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A B S T R A C T   

To cover the expected increased demand for natural gas, energy industry has to exploit sour gas reserves located 
around the world. However, acid gases have to be removed before the natural gas produced from these fields 
could be used. One of the novel concepts in this field is the utilization of solid phase formation of carbon dioxide 
and/or hydrogen sulfide. The main aim of this study is to develop an empirical correlation model based on Peng- 
Robinson equation of state (PR EoS), with fugacity expressions, that is able for the first time to describe the solid- 
fluid phase equilibria for the ternary system of CH4-CO2-H2S at pressures from 5 to 30 bar and over a wide range 
of temperature (130–200 K). The model was first tested on the binary systems of CH4-CO2, CO2-H2S and CH4-H2S 
with optimized interaction parameters. When proven to be successful, it was then expanded in a predictive 
manner to describe the ternary system of CH4-CO2-H2S. The model predictions for the solidification points of 5 
different mixtures were within the acceptable error when compared to the experimental data available in the 
literature. A model based on equilibrium stage separation unit was used to study the separation of three different 
feed compositions of this ternary system. Overall, it was found that separation of CO2 in solid phase improves 
when increasing the operating pressure up to 20 bar, and decreases at higher temperatures. Similarly, the sep
aration of H2S in either liquid or solid phase improves at higher pressures and lower temperatures. The recovery 
of CH4 was high over the entire ranges of operating conditions, expect at high pressure (30 Bar) at temperatures 
below 190 K. This work provides scientists and engineers with an accurate tool that may be used with confidence 
for predicting solid-fluid phase equilibria. Consequently, this model eliminates difficulties associated with the 
need for experiments on ternary system solid-fluid phase equilibria.   

1. Introduction 

In 2019, natural gas accounted for about 25% of the global primary 
energy consumption (BP, 2020), and it is expected for the natural gas 
demand to increase by 33% throughout the next 30 years (British Pe
troleum, 2020). This anticipated increase is due to the discovery of new 
natural gas and gas condensate fields around the world, in addition to 
the fact that natural gas has a lower carbon footprint than coal or pe
troleum products (Theveneau et al., 2020). However, it is estimated that 
40% of the proven natural gas fields are sour with high CO2 and H2S 
contents, which could be as high as 70% (Langéet al., 2016) (Kelley 
et al., 2011). Such acid gases reduce the energy density of the natural gas 
significantly; hence, lowering its usefulness and selling price. In addition 
to that, the high content of CO2 and H2S can result in corrosion and 
clogging of pipelines and equipment of liquefaction plants (Maqsood 
et al., 2014). Thus, the natural gas industry has to look for innovative 

solutions that make the exploitation of such sour gas reserves econom
ically viable. 

Among the most common technologies for acid gas reduction is the 
post-combustion technique. More specifically, the amine scrubbing 
technology is the most commonly used method in the industry. How
ever, in addition of being an energy-intensive process, the maintenance 
and operational costs for amine scrubbing equipment are high due to the 
corrosivity and volatility of the amine (Wang et al., 2011). On the other 
hand, low-temperature technologies (such as cryogenic separation) have 
been applied to for natural gas sweetening. Cryogenic separation is a 
physical process, which can separate CO2 and H2S gases from CH4 at 
very low temperatures depending on differences in their volatility 
(Maqsood et al., 2014). This process has many advantages over the 
amine absorption process. Such advantages include, but are not limited 
to, having no solvents required by the process (thus no solvent recovery 
plants are required) and lower corrosion potentials (Maqsood et al., 
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2014). Additionally, it has a high energetic efficiency (Théveneau et al., 
2020). A number of other low-temperature technologies for natural gas 
sweetening were developed and studied, including the Rectisol process, 
the dual pressure distillation unit, the Ryan-Holmes process, and the 
Controlled Freezing Zone (CFZ)™ process (Langéet al., 2016). 
Depending on the technology in usage, the formation of frozen solids 
might be desirable or not. From one side, solid phase formation de
creases the efficiency of the separation process, and might plug the 
pipelines and distillation column trays, hence causing potential damage 
to the equipment (Théveneau et al., 2020). On other hand, some pro
cesses, such as CFZ™, utilizes the solid formation in a controlled manner 
to enhance the separations process, while decreasing the operational 
costs of the process (Valencia et al., 2014). 

To design low-temperature separation processes’ units and equip
ment, experimental data of vapor-liquid equilibrium (VLE), solid-liquid 
equilibrium (SLE), solid-vapor equilibrium (SVE), and solid-liquid-vapor 
equilibrium (SLVE) are needed. These experimental data will aid in 
developing accurate and suitable thermodynamic models, which can 
predict pressure, temperature and phase compositions of corresponding 
phase equilibria. The literature contains extensive experimental data 
and thermodynamics model for the binary systems CO2-CH4 (Donnelly 
and Katz, 1954) (Davis et al., 1962) (Babaret al., 2019) (Tan et al., 2017) 
(Tang et al., 2019) (Nasrifar and Moshfeghian, 2019), CO2-H2S (Chapoy 
et al., 2013) (Li, 2008) and CH4-H2S (Kohn and Kurata, 1958) (Langé 
et al., 2017) (Cherif, 2016). These literature cover the 
pressure-temperature (P-T) and temperature-composition (T-x or T-y) 
diagrams for VLE, SLE, SVE or SLVE loci. However, the equilibrium data 
involving a solid phase for the ternary system CH4-CO2-H2S are few and 
limited. Langé et al. have obtained temperature-pressure-composition 
(T-P-x-y) data for the region in which SLVE exists for different compo
sitions of the CH4-CO2-H2S system. They also tested the reliability of the 
Yokozeki equation of state (EoS) in predicting their experimental data 
(Langéet al., 2016). However, their work covers only the region where 
only one solid phase (i.e., CO2 solid phase) is present and over limited 
ranges of temperature (from 199.44 to 207.59 K) and pressure (from 
1.4599 to 4.3212 MPa). Theveneau et al. have determined experimen
tally the temperatures of the solid CO2 formation for five different 
mixtures of the ternary system CH4-CO2-H2S (Théveneau et al., 2020), 
where the feed compositions varied from 63.95 to 79.93 mol% for CH4 
and from 16.04 to 20.07 mol% for CO2; and the pressure was around 2 
MPa. Two equations of state that are based on Group Contribution 
approach PPR78 (predictive, 1978 Ping Robinson EoS) EoS (Jaubert 
et al., 2010) and PSRK (Soave–Redlich–Kwong) EoS (Holderbaum and 
Gmehling, 1991), a semi-empirical EoS, and the PR-HV (Ping 
Robinson-Huron-Vidal mixing rule) EoS were tested to predict the CO2 
freezing temperatures (Théveneau et al., 2020). The latter model proved 
to be the most suitable to match the measured equilibrium behavior of 
the CH4-CO2-H2S system at solidification. Again, this study covered 
limited ranges of temperature and pressure (192–210 K and 
18.48–22.24 Bar); and showed SLVE predictions only at the solidifica
tion point. 

The main objective of this study is to develop a mathematical model 
that can describe the solid-fluid phase equilibria for the ternary system 
of CH4-CO2-H2S over wide ranges of pressure (5–30 bars) and corre
sponding saturation temperatures, which are not covered in literature; 
and at different sets of feed compositions. The uniqueness and novelty of 
this study is that it aims at modelling multiple solid phase formations in 
various conditions; i.e., VLS1 (vapor-liquid-solid CO2) and VS1S2 (vapor- 
solid CO2-solid H2S) over a pressure range of 5–30 bars for the ternary 
system. It is to be noted that, in the studied ranges of pressure and 
temperature, VLS2 and VLS1S2 are not present due to the inequality of 
chemical potentials of components in these phases at the specified 
conditions, which prevents their coexistence at equilibrium. The model 
will be tested first on the binary systems of CH4-CO2, CH4- H2S and CO2- 
H2S in a correlative manner (to optimize the corresponding interaction 
parameters) before its expansion in a predictive manner to the ternary 

system of CH4-CO2-H2S. The accuracy of the model predictions will be 
evaluated by comparing its results to the experimental data available in 
the literature, and it will be examined for different hypothetical feed 
compositions over wide ranges of pressure and corresponding saturation 
temperatures. Developing this model accurately helps researchers and 
the industry by providing them with a useful tool that allows the pre
diction of the ternary solid-fluid phase equilibrium behavior as well as 
the separation of such mixtures without the need for experimental data, 
which in turn optimizes their budget and time. 

2. Methodology 

This study was conducted in different stages. The first stage was to 
choose appropriate thermodynamic mathematical model to represent 
this system. The second stage was to program a code of this thermody
namic model into Aspen Custom Modeller (ACM) V9, which is a process 
and equipment model development and simulation environment that is 
based on a programming language code (in the background) that is 
specific to chemical engineering applications, and involves built-in de
tails of chemical components, their thermophysical properties and 
process thermodynamics. ACM allows the user to design and build 
customized process models. So, instead of writing codes, the user write 
engineering equations that describes such models or equipment, and the 
ACM provides a powerful tool to execute these models to simulate and 
optimize continuous, batch, or semi-batch processes. 

In order to test the model and confirm its accuracy; the model pre
dictions for the binary mixtures (CH4-CO2, CH4-CO2 and CO2-H2S) are 
compared to the experimental data available in the literature. Following 
that, the ACM model was executed at specified number of conditions 
where experimental data is available for the ternary system CH4-CO2- 
H2S. Finally, the model was run to obtain phase equilibria and separa
tion performance predictions for the ternary system (CH4-CO2-H2S) over 
a wide range of operating conditions. 

2.1. Modelling 

Several approaches are used in the literature to model SLVE systems, 
including: empirical correlation model (Nikolaidis et al., 2016), ther
modynamic integration model proposed by Seiler et al. (2001), Gibbs 
free energy equation of state for solid CO2 that is developed by Jäger and 
Span (Jäger and Span, 2012), and Yokozeki analytical equation of state 
for solid-liquid-vapor phases (Yokozeki, 2003). The empirical correla
tion model uses different equations of state for representing the fugacity 
of the vapor or liquid phases, and another independent model for the 
fugacity of the solid phase (Tan et al., 2017). The empirical correlation 
model has shown excellent results and very low deviations from the 
experimental data for SLVE binary system of CH4-CO2 (Nikolaidis et al., 
2016); hence it was chosen in this study for modelling the systems in 
consideration. 

2.2. Empirical correlation model 

At the phase equilibrium condition of a multicomponent system, the 
chemical potentials of each component(s) in the two or three coexisting 
phases (S: solid phase, V/L: vapor and/or liquid phase) at the same 
temperature (T) and pressure (P), i.e., 

μS
i (T,P)= μF

i

(
T,P, xF) (1)  

where μS
i is the chemical potential of the component i in a pure solid 

phase and μF
i is the chemical potential of the same component in the 

coexisting fluid phase (vapor or liquid) with specified molar composi
tions, xF. In the case of the reference state being the ideal gas, Eq. (1) can 
be replaced by (Vera, 2000): 

f̂
S
i (T,P)= f̂

F
i

(
T,P, xF) (2) 
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where the solid phase and fluid phase fugacities of component i ( f̂
S
i and 

f̂
F
i ) can be found from Eqs. (3) and (4), respectively (Nikolaidis et al., 

2016): 

f̂
S
i (T,P)= ϕ̂

Sat
0i

(
T, PSub

i

)
PSat

0i (T) exp
[

vs
0i

RT
(
P − PSat

0i (T)
)
]

(3)  

f̂
F
i

(
T,P, xF)= xF

i ϕ̂
F
i

(
T,P, xF)P (4)  

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

component at the specified temperature T, ϕ̂
Sat
0i (T, PSub

i ) is the fugacity 
coefficient of the solid component at temperature T and the saturation 

pressure PSat
0i , ϕ̂

F
i (T,P, xF) is the fugacity coefficient of the component i 

in the fluid mixture of molar composition xF at the temperature T and 
pressure P, and vs

0i is solid molar volume of the component i. 
In order to use Eqs. (2)–(4) for SLVE calculations, an appropriate EoS 

is selected alongside an equilibrium equation, which estimates the 
saturation/sublimation pressure of the solid forming component at the 
given temperature. In this work, Ping-Robinson equation of state (PR 
EoS) is used (Peng and Robinson, 1929) as illustrated in Section S-5 of 
the supplementary data file. 

2.3. Modelling the binary system of CH4-CO2 

The first step in this study is to test whether the proposed model can 
predict the SLVE phase equilibrium at the PT locus curve of the CH4-CO2 
system. To do so, the model presented in Section S-1 of the supple
mentary data file is applied. 

The accuracy of the model predictions depends on optimizing the 
interaction parameter (kij) within the EoS. Thus, several values for the 
interaction parameter of CH4-CO2 system were collected from the pub
lished literature. For example, kij = 0.1 (sourced from Nikolaidis et al. 
(2016)), kij = 0.1187 (sourced from Stringari et al. (2014)), and kij =

0.12 (found in Nasir et al. (2015)). The model predictions are compared 
to the experimental data found in Davis et al. (1962). The model will be 
used to estimate the pressure and the composition of each phase at the 
locus temperature, and the average squared error of these predictions is 
calculated according to (Kapadia et al., 2017). 

Error =

∑
(

MExp. − MCalculated
MExp.

)2

N
(5)  

where M is the property (such as pressure or composition), and N is the 
number of experimental data points. The kij value that results in corre
lated binary data with the least error in pressure and composition (ac
cording to Eq. (5)) will be deemed as an optimum interaction parameter; 
and thus will be adopted for predicting the ternary system equilibria. 

2.4. Modelling the binary system of CO2-H2S 

Similar to the CH4-CO2 system, the model is utilized for predicting 
the solid-fluid phase equilibria of the CO2-H2S binary system at the SLVE 
locus point as described in Section S-2 of the supplementary data file. 

Again, several values of the binary interaction parameter between 
H2S and CO2 are utilized for correlating their binary phase equilibrium 
data that were collected from the published literature. Utilized values 
involve those reported in literature (such as kij = 0.0974 sourced from 
Ramdin et al. (2016), kij = 0.099 sourced from Li (2008), and kij = 0.095 
found in Chapoy et al. (2013)), and others (i.e., kij = 0.0101, kij =

01050, kij = 0.1100, and kij = 0.1200) that were tested to determine the 
optimum value for this interaction parameter. The optimum interaction 
parameter is determined by minimizing the error according to Equation 
(5). 

2.5. Modelling the binary system of CH4-H2S 

In an independent study conducted by Lange et al. (Langé et al., 
2017), they found a non-temperature dependent value for the interac
tion parameter (kij = 0.058) for the SLVE of the binary system CH4-H2S. 
This value was find to provide satisfactory description of the phase 
equilibria of the CH4-H2S system from 70 K up to the critical tempera
ture of H2S. No other studies were found to report interaction parame
ters for this binary system. Thus, this interaction parameter value will be 
chosen as the starting point to find the optimum interaction parameter 
value between CH4-H2S according to the aforementioned approach. The 
solid-fluid phase equilibria of this binary system is modeled as described 
in Section S-3 of the supplementary data file. 

2.6. Modelling the ternary system (CH4-CO2-H2S) 

To study the SLVE for the ternary system (CH4-CO2-H2S), an equi
librium stage separation unit will be modeled as described in Section S-4 
of the supplementary data file. In this unit, a feed stream consisting of 
the three components (in a specific overall composition) is separated at a 
certain temperature and pressure into three phases (vapor, liquid and 
solid). This ternary system (CH4-CO2-H2S) can have two solid phases 
(namely, a CO2 solid phase and an H2S solid phase) over certain ranges 
of temperature and pressure. It is to be noted that these two solid phases 
do not always coexist over the entire ranges of pressure and 
temperature. 

The focus of this work will be on the regions where solid phase(s) are 
in equilibrium with vapor and liquid phases. In this case, two different 
regions are determined: V-S1-S2 (vapor- solid CO2-solid H2S), and V-L-S1 
(vapor- liquid-solid CO2), where S1 and S2 refer to the distinct solid 
phases of pure CO2 and pure H2S, respectively, where each of them is 
assumed to consist of a pure component. It is to be noted that other 
possible phase combinations (e.g., V-L-S1-S2, V-L-S2, L-S1, L-S2, L-S1-S2) 
are not present in the studied ranges of pressure and temperature due to 
the inequality of chemical potentials of components in these phases at 
the specified conditions, which prevents their coexistence at 
equilibrium. 

Three phase transition scenarios (the first appearance of vapor 
phase, the first appearance of S2 phase and the first appearance of S1 
phase) are investigated. The region where the vapor phase first appears 
resembles a dew-point region. At that condition, the amount of the 
output vapor stream (V) in material balances is assumed to be zero; and 
the set of equations is solved at constant pressure to determine the 
temperature and compositions of other output streams. Similarly, to find 
the line where the phase S2 appears (i.e., phase transition between V-S1- 
S2 and V-L-S1), SH2S was set to equal zero at the specified pressure. 
Finally, the condition when the solid phase (namely, S1) starts to appear 
(i.e., the transition line between V-L-S1 and V-L) was found by setting the 
value of SCO2 to be zero at the specified pressure. These scenarios 
allowed determining the various distinct phase regions for this ternary 
system. 

After that, a number of points within each region are tested by 
solving the appropriate set of equations as presented previously. The 
performance of the equilibrium stage separation was evaluated by 
calculating the purity of CH4 in the vapor phase, the recovery of CH4 in 
the vapor phase, the recovery of CO2 in the solid phase, and recovery of 
H2S in either solid or liquid phases. To test the model performance, the 
feed amount (F) is assumed to equal 1 mol; and three sets of feed 
compositions were investigated using this model at different conditions. 
The first set is: ZCH4 = 0.80, ZCO2 = 0.15, ZH2S = 0.05 (denoted as Case 
A), the second is: ZCH4 = 0.80, ZCO2 = 0.10, ZH2S = 0.10 (denoted as Case 
B), and finally ZCH4 = 0.50, ZCO2 = 0.30, ZH2S = 0.20 (denoted as Case 
C). 
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3. Results and discussion 

3.1. Optimization of binary interaction parameters 

The optimum interaction parameter (kij) for the binary system CO2- 
H2S was obtained as described in Section 2.3. Fig. 1a compares the 
model predictions to the experimental SLVE pressure-temperature data 
available in the literature (Davis et al., 1962), while Fig. 1b further 
compares the distribution of CO2 between phases as a function of tem
perature. Table 1 shows the calculated average squared errors between 
model predictions at the specified kij values and the experimental data in 
terms of pressure and CO2 composition. It could be noticed that kij =

0.1200 has the best results as it produces the lowest sum of errors, hence 
providing best correlation to the experimental data. Thus, it is recom
mended to use this interaction parameter value between CH4 and CO2 
for any further calculations involving these two components. It could be 
concluded from Fig. 1 that the model predictions can describe experi
mental data available in the literature very well, hence indicating the 
possibility of building over this ACM model for modelling other systems 
involving these two components, such as the ternary system 
CH4-CO2-H2S. 

The optimum interaction parameter (kij) for the binary system CO2- 
H2S was obtained as described in Section 2.4. Table 2 shows the 
calculated average squared errors between model predictions at the 
specified kij values and experimental data in terms of pressure and H2S 

compositions (Sobocinski and Kurata, 1959). From Table 2, it is 
concluded that the kij = 0.1100 produces the least sum of average 
squared errors when compared to the other values. Thus, kij = 0.1100 is 
considered as an optimum interaction parameter for this binary system, 
and will be adopted for further calculations involving the components 
H2S and CO2. Once again, the model proved successful in predicting the 
SLVE Pressure-Temperature locus and compositions as seen in Fig. 2. 

Combining the results of the two binary systems (CO2-CH4 and H2S- 
CO2) produces Fig. 3, which is calculated at the optimum interaction 
parameter found for each binary system. Fig. 3 shows that the loci curves 
of the models meets at the estimated triple point of pure CO2 (215.8 K, 
4.9 bar), which is slightly different from the actual triple point of CO2 
(216.5 K, 5.2 bar) (Schneider, 1977). 

The optimum interaction parameter (kij) for the binary system CH4- 
H2S was obtained as described in section 2.5. Table 3 shows the calcu
lated average squared errors between model predictions at the specified 
kij values and experimental data (Kohn and Kurata, 1958) in terms of 
SLVE pressures and Quadruple point (QP) pressure. It is concluded that 
the kij = 0.058 results in the least sum of average squared errors. Thus, it 
is considered as an optimum interaction parameter for this binary sys
tem, and will be adopted for further calculations involving the compo
nents H2S and CH4. Similar to the previous two systems, the model 
proved to be successful in predicting the SLVE Pressure-Temperature 
locus for this binary system as illustrated in Fig. 4. 

3.2. Modelling results of the ternary system: CH4-CO2-H2S 

Pascal et al. (Théveneau et al., 2020) have used a visual synthetic 
experimental method to find the solidification point for five composi
tions of the ternary mixture CH4-CO2-H2S. The compositions of these 
mixtures are listed in Table 4. These data were also predicted in this 
work using the previously presented model with the optimized inter
action parameters between each pair of components as determined in 
the previous section. The Mean Absolute Deviation (MAD) (Eq. (6)) 
between the measured and predicted solidification temperatures is 2.86 
K and the Mean Relative Deviation (MRD) (Eq. (7)) is 1.44%, indicating 
that the model has successfully predicted the solidification temperature 
for a these mixtures. Fig. 1. Comparison of model predictions and experimental data for the binary 

system of CO2 and CH4. Subfigures show the effect of temperature on equilib
rium (a) pressure and (b) composition of CO2 in each phase. 

Table 1 
Effect of selected interaction parameter on the average squared errors in pre
dicting SVLE pressures and CO2 compositions in the binary system: CH4-CO2. 
Data with bold font indicate optimum interaction parameter with the least sum 
of errors.  

kij Error in Pressure Error in xCO2  Error in yCO2  
Sum of errors 

0.1000 0.0017 0.0451 0.0668 0.1136 
0.1187 0.0297 0.0115 0.0711 0.1123 
0.1200 0.0010 0.0143 0.0668 0.0821 (min) 
0.1250 0.0023 0.0208 0.0715 0.0946  

Table 2 
Effect of selected interaction parameter on the average squared errors in pre
dicting SVLE pressures and H2S compositions in the binary system: H2S-CO2. 
Data with bold font indicate optimum interaction parameter with the least sum 
of errors.  

kij % Error in 
Pressure 

%Error in 
xH2 S  

%Error in 
yH2 S  

%Sum of 
errors 

0.0950 0.26 4.06 11.47 15.79 
0.0974 0.25 4.02 11.13 15.40 
0.0990 0.25 4.02 10.9 15.17 
0.1010 0.25 4.04 10.6 14.89 
0.1050 0.24 4.18 10.10 14.52 
0.1100 0.24 4.57 9.29 14.10 (min) 
0.1200 0.23 6.28 8.56 15.07  
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MAD=
1
N

∑⃒
⃒Ucal − Uexp

⃒
⃒ (6)  

MRD=
100
N

∑
⃒
⃒
⃒
⃒
Ucal − Uexp

Uexp

⃒
⃒
⃒
⃒ (7)  

where U is the property, cal is the value estimated by the model, and exp 
is the experimental data. 

Since the model has proved to be sufficiently accurate and reliable, 
the model was run to study the SLVE and separation performances for 
the 3 different of compositions (cases A, B and C) as mentioned in section 
2.6 and listed in Table 5. Table 5 also indicate that the corresponding 
composition ratios of CO2/CH4, H2S/CH4 and H2S/CO2 follow the trends 
B < A < C, A < B < C and A < C < B, respectively. The phase diagrams 
(Pressure-Temperature diagram) for the three cases are shown in Fig. 5a, 
b, and 5c respectively; while Fig. 5d shows the overlaid phase diagrams 
of three cases on the same graph. Fig. 5a, b, and 5c also show the points 

Fig. 2. Comparison of model predictions and experimental data for the binary 
system of CO2 and H2S. Subfigures show the effect of temperature on equilib
rium (a) pressure and (b) composition of H2S in each phase. 

Fig. 3. Combined SLVE P-T loci correlations for the binary systems of CH4-CO2 
and CO2-H2S. 

Table 3 
Effect of interaction parameter on the average squared errors in predicting SLVE 
pressures and the quadruple point pressures in the binary system: H2S-CH4. Data 
with bold font indicate optimum interaction parameter with the least sum of 
errors.  

kij Error in QP Error in SVL1E Error in SVL2E (Sum of errors)/3 

0.100 9.351 1.002 287.248 99.200 
0.070 11.790 0.864 221.656 78.103 
0.058 15.664 1.824 155.581 57.690 (min) 
0.040 25.616 3.592 252.336 93.848  

Fig. 4. Comparison of model predictions and experimental data for the effect of 
temperature on equilibrium behavior of the binary system of CH4 and H2S. 
Symbols before and after QP correspond, respectively, to SVL1E and SVL2E. 

Table 4 
Comparison between experimental and predicted temperatures of solidification 
for various compositions, and errors in predicted temperatures.  

Mixture ZCH4 ZCO2 ZH2S P 
(MPa) 

Texp 

(Kelvin) 
Tpred 

(Kelvin) 

1 0.7993 0.2007 0 2.224 209.80 213.03 
2 0.7603 0.1899 0.0498 2.186 202.33 203.74 
3 0.7192 0.1806 0.1002 1.848 196.85 200.05 
4 0.6802 0.1701 0.1497 1.974 194.32 197.62 
5 0.6395 0.1604 0.2001 2.123 192.26 195.43 
MAD (K) 2.86 
MRD 

(%) 
1.44%  
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tested to collect data for compositions, recovery, and products 
distribution. 

By studying the phase diagrams for the three cases, it could be 
noticed that the line between the L-S1-S2 and V-S1-S2/V-L-S1 regions 
(indicating the first appearance of the vapor phase) follows the same 
trend for the three cases till the point where the three regions (L-S1-S2, V- 
S1-S2, and V-L-S1) regions meet, which indicates the point where the four 
phases (V-L-S1-S2) coexist. After that point the lines behave differently 
for each case. From Fig. 5d and Table 5, it could be concluded that 
increasing the ratio of H2S/CH4 in the feed (which follows the sequence 
A < C < B) results in a smaller V-L-S1 region (that follows the sequence 
A > C > B); with a lower temperature for coexistence of these four 
phases; where this temperature follows the sequence A < B < C 
(following the H2S/CH4 composition ratio). Similarly, the trend of the V- 
L-S1/V-L equilibrium lines (which resemble the melting condition of the 
solid phase) trend is governed by the H2S/CO2 ratio, where it can be seen 
that the melting temperatures sequence is (B < C <A); which follows the 
opposite sequence of H2S/CO2 ratio (B > C > A). In other words, lower 
H2S/CO2 ratios would move the curve to the right (higher melting 
temperature at the same pressure). The H2S/CH4 ratio (which follows 
the order A < B < C) also impacts the V-S1-S2/V-L-S1 equilibrium line. 
Higher H2S/CH4 ratios in the feed would move the line upward (verti
cally) and make the V-S1-S2 region larger. This phenomenon could be 
explained by the fact that H2S solidification temperature is higher than 

that of CH4, thus increasing its amount in the feed would move the line 
to higher temperature. 

The effect of temperature on vapor phase compositions of CH4 and 
CO2 at different pressures are shown in Fig. 6a, b and 6c for cases A, B 
and C, respectively. In general, higher temperatures result in reducing 
yCH4 , and increasing yCO2 and yH2S. However, higher pressures at the 
same temperature increases yCH4 and reduces yCO2 and yH2S. Overall, 
highest CH4 purities in the vapor phase can be obtained when reducing 
temperature and or pressure. Furthermore, the effect of feed composi
tion has a negligible effect on yCH4 and yCO2 at the same temperature and 
pressure. 

The effects of temperature and pressure on the liquid phase 
composition are shown in Fig. 7. On one hand, temperature has insig
nificant impact on xCH4 except at high pressure (30 Bar), where high 
temperature would result in reducing xCH4 significantly. On the other 
hand, increasing the pressure at constant temperatures increases xCH4 . 
Furthermore, xCO2 and xH2S increase when increasing either pressure or 
temperature. Furthermore, it seems that the feed composition has no 
significant impact on the xCH4 value, while increasing the H2S/CH4 ratio 
(which follows the sequence A < B < C) will results in higher xCO2 and 
lower xH2S at the same pressure and temperature. 

To study the performance of the equilibrium stage separation; the 
effects of temperature and pressure on the recovery of CH4 in the vapor 
phase, the recovery of CO2 in the solid phase, and the recovery of H2S in 
the liquid/solid phases are investigated as shown in Figs. 8 and 9, and 
10, respectively. The recovery of a component in a certain phase is 
calculated as the ratio of the moles of that component in the specified 
phase relative to the moles of that component in the feed mixture. 

Fig. 8 shows that the CH4 recovery in the vapor phase does not 
change significantly with operating temperatures and pressures; except 
at high pressure (30 Bar) and low temperature (190> K); where it drops 
to ~0% at ~180 K. This could be attributed to the fact that the vapor 

Table 5 
CO2/CH4, H2S/CH4 and H2S/CO2 ratios for each case of the feed.  

Case ZCH4 ZCO2 ZH2S CO2/CH4 H2S/CH4 H2S/CO2 

A 0.80 0.15 0.05 0.1875 0.0625 0.333 
B 0.80 0.10 0.10 0.1250 0.1250 1.000 
C 0.50 0.30 0.20 0.6000 0.4000 0.667  

Fig. 5. Pressure-Temperature phase diagrams for (a) Case A, (b) Case B, (c) Case C, and (d) comparison of the three cases. Symbols (⬛) indicate points tested to 
collect data for compositions, recovery, and products distribution for the cases listed in Table 5. 
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phase amount drops significantly at these conditions as seen later in 
Fig. 11, despite the fact that yCH4 increases with the increase in tem
perature and pressure. Overall, the CH4 recovery in the vapor phase 
exceeded 90% in all cases expect the one mentioned above, and will be 
100% in the operating region of VS1S2. The feed composition has a 
minimal impact on the CH4 recovery in the VS1S2 region (low temper
atures and pressures); whereas in the VLS1 region, increasing the H2S 
ratio in the feed will reduce the recovery of CH4 in the vapor phase. 

Fig. 9 shows that the CO2 recovery in the solid phase decreases when 
increasing temperatures. However, at a constant temperature, it in
creases when increasing in the operating pressure up to pressure of 20 
bar, after which the CO2 recovery will decrease. Having more CO2 in the 
feed (higher CO2/CH4 ratio) will improve the CO2 recovery in the solid 
phase noticeably at the same operating conditions. 

Fig. 10 illustrates the H2S recovery in the three studied cases in liquid 
and solid phases. Overall, it is clear that the H2S recovery increasing 
when reducing the operating temperature and/or increasing the 

Fig. 6. Effects of temperature and pressure on the vapor phase compositions of 
CH4 (solid lines) and CO2 (dashed lines) in Cases (a) A, (b) B and (c) C. Different 
colors indicate pressure values as illustrated in the legends. 

Fig. 7. Effects of temperature and pressure on the liquid phase compositions of 
CH4 (solid lines) and CO2 (dashed lines) in Cases (a) A, (b) B and (c) C. Different 
colors indicate pressure values as illustrated in the legends. 

H. Ababneh and S.A. Al-Muhtaseb                                                                                                                                                                                                          



Journal of Natural Gas Science and Engineering 94 (2021) 104120

8

operating pressure. Therefore, higher operating pressures will improve 
the separation of both CO2 (in the solid phase) and H2S (in solid and 
liquid phase) but it will decrease CH4 recovery in the vapor phase. Thus, 
it is important to determine the priorities in separation to determine the 
desired separation conditions. The feed composition has no clear impact 
on the H2S recovery in the liquid phase. However, the model predictions 
indicate that higher H2S/CH4 ratios in the feed will improve the re
covery of H2S in the solid phase. In general, the best region to separate 

the ternary system components can be the region of VS1S2 at the highest 
possible pressure and temperature. 

Fig. 11 illustrates the impact of temperature and pressure on the V/F 
and SCO2/F phase ratios resulting from each of the studied cases. 
Increasing the temperature will increase V/F ratio, but it will decrease 
SCO2/F, SH2S/F and L/F phase ratios. The relationship between the 
pressure and the produced phase ratios is opposite; increasing pressure 
lowers the V/F ratio and increases the SCO2/F, SH2S/F and L/F phase 

Fig. 8. Effects of temperature and pressure on the vapor-phase recovery (%) of 
CH4 in Cases (a) A, (b) B and (c) C. Different colors indicate pressure values as 
illustrated in the legends. 

Fig. 9. Effects of temperature and pressure on the solid-phase recovery of CO2 
in Cases (a) A, (b) B and (c) C. Different colors indicate pressure values as 
illustrated in the legends. 
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ratios. Increasing the CO2/CH4 ratio in the feed will raise the produced 
SCO2/F ratio (i.e., it will follow the sequence B < A < C). Similarly, 
increasing the H2S/CH4 ratio will increase the produced ratio (i.e., it will 
follow the sequence A < B < C). Fig. 11c shows that case C has the lowest 
V/F ratio compared to other two cases at similar operating conditions, 
this might be explained by the lowest CH4 composition in the feed 
compared to the other two cases (0.5 vs. 0.8). Furthermore, there was no 
clear relation between the feed compositions and the produced L/F 

phase ratios. 

4. Conclusions 

In this study, an empirical phase equilibrium correlation model 
based on Peng-Robinson equation of state (PR EoS) with fugacity ex
pressions was developed to describe the solid-fluid phase for the ternary 
system of CH4-CO2-H2S over a wide ranges of pressure (5–30 bars) and 

Fig. 10. Effects of temperature and pressure on the recovery of H2S in solid and 
liquid phases in Cases (a) A, (b) B and (c) C. Symbols (●) indicate the transition 
points between solid and liquid phases at each pressure. Different colors indi
cate pressure values as illustrated in the legends. 

Fig. 11. Effects of temperature and pressure on the V/F and SCO2/F phase 
ratios (solid and dashed lines, respectively) in Cases (a) A, (b) B and (c) C. 
Different colors indicate pressure values as illustrated in the legends. 
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temperature (130–200 K); and at different sets of feed compositions. The 
model was first tested on the binary systems CH4-CO2, CH4-H2S and CO2- 
H2S; and was found successful in predicting the corresponding solidifi
cation points and their compositions when optimizing the corresponding 
interaction parameters. Therefore, it was further expanded in a predic
tive manner to the ternary system CH4-CO2-H2S. The model’s pre
dictions for the solidification points for this ternary mixture with five 
different compositions were within the acceptable error limits (with an 
absolute mean deviation of 2.86 K in solidification temperature) when 
compared to the experimental data available in the literature. An 
equilibrium stage separation unit was used to study the separation of 
three different feed compositions of the ternary system CH4-CO2-H2S 
based on the model developed in this work. Overall, it was found that 
separation of CO2 improves when increasing the operating pressure up 
to 20 bar and decreases at higher temperatures. Similarly, the separation 
of H2S improves at higher pressures and decreases at elevated temper
atures. The recovery of CH4 was high over the entire operating condi
tions ranges, expect at high pressure (30 Bar) and temperature (190> K). 
The success of the model in predicting solid-fluid phase equilibria of this 
ternary system makes it a useful tool for engineers and researchers to 
understand the pertaining behaviors and design corresponding separa
tion processes for the natural gas industry. 

Authors’ contributions 

Hani Ababneh: Conceptualization, Investigation, Work Execution, 
Methodology, Software, Writing – original draft. Shaheen A. Al- 
Muhtaseb: Conceptualization, Investigation, Methodology, Supervi
sion, Validation, Writing - reviewing and editing. 

Availability of data and material 

All data generated or analyzed during this study are included in this 
article. 

Funding 

Not applicable. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The publication of this article was funded by the Qatar National 
Library. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jngse.2021.104120. 

References 

Babar, M., et al., 2019. Thermodynamic data for cryogenic carbon dioxide capture from 
natural gas: a review. Cryogenics 102, 85–104. https://doi.org/10.1016/j. 
cryogenics.2019.07.004. June.  

British Petroleum, 2020. Energy Outlook 2020. https://www.bp.com/content/dam/b 
p/business-sites/en/global/corporate/pdfs/energyeconomics/energy-outlook/bp-en 
ergy-outlook-2020.pdf. (Accessed 15 December 2020). 

Chapoy, A., Coquelet, C., Liu, H., Valtz, A., Tohidi, B., 2013. Vapour-liquid equilibrium 
data for the hydrogen sulphide (H2S)+carbon dioxide (CO2) system at temperatures 
from 258 to 313K. Fluid Phase Equil. 356, 223–228. https://doi.org/10.1016/j. 
fluid.2013.07.050. 

Cherif, H., 2016. Study and modeling of separation methods H2S from methane , 
selection of a method favoring H2S valorization. Univ. Paris Sci. Lett. 

Davis, J.A., Rodewald, N., Kurata, F., 1962. “Solid-liquid-vapor phase behavior of the 
methane-carbon dioxide system. AIChE J. 8 (4), 537–539. https://doi.org/10.1002/ 
aic.690080423. 

Donnelly, H.G., Katz, D.L., 1954. “Phase equilibria in the carbon dioxide–methane 
system. Ind. Eng. Chem. 46 (3), 511–517. https://doi.org/10.1021/ie50531a036. 

Holderbaum, T., Gmehling, J., 1991. PSRK: a Group contribution equation of state based 
on UNIFAC. Fluid Phase Equil. 70 (2), 251–265. https://doi.org/10.1016/0378- 
3812(91)85038-V. 
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