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Abstract: In spite of the increasing levels of greenhouse gases in the atmosphere, and their impact on
the environment, the demand for natural/biogas will increase significantly in the coming few decades.
To cover this demand, the global energy industry is continuously exploiting sour gas reserves located
around the world. Nonetheless, sour gas has to be sweetened before the practical utilization of natural
or biogas. The cryogenic separation technologies have emerged as a new technology to separate
carbon dioxide (CO2) and hydrogen sulfide (H2S gases) from natural/biogas. The cryogenic separation
produces less harmful gases, and can be less expensive to operate and maintain in comparison to the
conventional technologies. To design cryogenic separation equipment, vapor–liquid equilibrium (VLE),
solid–liquid equilibrium (SLE), solid–vapor equilibrium (SVE), and solid–liquid–vapor equilibrium (SLVE)
data for the corresponding binary systems (of CH4-CO2, CH4-H2S, and H2S-CO2) and ternary system
(of CH4-H2S-CO2) are required. The main target of this article is to review the SLVE data for the acid
gases (CO2 and H2S) in methane (CH4) as the main constituent of natural/biogas. It will address SLVE
data for the binary systems of CH4-CO2, CH4-H2S and H2S-CO2 as well as the ternary system of
CH4-H2S-CO2. It will not only address the available laboratory data, but it will also discuss, compare
and evaluate the different models used to correlate/predict these data. © 2022 Society of Chemical
Industry and John Wiley & Sons, Ltd.

Keywords: natural gas sweetening; solid phase formation; binary/ternary mixture separation;
solid–liquid–vapor equilibrium; freezing prediction; cryogenic separation

Introduction

Natural gas is the cleanest traditional
energy source. Thus, its demand is expected
to increase by 33% in the next 30 years.1 The

increased demand for natural gas and the strictest
targets for the share of renewable fuels in the global
energy consumption led to an increasing interest in the
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use of biogas as an alternative source of energy.2
Natural gas and biogas consist mainly of methane
(CH4), carbon dioxide (CO2), hydrogen sulfide (H2S),
along with possible traces of water and other pollutants
like ammonia, and particulates.3 Therefore, they have
to be refined and upgraded, which is accomplished by
separating the sour gases (CO2 and H2S) from the
methane. Sour gases decreases the specific enthalpy of

© 2022 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
Greenhouse. Gas. Sci. Technol. 12:566–579 (2022); DOI: 10.1002/ghg.2161 566

 21523878, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ghg.2161 by C

ochrane Q
atar, W

iley O
nline L

ibrary on [28/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-8448-2785
https://orcid.org/0000-0002-9240-930X
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fghg.2161&domain=pdf&date_stamp=2022-06-19


A review on the solid–liquid–vapor phase equilibria of acid gases in methane

the natural/biogas, and are highly corrosive to the
pipelines and equipment of natural gas processing
plants.4

Carbon dioxide (CO2) has reached an alarming
concentration level in the atmosphere. Carbon dioxide
resulting from the combustion of fossil fuels accounts
for the largest share of global anthropogenic GHG
emissions.5 This has increased the global mean
surface-temperature by ∼1°C from the preindustrial
era levels.6 In order to decelerate or stop the global
warming phenomena, the demand for cleaner energy
sources has increased. Hydrogen sulfide (H2S) is a
colorless component commonly found in natural gas. it
is highly corrosive and it caused many failures of
pipelines and pressure vessel in the oil and gas
industry.7 In addition to that, H2S is a very poisonous
and flammable gas with an odor similar to that of
rotten eggs.8 The H2S removed from sour gas can be a
precursor for the production of elemental sulfur, and
organosulfur compounds such as methanethiol,
ethanethiol, and thioglycolic acid.9

The most commonly used method in the industry for
sweetening natural gas (i.e., removing acid gases) is the
solvent (e.g., amine)-based absorption technology.
However, this technology suffers from high energy
requirements and costly maintenance and operation.10

Therefore, new technologies have emerged for
natural/biogas sweetening, among them is the
cryogenic separation. Cryogenic separation is a
physical process where acid gases are separated from
methane at very low temperatures by benefiting from
the differences in their volatility.11 Advantages of
cryogenic separation include its low environmental
footprint, applicability in high and low pressure
systems, and not requiring additional solvents.12

Examples of cryogenic separation technologies include
conventional cryogenic distillation, extractive
cryogenic distillation, cryogenic packed bed
separation, and the dual pressure distillation unit.11

While solid formation within these units is generally
avoidable, some separation technologies (such as
Controlled Freezing Zone (CFZ)TM process, which is
developed by ExxonMobil) benefit from the solid
formation to improve the separations process and
minimize the cost.13

Cryogenic separation techniques involve
conventional methods (e.g., liquid–vapor separation),
nonconventional methods (e.g., solid–vapor
separation),14 and hybrid methods.11 The most widely
used conventional method is the cryogenic distillation,

which operates at very low temperatures and high
pressures in order to separate CO2 from other
components based on the differences in their boiling
temperatures, where the carbon dioxide is removed
either in a high-pressure gas phase or in a liquid phase.
Despite the effectiveness of conventional cryogenic
methods in separating concentrated CO2 stream, it is
considered an expensive-to-operate technology due to
the high energy required to reach high pressures, and
the necessity of avoiding solids formation.14

Nonconventional methods benefit from desublimation
or solidification to improve the separation process and
reduce the energy requirements.15 Nonconventional
methods usually operate at lower temperatures
compared to cryogenic distillation, at which CO2 will
solidify. Even though these sources discuss only the
solidification of CO2, H2S removal by solidification is
similar. Nonconventional technologies include;
cryogenic packed beds,16 moving packed beds,17

Stirling coolers,18 cryogenic carbon capture with an
external cooling loop (CCC-ECL),19 and compressed
flue gas cryogenic carbon capture with compressed flue
gas (CCC-CFG).19 Hybrid methods combine
conventional and nonconventional methods into a
single-unit operating system to overcome the
disadvantages of conventional methods and produce
better or similar results at lower cost than
nonconventional technologies.11 Examples on hybrid
methods include the Controlled Freezing Zone (CFZ)
technology,20 Cryocell-based separation21 and
condensed contaminant centrifugal separation.19

To design cryogenic separation equipment,
vapor–liquid equilibrium (VLE), solid–liquid
equilibrium (SLE), solid–vapor equilibrium (SVE), and
solid–liquid–vapor equilibrium (SLVE) data for the
corresponding binary systems (of CH4-CO2, CH4-H2S
and H2S-CO2) and the ternary system (of
CH4-H2S-CO2) are needed. Maqsood et al.11 have
covered the different cryogenic separation technologies
used for separating the binary system of CH4-CO2, and
they discussed the limitations and operational
conditions for each of these processes. However, their
review has not focused on the thermodynamic (i.e.,
phase equilibrium) side of such technologies. Similarly,
Tan et al.22 have reviewed the cryogenic separation
techniques used for biogas upgrading, while
mentioning thermodynamic models used to represent
the binary system CH4-CO2 but no details or
comparison between these models were represented.
Babar et al.23 have extensively reviewed the
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thermodynamic data for the cryogenic separation of
CH4-CO2. They reviewed, among the other topics, the
experimental phase equilibrium data for CH4-CO2
mixture and the predicted data obtained by the
different models available in the literature or the
computer simulators utilizing some of these models.
The VLE, SLE, SVE, and SLVE data were all covered
and discussed. However, some experimental data for
the SLVE system were not mentioned in that work.
Moreover, few thermodynamic models were not
covered and no comparison between them was offered.

As per our knowledge, no review papers in the
published literature addressed the H2S solid phase
equilibria within different systems; including CH4-H2S
and H2S-CO2 and CH4-H2S-CO2.

The objective of this article is to review the
solid–liquid–vapor equilibrium (SLVE) for the acid
gases in natural/bio gas; which involves the binary
systems of CH4-CO2, CH4-H2S and H2S-CO2 as well
as the ternary system of CH4-H2S-CO2. It will include
the published experimental data, which include the
SLVE locus curve and the composition of each phase at
that point. Moreover, this review discusses, compares
and evaluates the different models used to predict these
data.

Experimental data
Experimental data available for the SLVE locus
involving CH4, CO2, and H2S are limited in the
literature. This section will give an overview of the
experimental data for the binary systems of CH4-CO2,
CH4-H2S, and H2S-CO2 as well as the ternary system
of CH4-H2S-CO2.

The experimental SLVE data of the binary system
CH4-CO2 come mainly from four different studies by
Donnelly and Katz,24 Pikaar,25 Sterner26 and Davis
et al.27 Donnelly and Katz24 determined the SLVE locus
by varying the CO2 content within the
CH4-CO2mixtures and finding the phase envelope
using a glass windowed pressure cell. They prepared six
mixtures with CO2 concentrations from 0% (pure
CH4) to 88% and tested them at temperatures up to
215.3 K. Pikaar25 investigated the SLVE locus in a
temperature range from 143.15 to 203.15 K, with CO2
concentrations between 1% and 20%. He noticed a
variation between his results and those of Donnelly
and Katz at low temperatures, and concluded that the
results of Donnelly and Katz maybe inaccurate at
temperatures lower than 206.15 K. Sterner measured

Figure 1. Experimental data available for the binary system
CH4-CO2 in terms of (A) SLVE locus,24,25,26,27 CO2 triple
point,28 CH4 critical point29 and (B) corresponding CO2

compositions in the liquid and vapor phases (while solid
phase is pure CO2).27

the SLVE locus at temperatures lower than the critical
temperature of pure CH4.26 Davis et al.27 measured the
SLVE locus starting from the triple point of CO2 up to
a temperature of 97.54 K. Their measurements covered
a wide range of temperatures and included the vapor
and liquid phase compositions over the locus line.
Figure 1(A) compares the results for the four sets of
experimental data. On the other hand, only Davis
et al.27 reported the compositions of different phases at
the SLVE locus of the binary system CH4-CO2. They
confirmed that the solid phase consists of pure CO2,
while the other two phases (vapor and liquid) contain
both components. The liquid and vapor phase

568
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Table 1. Summary of the experimental data for SLV loci of different binary and ternary systems of CH4,
CO2 and H2S.

Mixture Temperature range (K) Pressure range (Bar) Reference

CH4-
CO2

194.5–215.3 9.17–48.54 Donnelly and Katz24

143.15–203.15 19.74–47.23 Pikaar25

166.33–199.6 19.47–49.61 Sterner26

97.54–211.71 0.28–48.68 Davis et al.27

CH4-H2S 167.1–184.9 0.32–20.68 Kohn and Kurata33

CO2-H2S 177.9–215.6 0.35–5.02 Sobocinski and Kurata37

CH4-CO2-H2S 199.44 –207.59 24.04–43.21 Langé38

192–210 18.48–22.24 Théveneau et al.39

compositions were measured in the temperature ranges
from 129.65 to 201.26 K and from 140.93 to 205.71 K,
respectively. Figure 1(B) illustrates the composition of
carbon dioxide in liquid and vapor phases.
Experimental data for this binary system cover a wide
range of temperature and pressure; and laboratory data
available are close to each other as seen in Fig. 1.
Table 1 summarizes the experimental data for the SLVE
equilibrium of CH4-CO2 system.

From Fig. 1(A) it is clear that most of the
experimental data follow the same SLVE locus curve
trend, where the pressure will increase with
temperature, until reaching a pressure peak value at a
temperature of around 202 K, and then it will drop
down reaching the triple point of CO2. Within the
SLVE locus curve envelop, two phases will be present:
vapor and solid. While around this envelop liquid
phase will be present as only liquid phase, liquid/solid
phase, or liquid/vapor phase.

While laboratory data covering the vapor–liquid
equilibrium of the binary system CH4-H2S are
abundant,30–32 experimental data covering the SLVE of
this system are limited. The main study covering the
thermodynamics of this system was conducted by
Kohn and Kurata.33 They developed an experimental
setup for determining the solid phase behavior of the
CH4-H2S system, six mixtures of methane and
hydrogen sulfide were tested, the system temperature
was varied between from −300 to 300°F (88.7–422 K),
and pressures reaching up to 2000 psia (137.9 bar). For
this binary system, there are two SLVE loci: the SL1VE
locus and the SL2VE locus (where L1 is the liquid phase
that is rich with CH4 and L2 is the liquid phase that is
rich with H2S), where the solid phase consists of pure
hydrogen sulfide. The SL1VE and SL2VE loci meet at
the quadruple point (QP) at which four phases are

Figure 2. Measured pressure–temperature SLVE locus of
the binary system CH4-H2S.33

present, that is, S, L1, L2, and VE. The results obtained
for the SLVE locus of this binary system are shown in
Fig. 2. Within the these point and below the QP point,
two phases are only present: a pure solid H2S phase and
a vapor phase (which consists of both components).
Table 1 lists the experimental data available for this
binary system, it could be noticed that more works
might be needed to confirm and expand the laboratory
data available.

Similar to the CH4-H2S binary system, there are many
experimental studies covering the VLE of the CO2-H2S
system.34–36 However, only the study by Sobocinski and
Kurata37 covered the SLVE of this binary system. They
have conducted an experimental investigation that
covered the region from the critical locus of the
mixture to the SLVE region. Seven mixtures were
tested individually to determine the phase diagrams

© 2022 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
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Figure 3. Experimental data (symbols) available for the
binary system CO2-H2S in terms of (A) SLVE
pressure-temperature locus and (B) corresponding CO2

compositions in the liquid and vapor phases.37

and the compositions of each phase at the specified
conditions. It was observed that SLVE locus is at
temperatures lower than triple point of either pure CO2
and H2S, which was explained by the formation of a
eutectic mixture (with a composition of 12.5 mole%
CO2 for all mixtures). Figure 3(A) illustrates the SLVE
locus of the CO2-H2S binary system, which ends up
near to the triple point of CO2 (216.58 K, 5.185 bar28).
Below this line, both vapor and solid phases are found.
Above this line, liquid phase can be present with either
solid or vapor phases. Figure 3(B) shows the
composition of the vapor and liquid phases alongside
the SLVE locus, where the solid phase consisted of pure
CO2.37 The experimental data for the CO2-H2S system
found in Fig. 3 and Table 1 is limited. Therefore, more
research is recommended to be done to determine
SLVE locus of this system experimentally.

Table 2. Compositions of the five mixtures tested
for solidification point.39.

Mixture ZCH4 ZCO2 ZH2S P (bar) Texp (K)

1 0.7993 0.2007 0 22.24 209.80

2 0.7603 0.1899 0.0498 21.86 202.33

3 0.7192 0.1806 0.1002 18.48 196.85

4 0.6802 0.1701 0.1497 19.74 194.32

5 0.6395 0.1604 0.2001 21.23 192.26

Experimental data, which covers the solid phase in
the CH4-CO2-H2S ternary system are rare and have
limited temperature and pressure ranges. Langé et al.38

designed an experimental procedure to obtain the
T-P-x-y data for the region in which the SLVE locus
exists for different compositions of this ternary system.
However, their study covered only the region that
contains solid CO2 phase, and the temperature and
pressure ranges were very limited (from 199.44 to
207.59 K and 14.599 to 43.212 bar, respectively).
Théveneau et al.39 utilized a visual synthetic laboratory
technique to determine the freezing point of five
different compositions of the ternary system
CH4-CO2-H2S. Table 2 lists the mole% of each
component in these mixtures, where Zi is the overall
composition of component i in the mixture. However,
this study also covered very limited ranges of
temperature and pressure (192–210 K and 18.48–22.24
bar, respectively). Similar to the two binary systems
CH4-H2S and CO2-H2S, the ternary system of the
CH4-CO2-H2S available in the literature are limited
(Table 1), and more work is needed to expand our
knowledge and develop more accurate phase envelopes
for such system.

Modeling of SLVE systems
There are three major approaches to model the
three-phase, SLVE of different systems. The first
approach utilizes equations of state (EoS) for
calculating the liquid and vapor phase fugacities, along
with an independent model for the fugacity of the solid
phase. The first approach could be further classified
according to the model used to estimate the solid phase
fugacity; such as the empirical correlation model,40

thermodynamic integration model,41 and Gibbs free
energy EoS model.42 The second approach depends on
using an EoS for calculating the fugacities of the three
phases the same time.22 A completely different

570
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approach was used by Ali et al.43 to predict the SLVE
locus curve, where they developed a predictive model
that utilizes artificial neural networks (ANN), and the
ANN predictions were compared to the experimental
data. The following subsections highlight the use of
these approaches for describing the SLVE locus and
compositions of different binary and ternary systems
considered in this review.

Modeling of SLVE for the binary system of
CH4-CO2

Approach 1: Coupling EoS with specific
models of solid phase fugacity
Nikolaidis et al.40 have used an empirical correlation
model to represent the equilibrium of the CH4-CO2
system. At equilibrium, the solid-phase fugacity of any
compound equals the fugacity of that compound in the
two coexisting fluid phases, that is:

f̂ S
i (T, P) = f̂ F

i
(
T, P, xF)

(1)

Where the solid phase and fluid (vapor or liquid) phase
fugacities of component i ( f̂ S

i and f̂ F
i , respectively) can

be found from Eqns 2 and 3, respectively; and the solid
phase consists of pure component i.

f̂ S
i (T, P) = ϕ̂Sat

0i
(
T, PSat

i
)

PSat
0i (T ) (2)

× exp
[

vs
0i

RT
(
P − PSat

0i (T )
)]

(2)

f̂ F
i

(
T, P, xF) = xF

i ϕ̂F
i

(
T, P, xF)

P (3)

where PSat
0i (T ) is the saturation/sublimation pressure of

the solid forming component at the specified
temperature T, ϕ̂Sat

0i (T, PSub
i ) is the fugacity coefficient

of the solid component at T and the saturation pressure
PSat

0i , P is pressure, ϕ̂F
i (T, P, xF ) is the fugacity

coefficient of the component i in the fluid mixture of
molar composition xF at T and P, and vs

0iis the solid
phase molar volume of the component i.

To utilize Eqns 1–3, Nikolaidis et al.40 used three
different equations of state (EoS) for determining the
fugacities of vapor and liquid phases; namely, the
Peng–Robinson (PR) EoS, Soave–Redlich–Kwong
(SRK) EoS, and the perturbed-chain statistical
associating fluid theory (PC-SAFT) EoS. Each of these
equations included an interaction parameter between
CO2 and CH4, kij, that was altered to optimize the
model estimations of the experimental data. Overall, it
was found that utilizing the PR EoS with kij = 0.100

Figure 4. Comparison between models predictions (lines)
with laboratory data (symbols)24, 27 for the SLVE of the
system CH4-CO2 system. Comparisons are divided
between two subfigures to avoid overcrowding:
(A)27,40,44,48,2,49 (B) 50–52,43

resulted in the least error of model estimations
compared to the experimental data,24,27 with an
average absolute deviation (AAD) (as defined in Eqn 4)
of 2.19%. Figure 4(A) shows their estimated SLVE
locus as generated using the PR EoS against
experimental data.24,27 To avoid crowding, only the
data from Davis et al.27 and Donnelley and Katz24 were
presented in Fig. 4 since they cover the widest ranges of
temperatures and pressures.

%AAD = 100
N

N∑
i=1

∣∣∣∣∣Pcalculated
i − Pexperimental

i

Pexperimental
i

∣∣∣∣∣ (4)

where N is the number of experimental data points.
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Ababneh and Al-Muhtaseb44 utilized a similar
technique to model the SLVE of various systems,
including the binary system of CH4-CO2. They
substituted Eqn 545 into Eqn 2 to find the fugacity of
the solid phase (which consists of pure CO2), whereas
the vapor and liquid phase fugacities were calculated
using the PR EoS with an optimized kij value of 0.12.
The AAD in predicting the SLVE locus pressure at
different pressures was 2.14%. Figure 4(A) shows a
comparison of their estimated SLVE locus with
experimental data.24,27

ln

(
PSub

CO2

Pt

)
= Tt

T

[
−14.740846

(
1 − T

Tt

)
(5)

+2.4327015
(

1 − T
Tt

)1.9
(5)

+ − 5.3061778
(

1 − T
Tt

)2.9
]

(5)

where Tt and Pt are the triple point temperature and
pressure of CO2, respectively; and PSub

CO2
is the

sublimation pressure of solid CO2. Similar to the work
of Ababneh and Al-Muhtaseb,44 Yang et al.46 studied
the SLVE behavior of this system by combining the PR
EoS with Eqn 6 to find the fugacities of fluid and solid
phases, receptively. They found that the optimum value
for the interaction parameter kij is 0.123, which is
similar to the value found by Ababneh and
Al-Muhtaseb. However, the study of Yang et al. covered
a limited range of temperature (170–202 K) for the
SLVE equilibrium. Their model predictions are
compared to the experimental data24,27 in Fig. 4(B).

lnϕs
pure = ln

(
ϕL

pure

)
− �H f

RTm

[
Tm

T
− 1

]

+ �cp

R

[
Tm

T
− 1 + ln

(
T
Tm

)]
− �v

(
p − pm

)
RT

(6)

where R is the universal gas constant, T is temperature,
ϕL

pure is the fugacity coefficient of the pure component
in the liquid phase, and pm is the reference pressure
(triple point pressure for CO2). For a pure component
at pm, Tm is the melting temperature, �H f is the
enthalpy of fusion,�cp is the change of the heat
capacity upon the transition from the solid phase to
liquid phase; and �v is the change in molar volume

upon transition from the solid phase to the liquid
phase.

Riva et al.2 proposed to calculate the solid phase
fugacity of CO2 by Eqns 7 and 8. This model is based
on the numerical continuation method (NCM) of
Rodriguez–Reartes et al.47 The AAD of the
corresponding predictions when compared to the
experimental data was found to be 1.94%.27 Fig. 4(A)
compare the model predictions with experimental
data.24,27

f̂ S
i (T, v0) = f̂ L

i (T, 1, v0) exp (U ) (7)

U (T, P) = �vS−L

RT

[
−1.0819 × 10−9

(
1 − Tt

T

)
+ 3.5919 × 10−6

(
Tt

T
− 1 + ln

T
Tt

)
+ 4.2722 × 10−6

(
T

2Tt
− 1 + Tt

2T

)
+Tt

T
(P − Pt )

]
(8)

where v0 (m3/mol) is the molar volume of CO2 in the
hypothetical subcooled liquid state at T (K) and P
(MPa). Furthermore, Tt and Pt are the triple-point
temperature (in kelvin) and pressure (in MPa); and
�vS−L is the solid−liquid molar volume difference of
CO2 (in m3/mol).

Carter and Luks used a mathematical artifice to
predict the solid CO2 fugacity, and it was combined
with the SRK EoS to find the SLVE locus.49 The
mathematical artifice was developed by Prausnitz
et al.53 as shown in Eqn 9. The interaction parameter kij
in the EoS was varied between 0.10 and 0.13, and the
results were compared to experimental data27,24 as
shown in Fig. 4(A).

ln
f
fs

= (H − Hs) − (
H − Hs,t

)
RT

− (S − St ) − (S − St )
R

(9)

where the subscripts s and t indicate the solid phase and
triple point, respectively. S is the entropy, and f is the
fugacity of liquid or gas phase of the pure component.

Similarly, Guido et al.48 proposed a method based on
each of the PR and SRK equations of state to predict
the SLVE. Equation 10 was used to calculate the
fugacity of the solid CO2 phase starting from the liquid
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phase fugacity. Their SLVE locus predictions (using the
SRK EoS) are shown in Fig. 4(A).

ln
f s (T, P)
f L (T, P)

= �hm

RTm

(
1 − Tm

T

)
− �CP (Tm − T )

RT

− �CP

R
ln

Tm

T
(10)

where �hm is the enthalpy change of melting, �CP is
the change of heat capacity between liquid and solid
phases. Superscripts s and L indicate the solid and the
liquid phases, respectively; and subscript m denotes the
melting point.

Tang et al.50 estimated the solid CO2 fugacity by first
calculating the minimum Gibbs free energy (g) by an
algorithm that involves a stability variable of vapor or
liquid phases, which was developed using
composition-independent correlations of solid−vapor
and solid−liquid equilibria as the initial estimation for
the phase fraction, and then plugging its value in
Eqn 11;50 where the superscripts s, and 0 represent the
solid and ideal gas phases, respectively. The resulted
SLVE locus curve compared to the experimental
data,24,27 with an AAD of 1.98%, is also shown in
Fig. 4(B).

f s = f 0 exp
[

gs − g0

RT

]
(11)

Nasrifar and Moshfeghian developed a relation for
the solid fugacity of CO2 based on the triple point of
carbon dioxide as seen in Eqn 12.51 This equation,
coupled with the Nasrifar-Bolland (NB) EoS, was used
to predict the SVE and SLVE loci for CH4-CO2 system.
Figure 4(B) shows the results obtained by the model
compared to the data by Davis et al.27 and Donnelley
and Katz.24

f s (T, P) = f s (Tt , Pt ) exp
[

vs (P − Pt )
RT

− �Hsub

RT

(
1 − T

Tt

)]
(12)

where vsis the molar volume of the solid phase and
�Hsubis the enthalpy change at sublimation. Ababneh
and Al-Muhtaseb44 have been successful in predicting
the distrbution of CH4 and CO2 between the three
phase, where they assumed the solid phase to consist of
pure CO2. Figure 5 shows their results comapred to the
experimental data.24,27

Figure 5. Model predictions (lines) compared to
experimental data (symbols)27 for the distribution of CH4

CO2 in the liquid and vapor phases.44,52

Approach 2: Using EoS for vapor, liquid, and
solid phases
Yokozeki proposed an analytical EoS that is capable of
representing the three phases: vapor, liquid, and
solid.52 Eq. 13 shows the pressure explicit form of this
equation.

P (T, v) = RT
v − b

(
v − d
v − c

)k

− a
v2 + qbv + rb2 (13)

where c, b, a are the liquid covolume, the solid
covolume, and a parameter of attractive forces between
molecules, respectively; while d, k, q, and r are fitting
parameters. While the results of Yokozeki were in good
agreement with the experimental pressure-temperature
locus data27 as seen in Fig. 4(B), the issue with this
model is that its predictions assume the presence of
methane (up to 3%) in the solid phase, which is
unrealistic.

Furthermore, Yokozeki’s model52 has successfully
described the experimental composition data of Davis
et al.27 as seen in Fig. 5. However, there is an apparent
deviation between the model predictions and
experimental data at high temperatures, which could
be explained by the fact the model assumes a presence
of methane in the solid phase, even at higher
temperatures; thus altering the model calculations for
the other two phases. On the other hand, Ababneh and
Al-Muhtaseb’s model resulted in better predictions for
the experimental data in the vapor phase as shown in

© 2022 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
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Table 3. Comparison between the model AAD values for the different studies predicting SLV locus of the
CH4-CO2 system.

Model AAD% Experimental data compared

Nikolaidis et al.40 2.19% Davis et al.27 Donnelly and Katz24

Ababneh & Al-Muhtaseb44 2.14% Davis et al.27

Riva et al.2 1.94% Davis et al.27

Tang50 1.98% Davis et al.27

Yokozeki52 2.05% Davis et al.27,∗

Ali et al.43 0.1447% Davis et al.27

∗As reported in Riva et al.2

Fig. 5, which could be attributed to their assumption
that the solid phase consists of pure CO2, in agreement
with experimental observations. On the other hand,
both model showed good agreemt with experimental
data in the liquid phase.

Approach 3: Using artificial neural networks
(ANN)
Ali et al.43 utilized a different approach to predict the
SLVE locus for the CH4-CO2 binary system. An
artificial neural network (ANN) was developed by the
following procedure: Data collection and
preprocessing, creating, and optimizing the ANN
design, training the ANN using the previously
collected data sets and finally comparing predictions to
the experimental data for validation. When compared
to Davis et al. data,27 the ANN predictions resulted in
an AAD% of 0.1447% as seen in Fig. 4(B). While the
ANN had excellent results, it is seen as an unnecessary
tool in the presence of simpler thermodynamic models,
which are able to produce similar results. The
complication of ANN could be a more useful technique
in case of complicated systems, which cannot be
described easily by simple mathematical models.
However, in this case it does not appear to make a case
for itself. Table 3 compares the model AAD values to
the experimental data.

Modeling the binary system of CH4-H2S
Only a limited number of studies attempted to model
the SLVE of the CH4-H2S binary system using the first
two approaches. These studies are highlighted below
according to the corresponding approach.

Approach 1: Coupling EoS with specific
models of solid phase fugacity
As discussed in the previous section, Ababneh and
Al-Muhtaseb44 have used an empirical correlation
model to represent the CH4-H2S SLVE locus, where
they substituted Eqn 1454 in Eqn 2 to calculate the
fugacity of the solid phase of H2S.

log10
(
PSub

H2S
) = 7.22418 − 118.0

T
− 0.196426T

+ 0.0006636T 2 (14)

where PSub
H2S is the sublimation pressure of H2S (in cm

Hg), and T is the temperature (in K).

Approach 2: Using EoS for vapor, liquid, and
solid phases
Langè et al.38 have studied the phase equilibrium
behavior of the system CH4-H2S, at temperatures
ranging from 70 K up to the critical temperature of H2S
(373.1 K) and pressures up to 25 bar.31 Phase diagrams
for this binary system at the SLVE locus have been
found using the solid–liquid–vapor equation of state
proposed by Yokozeki.52

Figure 6 shows the results of these two studies
compared to the experimental data.33 From Fig. 6, it is
clear that the correlations of Lange et al. are more
accurate than those by Ababneh and Al-Muhtaseb,
which could be explained by the fact that Yokozeki’s
EoS does not consider the solid phase to be pure H2S,
which gives the equation more flexibility in predicting
the locus curve, thus resulting in better representative
correlations.
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A review on the solid–liquid–vapor phase equilibria of acid gases in methane

Figure 6. Comparison between model predictions
(lines)31,44 and laboratory data (symbols)33 for the SLVE
locus of the methane-hydrogen sulfide system.

Modeling the binary system of CO2-H2S
Little work has been done on modeling the SLVE locus
of CO2-H2S system. The main modeling efforts were
focused on the VLE of this binary system.55–57 The
only study that addressed the SLVE of this system was
by Ababneh and Al-Muhtaseb,44 where they
successfully predicted the SLVE locus curve and the
distrbution of H2S and CO2 between the three phase.
They utlized an empirical correlation model in their
study, which covered the temperature range slightley
above the solidfication point of H2S within the mixture
(from 177.54 K up to 215.8 K). Thus, in the studied
range of temperature, the solid phase was assumed to
consist of pure CO2, and Eqn 2 was used to find the
fugacity of the solid CO2 phase. Furthermore, the
vapor and liquid phase fugacities were calculated using
the PR EoS.58 The interaction parameter between the
two components was optimized to experimental data37

to a value of 0.11, which resulted in total error of
14.1%. The total error was calcuated based on the
errors in pressure, liquid phase composition, and vapor
phase composition comapred to the experimental data
by Sobocinski and Kurata.37 Their results agreed very
well with the experimental data as shown in Figs 7(A
and B).

Modeling the ternary system of
CH4-CO2-H2S
Theveneau et al.39 have utilized four equations of state,
which are based on the group contribution method; the

Figure 7. Model predictions (lines) compared to the
experimental data (symbols) for the binary system CO2-H2S
in terms of (A) the SLVE locus37,44 and (B) the composition
of H2S in the liquid and vapor phases.37,44

PPR78 (predictive, 1978 Peng Robinson) EoS,59 the
PSRK (Soave–Redlich–Kwong) EoS,60 a semi-empirical
EoS, and the PR-HV (Peng Robinson–Huron–Vidal
mixing rule) EoS with the NRTL activity model;61 to
predict the CO2 freezing temperatures.39 Ababneh and
Al-Muhtaseb44 developed an empirical model based on
Peng Robinson equation of state (PR EoS)58 with
fugacity expressions for the solid, and fluid phases
(Eqns 2 and 3, respectively). Their model predicts and
describes the SLVE for CH4-CO2-H2S ternary system
over much expanded pressure and temperature ranges
(5–30 bar and 130–200 K, respectively). Table 4
compares the results of the above mentioned
studies,39,44 to the experimental data obtained by

© 2022 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
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Table 5. Different cases of feed compositions
tested by Ababneh and Al-Muhtaseb.44.

Feed Mixture CH4 mole% CO2 mole% H2S mole%

Case “A” 80 15 5

Case “B” 80 10 10

Case “C” 50 30 20

Figure 8. Pressure-temperature phase diagrams for the
three cases studied by Ababneh & Al-Muhtaseb.44

Theveneau et al.;39 where MAD and MRD are defined
in Eqns 15 and 16, respectively. It could be noticed
from Table 4 that PR-HV/NRTL and Ababneh and
Al-Muhtaseb models have the best predictions of the
experimental data.

MAD = 1
N

∑ ∣∣Ucal − Uexp
∣∣ (15)

MRD = 100
N

∑ ∣∣∣∣Ucal − Uexp

Uexp

∣∣∣∣ (16)

where U is the property; and subscripts cal and exp
denote, respectively, the calculated and experimental
values.

Furthermore, Ababneh and Al-Muhtaseb44 simulated
an equilibrium stage separation unit, which was based
on their designed model. This unit was used to
simulate the separation of the CH4-CO2-H2S ternary
system with three cases of different feed compositions
(see Table 5). The unit’s performance was evaluated for
each case at different pressures and temperatures. The
predicted phase diagrams for the three cases are shown
in Fig. 8; where S1 and S2 represent the solid phases of
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CO2 and H2S, respectively. Figure 8 shows that
decreasing the H2S/CO2 ratio in the feed results in
higher melting temperatures. On the other hand, the
H2S/CH4 ratio affects the V-S1-S2/ V-L-S1 equilibrium
line, where a higher H2S/CH4 ratio in the feed makes
the V-S1-S2 region cover wider ranges of temperature
and pressures. This could be attributed the
solidification temperature of H2S, which is higher than
that of CH4. Therefore, increasing H2S in the feed
moves the V-S1-S2/ V-L-S1 equilibrium line to higher
temperature.

Conclusions
This article reviewed the SLVE for the acid gases (CO2
and H2S) in natural/biogas; which consists mainly of
CH4. It covered the binary systems of CH4-CO2,
CH4-H2S and H2S-CO2; as well as the ternary system
of CH4-H2S-CO2. It includes the experimental data
available in the literature as well as the models used to
predict these data. Moreover, this review compared the
predictions of the models and their accuracies.

Despite of the importance of studying the phase
behavior of acid gases in the natural/biogas, it could be
concluded that the available scientific literature is very
rare, especially for the binary systems CH4-H2S and
H2S-CO2 and the ternary system of CH4-H2S-CO2,
which stresses the importance of modeling efforts for
such systems. The experimental data available can
sometimes be outdated or not covering wide ranges of
pressures and temperatures. The models used to
predict the SLVE phase behaviors proved successful in
most cases, this suggests expanding these models to
cover the SLVE of other systems relevant to different
industries such as air separation and noble gases
production. However, models based on some equations
of state, which are able to calculate the fugacity for the
three phases (such as Yokozeki’s equation of state52),
are assuming the presence of methane in the solid
phase, which is inconsistent with data found in
experimental studies. Therefore, it is advisable to alter
these models to better represent such cases. The
artificial neural network technique to predict the SLVE
proved accurate, but it might be more complicated than
the more traditional models and techniques that are
showing acceptably good results. Furthermore, it is
recommended to conduct further experimental and
theoretical studies using state-of-the-art and modern
equipment or techniques to specify and determine
accurately the SLVE phase diagrams for these systems.
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