model. They are obtained by fitting vapor pressure and
liquid density data. For inert components, e.g., hydrocarbons,
only the three parameters of the SRK term are required,
which can be obtained either from vapor pressures and liquid
densities or calculated in the conventional manner (critical
data, acentric factor). In this work, the former approach is
adopted. In this study, H2S was modeled as nonassociating
as well as self-associating fluid using the 2B, 3B, and 4C
association schemes (according to the terminology of Huang
and Radosz30).

As before,28,29 alcohols were modeled using the 2B asso-
ciation scheme, while water and glycols were modeled using
the 4C association scheme.

In this work, parameters for all the examined pure fluids
were estimated using saturated liquid density and vapor pres-
sure data from DIPPR correlation31 or when it was possible

they were obtained from the literature. Pure fluid parameters
are presented in Tables 3 and 4.

The performance of CPA in representing vapor pressures
and liquid densities of H2S is better than that of cubic equa-
tions of state, when compared to results presented in litera-
ture, even when H2S is modeled as non–self-associating mol-
ecule. In the temperature region 193–323 K, Stamataki and
Magoulas2 report a deviation of 3–5% in vapor pressure and
0.7% in liquid volume of H2S with various forms of trans-
lated PR EoS (the volume deviation is 6.5% with the origi-
nal PR EoS). Much lower deviations are reported in Table 3;
however, this is at the expense of a mismatch of the critical
point.

When the CPA EoS is used for mixtures, the conventional
mixing rules are employed in the physical term (SRK) for
the energy and covolume parameters. The geometric mean
rule is used for the energy parameter aij. The interaction

Table 6. CPA Calculations for H2S (1) – Methanol (2) VLE

Temperature
Range (K)

Pressure
Range (bar)

Association
Sites in H2S kij ecross (bar L mol�1) bcross %AAD in P %AAD in y1/y2

298.1–398.1 0–92.9 0 �0.0353 – – 8.7 2.8/24.4
First approach

2d–0a 0.0323 mCR1: 122.96 0.0333 5.9 3.3/22.0
1d–1a (2B) 0.1368 CR-1: 163.40 CR-1: 0.0372 4.2 4.0/30.9
2d–1a (3B) 0.1418 CR-1: 150.15 CR-1: 0.0306 3.7 3.9/29.5
2d–2a (4C) 0.1465 CR-1: 141.59 CR-1: 0.0276 4.2 3.8/29.5

Second approach
2d–0a 0.0220 Exp.: 87.86 0.0988 5.5 3.5/22.5

1d–1a (2B) �0.1008 Exp.: 87.86 0.0900 3.2 3.5/24.3
2d–1a (3B) �0.0514 Exp.: 87.86 0.0658 3.3 3.6/24.0
2d–2a (4C) �0.0360 Exp.: 87.86 0.0516 3.1 3.6/24.0

Calculations using different association schemes for H2S and the three approaches (zeroth, first, and second) described in ‘‘The CPA Equation of State’’ section
(Experimental data38). d, proton donor; a, proton acceptor, %AAD ¼ 1

n

P
i jðXcal

i � Xexp
i Þ=Xexp

i j � 100, where X stands for pressure, P, or mole fraction, y, and n

is the number of experimental data points.

Figure 4. H2S-Methanol vapor-liquid equilibria.

Experimental data38 (points) and CPA calculations (lines)
considering H2S as inert compound (dotted lines) or that
H2S is non–self-associating fluid, but has one proton donor
able to cross associate with water (solid lines).

Figure 5. H2S-methanol vapor-liquid equilibria.

Experimental data38 (points) and CPA calculations assuming
that H2S is self-associating fluid and using 3B associating
scheme (solid lines) and that H2S is non–self-associating
fluid, but has two proton donors able to cross associate with
water (dotted lines).
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parameter kij is, for applications with aliphatic hydrocarbons
and other inert (non–self-associating) molecules, the only ad-
justable binary parameter of CPA:

a ¼
X
i

X
j

xixjaij; where aij ¼ ffiffiffiffiffiffiffiffi
aiaj

p ð1� kijÞ (5)

b ¼
X
i

xibi (6)

For extending the CPA EoS to mixtures of two associating
compounds, e.g., alcohols or glycols with water, combining
rules for the association energy (eAiBj ) and the association
volume (bAiBj ) are required. The CR-1 and the Elliott com-

bining rule (ECR), described below, have been found suc-
cessful in previous applications.

The expressions of the cross-association energy and cross-
association volume parameters with CR-1 are:

eAiBj ¼ ecross ¼ eAiBi þ eAjBj

2
and bAiBj ¼ bcross ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bAiBibAjBj

q
(7)

The expression of the cross-association strength (DAiBj)
with ECR is:

DAiBj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DAiBiDAjBj

p
(8)

Table 7. CPA Calculations for H2S – Glycol VLE

Temperature Range (K) Association Sites in H2S kij ecross (bar L mol�1) bcross %AAD in P

MEG (1)-H2S (2) 298.1–398.1 0 �0.0256 – – 15.84
1d–0a 0.0798 mCR1: 98.76 0.0970 11.40
2d–0a 0.0779 mCR1: 98.76 0.0406 11.50

1d–1a (2B) 0.1341 CR-1: 139.20 CR-1: 0.0348 15.13
2d–1a (3B) 0.1498 CR-1: 125.96 CR-1: 0.0287 13.89
2d–2a (4C) 0.1495 CR-1: 117.39 CR-1: 0.0259 15.69

DEG (1)-H2S (2) 0 �0.0646 – 7.18
1d–0a �0.0598 mCR1: 98.42 0.0026 7.18
2d–0a �0.0590 mCR1: 98.42 0.0015 7.18

1d–1a (2B) 0.0567 CR-1: 138.86 CR-1: 0.0234 13.18
2d–1a (3B) 0.0739 CR-1: 125.62 CR-1: 0.0193 12.02
2d–2a (4C) 0.0734 CR-1: 117.05 CR-1: 0.0174 13.40

TEG (1)-H2S (2) 0 �0.0934 – 9.93
1d–0a �0.0933 mCR1: 71.68 0.0001 9.93
2d–0a �0.0932 mCR1: 71.68 0.0001 9.93

1d–1a (2B) 0.0150 CR-1: 112.13 CR-1: 0.0402 12.85
2d–1a (3B) 0.0321 CR-1: 98.88 CR-1: 0.0331 11.68
2d–2a (4C) 0.0305 CR-1: 90.32 CR-1: 0.0299 12.77

Calculations using different association schemes for H2S and two of the approaches (zeroth and first) are described in ‘‘The CPA Equation of State’’ section
(Experimental data39–41). d, proton donor; a, proton acceptor, %AAD ¼ 1

n

P
i ðPcal � PexpÞ=Pexp
�� ��� 100, where P is the pressure and n is the number of experi-

mental data points.

Figure 6. Solubility of H2S in MEG.

Experimental data39 (points) and CPA calculations (lines)
considering H2S as inert compound (dotted lines) or that
H2S has two (proton donors) association sites (solid lines).

Figure 7. Solubility of H2S in DEG.

Experimental data40 (points) and CPA calculations (lines)
considering H2S as inert compound (dotted lines) or that
H2S has two (proton donors) association sites (solid lines).
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To account for cross association (solvation), Folas et al.
used the so-called modified CR-1 (mCR-1) rule33:

eAiBj ¼ eassociating
2

and bAiBj ¼ bcross ¼ fitted (9)

Then, the association strength will be estimated by Eq. 3
and in this way the in-built temperature dependency of the
cross-association strength is retained for solvating systems.
Previous calculations34 have showed that this approach
(using the modified CR-1 rule) yields satisfactory results,
e.g., for water-aromatic hydrocarbons over large temperature
ranges.

Three approaches, which are described below, are used in
mixtures of H2S with water or/and methanol. In mixtures of
H2S with all other fluids (hydrocarbons, glycols, or CO2)
only the zeroth and the first approach were used.

Zeroth approach

H2S is considered as inert compound. No self-associating
interactions between H2S molecules are accounted for. Also,
no cross association (solvation) is accounted for in mixtures
of H2S with other hydrogen bonding fluids, while the CR-1
rule (Eq. 7) is used for the water-methanol and water-MEG
cross-association interactions. A single binary interaction pa-
rameter (kij) is optimized for each binary system by fitting
the model to the experimental data.

First approach

In mixtures of two associating fluids, the CR-1 combining
rule is used to estimate parameters for the cross-associating
interactions (Eq. 7). A single binary interaction parameter
(kij) is optimized for such binary systems.

In cases, in which solvation of H2S (and CO2) was
assumed (i.e., when H2S is modeled assuming that has only
proton donor sites or when CO2 is modeled assuming only
proton acceptor sites), the modified CR-1 rule is used (Eq.
9). For all these binary systems, the cross-association volume
(bcross) and the binary interaction parameter (kij) are simulta-
neously optimized by fitting the model to the experimental
data.

Second approach

In the second approach, effort has been made to incorpo-
rate in the model the strength of cross-associating interac-
tions from experimental or theoretical studies of the litera-
ture, as discussed in ‘‘Previous Studies with Association
(and other) Models for H2S Systems’’ section.

H2S-H2O mixtures exhibit a complicated phase behavior
including the formation of solid, liquid and gas phases. To
model this system, the formation of weak hydrogen bonds
between water and H2S molecules is assumed. The hydrogen
bonding energy for the cross association is set equal to the
experimental value (–10,878 J mol�1).7 In the same direc-
tion, the formation of weak hydrogen bonds is assumed
between alcohol and H2S molecules. The hydrogen bonding
energy for the cross association is set equal to the experi-
mental value of the H2S-ethanol interaction (–8786 J
mol�1).11 Moreover, for one of the multicomponent systems
considered, the CO2-water system is present and for this the
experimental cross-association energy value equal to –14,200
J mol�1 is used.35 For all these binary systems, the cross-
association volume (bcross) and the binary interaction param-
eter (kij) are simultaneously optimized by fitting the model
to the experimental data.

Binary Mixtures

H2S-water

Firstly, the vapor-liquid and liquid-liquid equilibria of
water-H2S system was modeled using the three approaches
described in ‘‘The CPA Equation of State’’ section. Unlike
all other binary H2S-systems considered in this work, there
is an area of immiscibility in the H2S-water mixture. Phase
split occurs between an aqueous phase with 3–4% dissolved
H2S and a H2S-rich liquid phase with approximately 3%
water.4 It is thus interesting to see that the polar nature of
H2S alone is not sufficient to render the molecule fully

Figure 8. Solubility of H2S in TEG.

Experimental data41 (points) and CPA calculations (lines)
considering H2S as inert compound (dotted lines) or that
H2S has two (proton donors) association sites (solid lines).

Table 8. CPA Calculations for H2S-CO2 VLE Using Different Association Schemes for H2S (Experimental data
42
)

Temperature Range (K) Association Sites in H2S Association Sites in CO2 kij DT Dy

H2S-CO2 254.1–349.3 0 0 0.1179 1.09 0.0092
1d–1a (2B) 0 0.0356 1.32 0.0149
2d–1a (3B) 0 0.0519 1.15 0.0118
2d–2a (4C) 0 0.0543 1.10 0.0102

d, proton donor; a, proton acceptor; DX ¼ 1
n

P
i Xexp � Xcalc
�� ��, where X stands for temperature, T, or mole fraction, y, and n is the number of experimental data

points.
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miscible with water at all conditions. The results are pre-
sented in Table 5, while some characteristic calculations are
presented in Figures 1–3.

Using both the first and second approach, the lowest
deviations from experimental data are observed if H2S is
modeled as non–self-associating fluid, but assuming that it
has two proton donor sites (2d–0a) that are able to cross as-
sociate with water’s proton acceptor sites (solvation). Rela-
tively higher deviations from experimental data are
observed if H2S is modeled as nonassociating fluid. Very
high deviations from experimental data are observed when

H2S is modeled as self-associating fluid (2B, 3B, 4C) and
the CR-1 rule is used (thus only fitting one interaction pa-
rameter, the kij). If, however, the experimental cross-associ-
ation energy is used, then the correlation is satisfactory (fit-
ting in this case two interaction parameters, kij and bcross).
In this context, the results with the 3B scheme for H2S are
particularly promising, even for high pressure LLE, as can
be seen in Figure 3.

H2S-methanol

Next, the vapor-liquid equilibria of methanol-H2S system
was modeled using the three approaches described in ‘‘The
CPA Equation of State’’ section. Results are presented in
Table 6, while characteristic calculations are presented in
Figures 4 and 5.

Relatively high deviations from experimental data are
observed if H2S is modeled as inert compound. Using the
first approach, the lowest deviations from experimental data
are observed if H2S is modeled assuming that it has only
proton donor sites (2d–0a) that are able to cross associate
with alcohol molecules. In the second approach (experimen-
tal cross-association energy), all the examined association
schemes result in similar deviations from experimental data.

H2S-glycols

For H2S-glycol mixtures, calculations were performed
using the zeroth and the first approach described in ‘‘The
CPA Equation of State’’ section. The second approach was
not used as there are not, to our knowledge, experimental
data for the cross-association energy between H2S and gly-
cols. The results are presented in Table 7 and Figures 6–8.

Calculations for mixtures of H2S with glycols are in very
satisfactory agreement with experimental data even when

Figure 9. CO2-H2S VLE.

Experimental data42 (points) and CPA calculations (lines)
considering H2S and CO2 as inert compounds (solid lines)
or that H2S has three (3B) association sites (dotted lines).

Table 9. CPA Calculations for H2S – Hydrocarbon Mixtures

System
Temperature
Range (K)

Pressure
Range (bar)

Association
Sites in H2S

%AAD
in P

%AAD
in y1 kij

%AAD
in P

%AAD
in y1

kij ¼ 0
Methane (1)-H2S (2) 277.6–344.3 11.6–120 0 14.5 11.7 0.0760 3.0 5.7

1d–1a (2B) 6.1 6.5 0.0338 3.2 4.9
2d–1a (3B) 4.9 5.6 0.0221 3.7 5.6
2d–2a (4C) 4.0 5.0 0.0148 3.6 5.5

Ethane (1)-H2S (2) 227.9–283.1 2.0–30.2 0 12.6 13.4 0.0847 1.7 1.7
1d–1a (2B) 3.4 5.7 0.0356 3.0 2.2
2d–1a (3B) 4.8 5.9 0.0373 1.2 1.4
2d–2a (4C) 4.9 5.6 0.0329 0.7 1.4

Butane (1)-H2S (2) 366.4–418.1 13.5–71 0 4.2 7.3 0.0897 1.6 2.5
1d–1a (2B) 1.3 3.5 �0.0114 1.3 3.8
2d–1a (3B) 2.1 3.7 0.0249 1.4 2.8
2d–2a (4C) 2.3 3.8 0.0328 1.5 2.7

Iso-butane(1)-H2S(2) 344.2–383.2 11.1–60.9 0 4.4 8.9 0.0761 1.9 1.7
1d–1a (2B) 1.9 2.0 �0.0239 1.4 2.9
2d–1a (3B) 1.6 2.7 0.0084 1.7 2.1
2d–2a (4C) 1.8 2.9 0.0166 1.8 1.8

DT %AAD in y1 DT %AAD in y1
Propane (1)-H2S (2) 216.9–344.2 1.4–27.6 0 5.3 21.1 0.0917 0.71 17.5

1d–1a (2B) 1.08 9.1 0.0050 1.10 8.8
2d–1a (3B) 1.62 8.0 0.0306 0.66 11.4
2d–2a (4C) 1.88 8.6 0.0325 0.53 13.2

Calculations using different association schemes for H2S and the zeroth approach (i.e. no solvation is included and only one interaction parameter is used)

described in ‘‘The CPA Equation of State’’ section (experimental data43–46). d, proton donor; a, proton acceptor, %AAD ¼ 1
n

P
i

Xcal
i �Xexp

i

Xexp

i

��� ���� 100, where X stands

for pressure, P, or mole fraction, y, and n is the number of experimental data points, DT ¼ 1
n

P
i

Texp � Tcalc
�� ��, where T is the temperature and n is the number of

experimental data points.
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H2S is treated as inert compound. Assuming solvation of H2S
in glycols (i.e., assuming that H2S has only proton donor sites
that are able to cross associate with glycols) improves calcula-
tions only for H2S-MEG mixture. The results are in agreement
to previous recent investigations published with CPA in the
literature.13,14 Compared to the solvation case, slightly worse
results are obtained when H2S is considered to be a self-asso-
ciating fluid. Important to recall, however, that in the latter
case only the kij is optimized while when solvation is assumed
with modified CR-1 rule two interaction parameters are fitted
to experimental data.

H2S-CO2

For H2S-CO2 mixtures, calculations were performed con-
sidering H2S as inert compound or that H2S is self-associat-
ing fluid and using 2B, 3B, and 4C associating schemes. In
all cases, CO2 was modeled as inert compound and, subse-
quently, no cross association was assumed. Results are pre-
sented in Table 8 and Figure 9. Very satisfactory results
were obtained in all cases.

H2S-hydrocarbons

The vapor-liquid equilibrium of H2S-hydrocarbon mixtures
was modeled using different association schemes for H2S.

The results are presented in Table 9 for model predictions
(using no binary interaction parameter, kij ¼ 0) and model
correlations using a binary interaction parameter optimized
based on the experimental data (kij = 0). Using no binary
interaction parameter (kij ¼ 0), the higher deviations from ex-
perimental data are observed if H2S is modeled as inert com-
pound. In this case, the model fails to predict the appearance
of the azeotrope in mixtures of H2S with ethane or propane.
The appearance of the azeotrope is predicted in all other cases
(i.e., if H2S is modeled as self-associating fluid). These two
systems (H2S-ethane and H2S-propane) are the only H2S-par-
affin mixtures, which are known to exhibit azeotropy.1,18 One
typical result—CPA predictions—is presented in Figure 10
for the vapor-liquid equilibrium of H2S-ethane system. The
results are in agreement with Ruffine et al.12 who performed
similar calculations. On the other hand, if a nonzero binary
interaction parameter is used the CPA model accurately
describes the phase behavior of all examined systems, includ-
ing the appearance of the azeotrope.

As mentioned in ‘‘Previous Studies with Association (and
other) Models for H2S Systems’’ section. H2S-alkane systems
have been extensively studied with various variants of the PR
EoS by Stamataki and Magoulas2 and Carroll and Mather1,18

(for alkanes up to eicosane). The binary interaction parameter,
kij, decreases with chain length and reaches negative values
for mixtures of H2S with alkanes above pentadecane or hexa-
decane. The kij values presented for the H2S mixtures with the
alkanes considered here are similar to those shown in Table 9
(0.093/0.083 for methane, 0.082/0.089 for ethane, 0.087/0.089
for propane, and 0.085/0.06 for butane).

Multicomponent Mixtures

The H2S-CO2-CH4 mixture

The H2S-CO2-methane system was modeled considering
that acid gases do not have any association site. The binary
interaction parameters were adopted from the corresponding
binary mixtures and are presented in Table 10, while the
results are shown in Table 11 and in Figure 11. In all cases,
CPA model predictions are in very satisfactory agreement
with the experimental data, even when the acid gases are
modeled without any association sites.

Figure 10. H2S-ethane VLE.

Experimental data44 (points) and CPA predictions (kij ¼ 0)
considering H2S as inert compound (dotted line) and
assuming that H2S is self-associating fluid and using the
3B associating scheme (solid line).

Table 10. Binary Interaction Parameters used in Modeling
H2S-CO2-CH4

Methane H2S

Methane – kij ¼ 0.0760
CO2 kij ¼ 0.0882 kij ¼ 0.1179

Table 11. %Dx and %Dy for H2S (1)-CH4 (2)-CO2 (3) VLE (Experimental Data from Ref. 47)

Temperature (K) Pressure(bar) Association Sites CO2-H2S %Dx1 %Dx2 %Dx3 %Dy1 %Dy2 %Dy3

222.15 20.68 0–0 1.17 0.86 1.25 1.03 1.08 1.42
34.47 0–0 1.04 1.81 1.18 1.43 2.41 1.44
48.26 0–0 1.06 3.51 2.77 1.15 1.52 1.85

238.75 20.68 0–0 1.19 0.95 1.00 1.60 1.13 0.78
34.47 0–0 0.92 0.43 0.73 1.43 1.91 1.31
48.26 0–0 1.54 1.51 1.56 0.91 2.04 1.57

%Dx ¼ 1
n

P
i Xcal

i � Xexp
i

�� ��� 100, where X is the mole fraction, x or y, and n is the number of experimental data points.
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Quaternary mixtures

Three quaternary mixtures were modeled using different
association schemes. In all cases, binary interaction and sol-
vation parameters were adopted from the corresponding bi-
nary systems.

The CR-1 rule is always used for the cross-associating
mixtures water-methanol and water-MEG, while either the
modified CR-1 rule or the experimental value for the cross-

association energies are used for mixtures of acid gases with
water and methanol. Because of the lack of experimental
values, the modified CR-1 rule is always used for H2S-MEG.

More specifically, the following modeling approaches
were considered for multicomponent H2S-containing
systems:

Case A. H2S (and CO2) are modeled as inert compounds:
No H2S (and CO2) self-associating interactions are assumed.
Also, no cross-associating interactions are assumed between
acid gases (H2S, CO2) and methanol, water, or MEG.

Case B1. Solvation of H2S and CO2: Acid gases are
modeled as non–self-associating fluids, however cross-asso-
ciation interactions with water, methanol, and MEG were
assumed. H2S is modeled assuming that it has two proton
donors, which are only able to cross associate with water,
methanol, or MEG. CO2 is modeled assuming that it has two
proton acceptor sites, which are only able to cross associate
with water. The mCR-1 combining rule is used to obtain pa-
rameters for the aforementioned cross interactions (first
approach in ‘‘The CPA Equation of State’’ section).

Case B2. Solvation of H2S and CO2: Acid gases are
modeled as non–self-associating fluids, however cross-asso-
ciation interactions with water, methanol, and MEG were
assumed. H2S is modeled assuming that it has two proton
donors, which are only able to cross associate with water,
methanol, or MEG. CO2 is modeled assuming that it has one
proton acceptor site, which is only able to cross associate
with water. The association energy for the cross interactions
between H2S-water, H2S-–methanol, and between CO2-water
is adopted from experimental studies (second approach
described in ‘‘The CPA Equation of State’’ section). The

Figure 11. H2S-CH4-CO2 VLE at 238.75 K and 20.68 bar
(a), 34.47 bar (b), 48.26 bar (c).

Table 12. Binary Parameters for Case A

kij ecross (bar L mol�1) bcross

H2O-methanol �0.0748 CR-1: 206.23 CR-1: 0.0334
H2O-MEG �0.0199 CR-1: 182.04 CR-1: 0.0312
H2O-H2S �0.0098 – –
H2S-methanol �0.0353 – –
CH4-H2O 0.0098 – –
CH4-Methanol 0.0528 – –
CH4-H2S 0.0760 – –
H2O-CO2 �0.0232 – –
H2S-CO2 0.1179 – –
CH4-CO2 0.0882 – –
H2S-MEG �0.0253 – –
CH4-MEG 0.1754 – –

Table 13. Binary Parameters for Case B1

kij ecross (bar L mol�1) bcross

H2O-methanol �0.0748 CR-1: 206.23 CR-1: 0.0334
H2O-H2S 0.0985 mCR1: 83.275 0.0654
H2S-methanol 0.0323 mCR1: 122.96 0.0333
H2O-CO2 0.1380 mCR1: 83.275 0.0911
H2O-MEG �0.0199 CR-1: 182.04 CR-1: 0.0312
H2S-MEG 0.0779 mCR1: 98.76 0.0406
CH4-H2O 0.0098 – –
CH4-methanol 0.0528 – –
CH4-H2S 0.0760 – –
H2S-CO2 0.1179 – –
CH4-CO2 0.0882 – –
CH4-MEG 0.1754 – –
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mCR-1combining rule is used to obtain parameters for the
H2S-MEG association (no experimental values available).

Case C1: H2S Was Modeled as Self-Associating Fluid
Using the 3B Association Scheme. CO2 was modeled
assuming that it has two proton acceptor sites that are only
able to cross associate with water. The CR-1 combining rule
is used to obtain parameters for cross interactions.

Case C2: H2S Was Modeled as Self-Associating Fluid
Using the 3B Association Scheme. CO2 was modeled
assuming that it has one proton acceptor site, which is only
able to cross associate with water. The association energy
for the cross interactions between H2S-water, CO2-water,
and H2S-methanol is adopted from experimental studies (sec-
ond approach described in ‘‘The CPA Equation of State’’
section).The CR-1 combining rule was used to obtain param-
eters for the H2S-MEG association (no experimental values
available).

The interaction parameters for the binary systems involved
in the modeling of the three multicomponent mixtures (H2O-
methanol-H2S-CH4, H2O-CO2-H2S-CH4, and H2O-MEG-
H2S-CH4) are presented for all cases in Tables 12–16. The
results are summarized in terms of deviations between exper-
imental and predicted compositions in the vapor and liquid
phases in Tables 17–19.

Discussion of the Results for the Multicomponent
Systems

To facilitate the discussion we call the three H2S contain-
ing quaternary mixtures as the ‘‘methanol,’’ the ‘‘CO2,’’ and
the ‘‘MEG’’ systems, for which respectively the results were
presented in Tables 17–19. The last row of these three tables

indicates which methodology provides the lowest deviations.
Often more than one approach is indicated if results (per-
centage deviations) are quite similar.

The overall predictive performance of CPA is satisfactory.
For all three systems, rather higher errors are observed for
the small concentrations of methane in the liquid phase. For
the ‘‘methanol’’ and ‘‘MEG’’ systems, relatively high devia-
tions are obtained for the concentration of water in the vapor
phase, and also for the rather low MEG concentration in the
vapor phase.

As can be seen from the last row of Tables 17–19, differ-
ent approaches may perform better in predicting concentra-
tions of the various components in the vapor and liquid
phases. Still, some conclusions can be drawn. The
approaches C2 and B2 appear to be the best for the CO2 and
the MEG systems, while C1 and B1 are the best for the
methanol system. Thus, the best results are indeed obtained
if solvation is explicitly accounted for (B1, B2), especially
when the cross-association energy is obtained from the ex-
perimental data (B2). Very good results are also obtained if
H2S is assumed to be a self-associating molecule (3B
scheme), especially again when the cross-association energy
is taken from independent measurements (C2) rather than
from the modified CR-1 rule.

To understand the somewhat different best choices for the
‘‘methanol’’ system, Table 20 summarizes the experimental
(from spectroscopic and calorimetric measurements) and cal-
culated cross-association energies (and volumes) for mixtures
of H2S or CO2 with water and alcohols. The calculated val-
ues are estimated using the modified CR-1 rule.

As mentioned, approaches B2 and C2 employ the experi-
mental values, while approaches B1 and C1 employ the
modified CR-1 rule. In both cases, for solvating binary mix-
tures, two interaction parameters are fitted to experimental
data, so the difference in the multicomponent predictions
deserves some analysis. As can be seen in Table 20, the
adopted ‘‘experimental’’ cross-association energy for H2S-
methanol is smaller than the value for H2S-water, while the
modified CR-1 rule predicts the opposite. However, due to
lack of available experimental data for H2S-methanol inter-
actions, the former value was adopted from H2S-ethanol.

11

Table 21 provides the Kamlet-Taft solvatochromic param-
eters of several compounds discussed in this work. These pa-
rameters can be used for quantifying the Lewis acid (LA)-
Lewis base (LB) interactions. It can be seen that methanol
and ethanol have both an acidic and basic character, but

Table 14. Binary Parameters for Case B2

kij ecross (bar L mol�1) bcross

H2O-methanol �0.0748 CR-1: 206.23 CR-1: 0.0334
H2O-H2S 0.1913 Exp.: 108.78 0.0624
H2S-methanol 0.0220 Exp.: 87.86 0.0988
H2O-MEG �0.0199 CR-1: 182.04 CR-1: 0.0312
H2S-MEG 0.0779 mCR1: 98.76 0.0406
H2O-CO2 0.1141 Exp: 142.00 0.0162
CH4-H2O 0.0098 – –
CH4-methanol 0.0528 – –
CH4-H2S 0.0760 – –
CH4-MEG 0.1754 – –
H2S-CO2 0.1179 – –
CH4-CO2 0.0882 – –

Table 15. Binary Parameters for Case C1

kij ecross (bar L mol�1) bcross

H2O-methanol �0.0748 CR-1: 206.23 CR-1: 0.0334
H2O-H2S 0.2601 CR-1: 110.47 CR-1: 0.0635
H2S-methanol 0.1418 CR-1: 150.15 CR-1: 0.0306
H2O-CO2 0.1380 mCR1: 83.275 0.0911
H2O-MEG �0.0199 CR-1: 182.04 CR-1: 0.0312
H2S-MEG 0.1498 CR-1: 125.96 CR-1: 0.0287
CH4-H2O 0.0098 – –
CH4-methanol 0.0528 – –
CH4-H2S 0.0221 – –
H2S-CO2 0.0519 – –
CH4-CO2 0.0882 – –
CH4-MEG 0.1754 – –

Table 16. Binary Parameters for Case C2

kij ecross (bar L mol�1) bcross

H2O-ethanol �0.0748 CR-1: 206.23 CR-1: 0.0334
H2O-H2S 0.0991 Exp.: 108.78 0.0299
H2S-ethanol �0.0514 Exp.: 87.86 0.0658
H2O-CO2 0.1141 Exp: 142.00 0.0162
H2O-MEG �0.0199 CR-1: 182.04 CR-1: 0.0312
H2S-MEG 0.1498 CR-1: 125.96 CR-1: 0.0287
CH4-H2O 0.0098 – –
CH4-methanol 0.0528 – –
CH4-H2S 0.0221 – –
H2S-CO2 0.0519 – –
CH4-CO2 0.0882 – –
CH4-MEG 0.1754 – –
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these are not identical. We should thus be expecting some-
what different solvation characteristics with other molecules.

Consequently, unlike in the cases of CO2 and MEG sys-
tems, for the methanol multicomponent system, there is the
important assumption when using the experimental cross-
association values, that the value between H2S-methanol is
taken from H2S-ethanol. A slightly higher value than the one
used (which could be anticipated) will be closer to the
mCR-1 value and the results will be improved.

Comparison to Previous Investigations

Very few investigations with other models have been pre-
sented in the literature for the multicomponent systems dis-
cussed here. We have not found any other models tested for
the two systems containing methanol and glycol, while the
CO2-H2S-water-methane quaternary was studied by Knudsen
et al.51 with cubic EoS and various mixing rules, Vafaie-
Sefti et al.52 with an association equation of state and
recently by Li and Firoozabadi17 with their PR-CPA, dis-
cussed in ‘‘Previous Studies with Association (and other)
Models for H2S Systems’’ section.

Knudsen et al.51 used the SRK EoS with various mixing
rules. For multicomponent mixtures, they concluded that
going from three temperature independent binary parameters
to six binary parameters (temperature dependent parameters)
does not necessarily improve the phase equilibrium results.
Deviations from experimental data using three or more bi-
nary parameters are comparable with the deviations of this

study using one or two temperature independent binary pa-
rameters.

Vafaie-Sefti et al.52 used a new association EoS and they
obtained relatively small deviations from experimental
data even without using any binary interaction parameter (kij
¼ 0).

Li and Firozabadi17 used two temperature dependent pa-
rameters for water-CO2 and water-H2S binary systems, as
well as one parameter for the remaining nonassociating bi-
nary mixtures. Similarly to our observations, they report that
the predictions of the water mole fraction in the H2S rich
phase are significantly improved when cross-association
interactions between water and H2S or CO2 are accounted
for.

Conclusions

The CPA equation of state is applied to binary and multi-
component systems containing H2S with other compounds,
both nonpolar (alkanes, CO2) and polar ones (water, metha-
nol, and MEG). Judging from its physical properties and
according to various theoretical literature studies, only very
weak hydrogen bonding interactions may occur between H2S
molecules. If, however, this weak self-association is
accounted for using three association sites, then CPA can
predict the appearance of the azeotrope in H2S-small hydro-
carbon mixtures. Without accounting for self-association of
H2S, the azeotrope can be correlated using an interaction
parameter.

Table 18. Deviations from Experimental Data for the H2O (1)-CO2 (2)-H2S (3)-CH4 (4) Quaternary Mixture (Experimental
Data from Ref. 49, Mixture with Overall Composition H2O 0.5, CO2 0.3, H2S 0.05, CH4 0.15 mol)

x1 x2 x3 x4 y1 y2 y3 y4

Case A: CO2 and H2S inerts
%AAD 0.4 27 9.4 69 30 0.63 2.9 1.6
Case B1: Solvation of CO2 and H2S (2 proton acceptors in CO2 and 2 proton donors in H2S) (mCR-1)
%AAD 0.5 39 13 75 8.9 1.0 2.7 1.3
Case C1: H2S 3B, solvation of CO2 in water (CR-1 and mCR-1, respectively)
%AAD 0.5 40 21 78 20 1.0 2.3 1.1
Case B2: Solvation of CO2 and H2S (experimental values for ecross)
%AAD 0.2 11 16 71 14 0.7 2.9 1.2
Case C2: H2S 3B, solvation of CO2 in water (experimental values for ecross)
%AAD 0.2 10 8.3 70 11 0.7 2.5 1.2
Lowest deviation C2, B2 C2, B2 C2, B1 A, C2 (all) B1, C2 A, C1, C2 C1, C2 C1, C2

%AAD ¼ 1
n

P
i

Xcal
i �Xexp

i

Xexp

i

��� ���� 100, where X stands for mole fractions, x or y, and n is the number of experimental data points.

Table 17. Summarized Deviations from Experimental Data for H2O (1)-Methanol (2)-H2S (3)-CH4 (4) VLE (Experimental
Data from Ref. 48)

x1 x2 x3 x4 y1 y2 y3 y4

Case A: H2S inert
%AAD 0.6 0.7 29 63 50 15 13 1.1
Case B1: Solvation of H2S (mCR-1)
%AAD 0.5 0.7 23 64 47 8.0 10 0.8
Case C1: H2S self associating 3B (CR-1)
%AAD 0.5 0.8 16 68 34 25 7.1 0.6
Case B2: Solvation of H2S (experimental values for ecross)
%AAD 0.8 0.9 39 68 42 11 17 1.3
Case C2: H2S self associating 3B (experimental values for ecross)
%AAD 0.6 0.8 27 65 44 10 11 1.0
Lowest deviation C1, B1 B1 (All except for B2) C1 B1 C1 B1 C1, B1 C1, B1

%AAD ¼ 1
n

P
i

Xcal
i �Xexp

i

Xexp

i

��� ���� 100, where X stands for mole fractions, x or y, and n is the number of experimental data points.
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Many literature studies report a relatively strong hydrogen
bonding interaction between H2S and water or low molecular
weight alcohols. If such cross-associating interactions are
accounted for, the CPA model results in very satisfactory
correlations for the phase behavior (vapor- and liquid-liquid
equilibria) of H2S-water and for the vapor-liquid equilibria
of H2S-methanol systems. Calculations for mixtures of H2S
with glycols are in satisfactory agreement with experimental
data, even when H2S is treated as nonassociating fluid.
Assuming solvation of H2S in glycols (i.e., assuming that
H2S has only proton donor sites that are able to cross associ-
ate with glycol molecules) improves calculations only for
the H2S-MEG mixture.

Using interaction parameters obtained solely from binary
systems, CPA can predict satisfactorily phase equilibria of
one ternary and three quaternary H2S-containing systems.
The best results are obtained when the solvation between
H2S and water or methanol is explicitly accounted for (as
well as for CO2-water), especially when the cross-association
energy is taken from experimental spectroscopic studies.
However, equally good results are obtained when a self-asso-
ciating H2S molecule is assumed (using the 3B association
scheme), when the cross-association energy, which character-

izes its interactions with polar molecules, is taken from ex-
perimental spectroscopic studies.
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Notation

b ¼ CPA fluid specific parameter
c1 ¼ CPA fluid specific parameter

g(q) ¼ radial distribution function
kij ¼ binary interaction parameter
n ¼ reduced density
P ¼ pressure

Psat ¼ vapor pressure
R ¼ gas constant
T ¼ temperature
Tc ¼ critical temperature

Tmelt ¼ melting point
Tr ¼ reduced temperature
XAi

¼ fraction of free sites of type A belonging to molecule i
xi, yi ¼ mole fraction of component i (liquid and vapor, respectively)
Vm ¼ molar volume

Greek letters

a ¼ CPA energy parameter
ao ¼ fluid specific parameter

bAiBj ¼ association volume for the hydrogen bond between sites A and
B belonging in molecules i and j, respectively

bcross ¼ cross-association volume
DAiBj ¼ association strength between two sites A and B belonging to

molecules i and j, respectively
eAiBj ¼ association energy for the hydrogen bond between sites A and

B belonging to molecules i and j, respectively
ecross ¼ cross-association energy

q ¼ density
qliq ¼ density of saturated liquid phase

Table 21. Kamlet-Taft Solvatochromic Parameters for
Compounds Considered in this Work

50

Compound Base Parameter (b) Acid Parameter (a)

Methanol 0.62 0.93
Ethanol 0.77 0.83
MEG 0.52 0.90
Water 0.18 1.17
H2S – –

Table 20. Association Parameters Using Two Different Approaches

System

Experimental Values (Approach 2) Modified CR-1 (Approach 1)

ecross (L bar mol�1) bcross (Optimized by the exp. data) ecross (L bar mol�1) bcross (Optimized by the Exp. Data

H2S-water 108.78 0.0624 166.55/2 ¼ 83.27 0.0655
H2S-methanol 87.86* 0.0988 245.91/2 ¼ 122.95 0.0333
CO2-water 142.0 0.0162 166.55/2 ¼ 83.27 0.0911
CO2-ethanol 123.8 0.0320 215.32/2 ¼ 107.66 0.0263

*Value adopted from H2S-ethanol.

Table 19. Deviations from Experimental Data for the H2O (1)-MEG (2)-H2S (3)-CH4 (4) Quaternary Mixture (Experimental
Data from Ref. 48)

x1 x2 x3 x4 y1 y2 y3 y4

Case A: H2S inert
%AAD 1.3 1.3 92 77 58 89 19 1.7
Case B1: Solvation of H2S (mCR-1)
%AAD 0.9 0.8 55 76 52 85 11 1.0
Case C1: H2S 3B (CR-1)
%AAD 0.8 0.7 45 80 36 70 9.0 0.8
Case B2. Solvation of H2S (experimental values for ecross)
%AAD 0.2 0.2 4.2 71 50 89 1.4 0.1
Case C2: H2S self associating 3B (experimental values for ecross)
%AAD 0.6 0.5 33 76 45 70 6.4 0.6
Lowest deviation B2 B2 B2 B2 (all) C1, C2 C2, C1 B2, C1 B2

%AAD ¼ 1
n

P
i

Xcal
i �Xexp

i

Xexp

i

��� ���� 100, where X stands for mole fractions, x or y, and n is the number of experimental data points.
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