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Abstract: This work explored the influence of gas mole fraction and activity in aqueous phase while
predicting phase equilibrium conditions. In pure gas systems, such as CH4, CO2, N2 and O2, the gas
mole fraction in aqueous phase as one of phase equilibrium conditions was proposed, and a simplified
correlation of the gas mole fraction was established. The gas mole fraction threshold maintaining
three-phase equilibrium was obtained by phase equilibrium data regression. The UNIFAC model, the
predictive Soave-Redlich-Kwong equation and the Chen-Guo model were used to calculate aqueous
phase activity, the fugacity of gas and hydrate phase, respectively. It showed that the predicted phase
equilibrium pressures are in good agreement with published phase equilibrium experiment data,
and the percentage of Absolute Average Deviation Pressures are given. The water activity, gas mole
fraction in aqueous phase and the fugacity coefficient in vapor phase are discussed.
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1. Introduction

Gas hydrate is a non-stoichiometric crystalline compound, which consists of a lattice formed by
hydrogen bonds of water molecules as the host under high pressure and low temperature. Some gas
molecules, such as methane, nitrogen, carbon dioxide and propane, are as the guest firmly surrounded
by the crystal network formed by hydrogen bond of water molecules. The ice-like structure enables
and stabilizes the existence of gas hydrates at higher temperatures and elevated pressures. The guest
molecules must be of correct size to fit inside and stabilize the crystal lattice via weak van der Waals
forces with the host water molecules [1,2].

Gas hydrate technology can be applied in many applications, such as gas storage and
transportation [3], gas separation [4], refrigeration [5,6], etc. Meanwhile, in response to increasing
carbon emissions, the hydrate-based gas separation (HBGS) has attracted the interest of researchers
as an effective CO2 capture and storage (CCS) technology [7]. In the last couple of years, vast
quantities of natural gas hydrate in the permafrost and deep seabed was found, which is twice as
much as the amount of the other fossil fuels combined under a conservative estimate [8]; it makes
natural gas hydrate as a kind of potential energy possible. However, gas hydrates can block oil
and gas pipelines with high pressure and low temperature inside subsea oil and gas flow line [9].
Furthermore, the methane trapped in gas hydrates is a potent greenhouse gas [10]. In order to solve
these problems, scholars conducted a lot of studies and found that adding thermodynamic inhibitors
can effectively change the conditions of hydrate formation into higher pressure and lower temperature.
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On the contrary, the formation conditions of hydrate can be changed to lower pressure and higher
temperature by adding thermodynamic promoters. Regardless of whether inhibiting or promoting
hydrate formation, it is necessary to predict phase equilibrium conditions for the above-mentioned
applications, and it is important to use reliable and accurate predictive models for predicting hydrate
phase equilibria [11].

Among the gas hydrate predictive models of three-phase equilibrium, there are two common
thermodynamic prediction models for calculating the phase equilibrium conditions. One is the
classical statistical thermodynamic model of van der Waals and Platteeuw [12]. Some improved
models designed for the phase equilibrium conditions in distilled water and aqueous solutions were
proposed by Nasrifar et al. [13], Haghighi et al. [14], and Martin and Peters [15]. Another hydrate
model is the Chen-Guo model [16,17], based on equality of the fugacity in the hydrate and vapor
phases, which assumed the activity of water to be in unity and neglected the influence of gas solubility
in aqueous phase. However, the changes in water activity caused by the solubility of gases, especially
acid gases (e.g., carbon dioxide and hydrogen sulfide), and the addition of inhibitors/promoters
should not be ignored [18,19]. Therefore, a better precision activity of water in aqueous phase is
the key to improving the Chen-Guo model. Ma et al. [20,21] used the Patel–Teja equation of state
(PT EoS), coupled with the Kurihara mixing rule and the one-fluid mixing rule to calculate the
water activity in aqueous phase. Sun and Chen [18] combined the modified method introducing the
Debye–Hückel electrostatic contribution term with the PT EoS to predict the nonideality of aqueous
phase including ionic components. Liu et al. [22] built a simple correlation to calculate the activity
of water in methanol–water solutions of sour gases (CH4/CO2/H2S/N2), in which parameters were
determined from the phase equilibrium data. Moreover, among the models of aqueous phase activity,
the UNIQUAC model [23] and the modified UNIFAC model [24] were constantly used to calculate
aqueous phase. Delavar and Haghtalab [25,26] used the Chen-Guo and UNIQUAC models, referring
the Soave-Redlich-Kwong-Huron-Vidal equation of state (SRK-HV EoS) conjunction with the Henry’s
law, to calculate the gas hydrate formation conditions. Dehaghani and Karami [27] employed the
predictive Soave-Redlich-Kwong equation of state (PSRK-EoS) along with the modified Huron-Vidal
(MHV1) missing rule and UNIQUAC model to calculate fugacity and activity coefficient of water
in equilibrated fluid phases. Klauda and Sander [19,28] applied the modified UNIFAC model and
PSRK-EoS coupled with the classical mixing rules, and the results obtained were in good agreement
with the experimental data.

However, regardless of using UNIFAC or UNIQUAC model to calculate aqueous phase activity,
the gas mole fraction in aqueous phase must be obtained first. Thus, in previous literature [19,25–28],
Henry’s law was used to describe the gas solubility in aqueous phase, and the gas mole fraction in
aqueous phase relied on simultaneous Henry constants, the partial molar volume at infinite dilute
(presented by Heidemann and Prausnitz [29]) and vapor phase fugacity calculated by the equation of
state. It should be noted that both Henry’s law and the partial molar volume at infinite dilution are
defined on the basis of an imaginary ideal system. Furthermore, some parameters used in calculating
the Henry’s law constants and the partial molar volume at infinite dilution are also obtained by
regression under the assumed ideal state. As a result, when acid gases exist in the actual system, there
is a deviation in the water activity and the gas mole fraction in aqueous phase. Therefore, the gas mole
fraction in aqueous phase as a function of temperature and pressure is considered one of the factors
that influence the phase equilibrium conditions in this work.

In order to minimize the adverse impacts of the Henry’s law constants and infinite dilution partial
molar volumes on the hydrate equilibrium conditions prediction, we fitted a correlation of gas mole
fraction in aqueous phase according to experimental data. Moreover, the UNIFAC model [30–32] and
the correlation proposed in this work were employed to calculate the activity coefficient of aqueous
phase; PSRK [33–35] was used to calculate vapor phase fugacity, and the Chen-Guo model was used
to calculate the fugacity of the hydrate phase. These models not only alleviate empirically fitting the
intermolecular parameters required in the van der Waals and Platteeuw model but also avoid the
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calculation error of water activity caused by Henry’s law and the infinite dilution partial molar volume.
It is noteworthy that the framework proposed in this work only applied in the pure gas (such as CH4,
CO2, N2 or O2) and distilled water system; the mixed gas system and the additive system will be
further studied in future work. Finally, the results calculated are compared with the experimental data
in literatures, and the calculated fugacity coefficient of vapor phase and water activity are given.

2. Thermodynamic Framework

To predict the phase equilibrium conditions of gas hydrate, the iso-fugacity rule is used in the
three phases (vapor, water, and hydrate) and a fugacity approach is considered for both gas and
water as:

f H
i (z, T, P) = f L

i (x, T, P) = f V
i (y, T, P) (1)

where f H
i , f L

i and f V
i are the fugacity of component i including water in the hydrate, liquid and vapor

phases, respectively; z, x and y represent the mole fraction of component i in the hydrate, liquid and
vapor phases, respectively. The fugacity of water in hydrate phase, f H

w , is expressed as:

f H
w (T, P) = f MT

w (T)× exp
(
−∆µMT−L

w
RT

)
(2)

where f MT
w represents the fugacity of water in the hypothetical empty hydrate lattice and is assumed

equal to the saturated vapor pressure of the empty hydrate lattice [36]; −∆µMT−
L w is the chemical

potential difference calculated by the method of Holder et al. [37]; and R is the universal gas constant.

2.1. Thermodynamic Model of Vapor Phase

The PSRK group-contribution method is based on the SRK equation of state [38], which is used to
calculate the fugacity of components in vapor phase, as:

P =
RT

vm − b
− a

vm(vm − b)
(3)

where P and T are the system pressure and temperature, respectively; vm represents the mole volume,
which is obtained by solving the cubic equation derived from Equation (3), and the value is the same
as the largest real root of the equation [35]; a and b are parameters of PSRK.

The parameters ai and bi of pure component i can be calculated from the critical properties Tc,i
and Pc,i.

ai =
0.42748R2T2

c,i

Pc,i
f (T) (4a)

bi =
0.08664RTc,i

Pc,i
(4b)

f (T) =
[
1 + c1

(
1− T0.5

r

)]2
(5)

where Tr = T/Tc; the pure fluid parameter c1 is taken from the study of Holderbaum and Gmehling [35].
The PSRK mixing rule is written as:

a = b
[

RT ∑ yilnγi
A1

+ ∑ yi
ai
bi

+
RT
A1

∑ yiln
b
bi

]
(6)

b = ∑ yibi (7)

where γi stands for the activity coefficient of component i calculated by UNIFAC model; the
recommended value of A1 = −0.64663 in PSRK model. The activity coefficient γi is a correction factor
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that accounts for deviations of real systems from that of an ideal solution, which can be estimated from
chemical models (such as UNIFAC). Thus, the fugacity coefficient is given by:

ln ϕi =
bi
b
(z− 1)− ln

[
z
(

1− b
vm

)]
− σ ln(1 +

b
vm

) (8)

σ =
1

A1

(
lnγi + ln

b
bi

+
bi
b
− 1
)
+

ai
biRT

(9)

where ϕi is the fugacity coefficient of component i; z = Pvm/RT.

2.2. Thermodynamic Model of Hydrate Phase

Chen and Guo [16,17] proposed a two-step hydrate formation mechanism for gas hydrate
formation. The following two processes are considered simultaneously in the nucleation process
of hydrate: (1) A quasi-chemical reaction process to form basic hydrate, and (2) an adsorption process
of smaller gas molecules in the linked cavities of basic hydrate, which leads to the non-stoichiometric
property of hydrate. The model is expressed as:

f H
i = zi f 0

i

(
1−∑

j
θj

)α

(10)

where zi denotes the mole fraction of the basic hydrate formed by gas component i, and zi = 1 for
pure gas; θj represents the fraction of the linked cavities occupied by the gas component j; α is
the ratio of linked cavities and basic cavities [39], which equals 1/3 for sI hydrates and 2 for sII
hydrates, respectively.

∑
j

θj =
∑j f jcj

1 + ∑j f jcj
(11)

where fj denotes the fugacity of component j in vapor phase calculated by PSRK method; cj stands for
the rigorous Langmuir constant, which is calculated from the Lennard-Jones potential function.

In Equation (10), fi0 represents the fugacity of component i in vapor phase in equilibrium with the
unfilled pure basic hydrate i (∑θj = 0) [21]. According to the Chen-Guo model, it can be calculated as:

f 0
i = exp

(−∑j Aijθj

T

)[
A′iexp

(
B′i

T − C′i

)]
exp
(

βP
T

)
a
−1
λ2
w (12)

where Aij is the binary interaction coefficient which stands for the interplays between gas molecule i in
the basic hydrate and gas molecule j in the linked cavities. Ai

′, Bi
′ and Ci

′ are the Antoine constants,
as reported by Chen and Guo [17]. β is the function of water volume difference between that in the
unfilled basic hydrate phase and the water phase, and the large cavity number per water molecule [20],
β = 0.4242 K/bar for sI hydrates, β = 1.0224 K/bar for sII hydrates. aw is the activity of water in
aqueous phase, which is calculated by the UNIFAC method. For sI and sII hydrates, λ2 = 3/23 and
λ2 = 1/17, respectively.

2.3. Thermodynamic Model of Aqueous Phase

In order to calculate the activity coefficient of components in aqueous phase, the mole fraction of
each component in aqueous phase should be obtained first. Therefore, gas is also considered to be a
component in aqueous phase. The pressure-corrected Henry’s law is employed to calculate the mole
fraction of gas component in aqueous phase exclude water as:

f L
i (xi, T, P) = xL

i Hiexp

(
PVi

∞

RT

)
(13)
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where subscript i represents the gas component in aqueous phase; Hi is the Henry’s constant of
component i, given by the Krichevsky-Kasarnovsky correlation [36,40]; Vi

∞ is the infinite partial molar
volume of the component i in water, given by Heidemann and Prausnitz [29].

With the phase equilibrium, the gas mole fraction in aqueous phase can be calculated by the
correlation as:

xL
i =

f V
i (yi, T, P)

Hiexp( PVi
∞

RT )
(14)

Considering the presence of the additive, whether it is a promoter that raises the phase equilibrium
temperature (pressure) or an inhibitor that lowers the temperature (pressure), the components in the
liquid phase should be recalculated. Furthermore, Delavar and Haghtalab [25,26] point out that the
mole fraction of each component in aqueous phases can be calculated as:

ni =
xL

i (1− wt%)

Mi
(15)

np =
wt%
Mp

(16)

where i represents water and gas component; p represents the promoter (inhibitor); Mi and Mp are the
molecular weight of component i and the promoter (inhibitor); wt% stands for the weight percentage
of the promoter (inhibitor) in aqueous phase.

xi =
ni

∑ ni
(17)

where i represents water, gas components and the promoter (inhibitor); ni represents the mole fraction
of water, gas component and the promoter (inhibitor) in aqueous solutions of a unit mass.

The activity coefficient of the components in aqueous phase is calculated by UNIFAC
model [30–32], which consisting of the combinatorial and residual terms, as:

lnγi = lnγC
i + lnγR

i (18)

where γC
i and γR

i stand for the combinatorial term and residual term of component i, respectively. The
combinatorial term takes the different sizes and shapes of the molecules into account.

lnγC
i = ln

ψi
xi

+ 1− ψi
xi
− 1

2
Zqi(ln

ϕi
θi

+ 1− ϕi
θi
) (19)

ψi =
xir

2
3
i

∑j xjr
2
3
j

(20a)

ϕi =
xiri

∑j xjrj
(20b)

θi =
xiqi

∑j xjqj
(20c)

where Z = 10; j represents all components in aqueous phase; ϕi and θi are the volume and surface
area fraction of component i, respectively; ri and qi are the volume and surface area parameters of
component i, respectively. They are calculated by the van der Waals volumes Rk and surface areas Qk
of the individual group k using equations as follows:

ri = ∑
k

V(i)
k Rk (21a)
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qi = ∑
k

V(i)
k Qk (21b)

where V(i)
k is the number of group k in component i. The volume Rk parameters and surface areas

parameters Qk of group k are listed in Table 1.

Table 1. The UNIFAC group volume and surface-area parameters.

Main Group Sub Group Number Rk Qk

H2O H2O 4 1.506 1.732
CO2 CO2 56 2.592 2.522
CH4 CH4 57 2.244 2.312
O2 O2 58 1.764 1.910
N2 N2 60 1.868 1.970

The residual term of component i in Equation (18) is replaced by the solution-of-groups
concept [32] as:

lnγR
i = ∑

k
V(i)

k (lnΓk − lnΓ
(i)
k ) (22)

where k represents all groups in aqueous phase, including water; lnΓk stands for the residual activity
coefficient of functional group k; lnΓ

(i)
k is the residual activity coefficient of group k in the reference

solution containing only component i. Both lnΓk and lnΓ
(i)
k are calculated as:

lnΓk = Qk

[
1− ln

(
∑
m

θmΨmk

)
−∑

m

θmΨkm

∑n θnΨnm

]
(23)

θm =
QmXm

∑n QnXn
(24)

Xm =
∑m V(i)

m xi

∑j ∑k V(j)
k xj

(25)

where m and n are the summations cover different groups of all components in aqueous phase; i in
Equation (25) is the same as component i in Equation (22); θm and Xm are the surface area fraction
and the mole fraction of group m in the mixture, respectively. The group interaction parameter Ψnm

proposed by Sander et al. [30] is described as:

Ψnm = exp
(
−unm − umm

T

)
(26)

where unm and umm are the adjustable group interaction parameters (energy parameters). For each
group–group interaction, the two parameters have the relation of unm = umn. The gas–gas group
interaction-energy parameters unm and temperature range are given in Table 2.

Table 2. Gas–gas group interaction-energy parameters unm and temperature range.

Gas Temperature Range (K) Gas (56, 57, 58, 60) a

CO2 280–475 84.2
CH4 275–375 −80
O2 250–330 −260
N2 210–330 −250

a 56, 57, 58 and 60 are the group numbers of CO2, CH4, O2 and N2 in the UNIFAC group parameter list, respectively.
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In order to properly describe the temperature dependence gas solubility, the correlation proposed
by Sander et al. [30] has been used as follows:

ugas−water = u0 +
u1(
T
K

) (27)

where u0 and u1 are temperature-independent parameters, shown in Table 3.

Table 3. Constants for the calculation of gas–water interaction-energy parameters in the temperature
range 273–348K.

Gas u0 u1(×10−5)

CO2 980.1 −1.6895
CH4 1059.8 −2.3172
O2 1259.9 −3.0295
N2 1260.4 −2.7416

3. Calculation Procedure

The equations described above were solved using codes generated by MATLAB 2014b (MathWork,
Beijing, China). The calculation procedure to obtain the phase equilibrium conditions of gas hydrates
is summarized in the schematic flow diagram shown in Figure 1.Processes 2019, 7, 58 8 of 16 
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The percentage of the Average Absolute Deviation in Pressure (AADP) is calculated as:

AADP(%) = 100
N

∑
i=1

∣∣∣∣∣P
exp
i − Pcal

i

Pexp
i

∣∣∣∣∣/N (28)

where N is the number of experimental points; Pexp
i and Pcal

i stand for the experimental and calculated
pressure, respectively.

4. Results and Discussion

When using the UNIFAC model to calculate the activity of gas components, the mole gas fraction
in aqueous phase needs to be obtained first. Thus, the Henryconstant Hi and the infinitely diluted
partial molar volume Vi

∞ are employed to calculate the gas mole fraction in aqueous phase. Heidemann
and Prausnitz [29] provided a correlation for solving Vi

∞ as follows:

Pc,iVi
∞

RTc,i
= 0.095 + 2.35

(
TPc,i

c11Tc,i

)
(29)

c11 =

(
h0 − hs − Ps

wvs
w + RT

)
vs

w
(30)

where c11 represents the cohesive energy for water, which was evaluated at each temperature from
thermodynamic properties tabulated; h0 is the molar enthalpy at the given temperature but at zero
pressure, and vs

w is the molar volume of the saturated liquid [29].
However, it is not convenient to get the infinitely diluted partial molar volume of gas in the

actual system by the parameters regressed from the assumed ideal state system, especially in the
industrial application. Moreover, the parameters are not available for a liquid of unknown components.
Therefore, as one of the factors affecting the formation of gas hydrate, the gas mole fraction in aqueous
phase cannot be obtained accurately.

As seen from Equation (14), when gas type was given, the gas mole fraction in aqueous phase is
only a function of temperature and pressure in phase equilibrium. Furthermore, the gas mole fraction
in aqueous phase should be a fixed value in the three-phase equilibrium, which is related to the phase
equilibrium temperature and pressure. Therefore, when the equilibrium temperature and pressure are
given, the gas mole fraction in aqueous phase can be found by interval search using the framework
mentioned in this work. Remarkably, in the process of numerical calculation, due to the unreasonable
search step length and the inevitable error of experimental data, a set of phase equilibrium temperature
and pressure may correspond to multiple gas mole fraction values. In this case, the average of these
values can be taken as the gas mole fraction in aqueous phase under the phase equilibrium. As a result,
the correlation of the gas mole fraction in aqueous phase is fitted by temperature and pressure, which
is determined by the experimental data and defined as:

xi = a + b× T + c× P (31)

where a, b and c are constants for gas component i + water system, given in Table 4.

Table 4. Parameters for the correlation of the gas mole fraction in aqueous phase.

Guests a b (×105) c (×107) Np R-Square

CH4 0.01713 −2.58066 −24.6488 500 0.99924
CO2 0.00454 0.403588 −49.4532 200 0.89458
N2 0.0226 −5.50785 1.49362 409 1
O2 0.02468 −5.90016 1.33948 200 0.99999
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Table 5. The phase equilibrium pressure and temperature range of experimental data and the Average
Absolute Deviation in Pressure (AADP) for predicted results.

Guests Temperature (K) P-Range (bar) Np Reference AADP (%)

CH4
273.27–289.9 26.33–159.52 66 [41] 1.0634
276.81–281.3 37.79–62.02 5 This work 1.6317

CO2 270.15–283.15 10.19–45.05 41 [42] 1.5911

N2

273.15–291.05 160.09–958.53 34 [43] 1.0224
274.55–283.05 190.93–453.55 3 [44] 1.4142
279.30–284.00 303.00–500.00 3 [45] 1.5697

O2

273.15 121.50 1 [43] 1.6786
273.78–284.55 138.21–441.30 4 [44] 1.8001
286.27–291.18 527.13–953.65 6 [46] 0.9462

Although the correlation of the gas mole fraction in aqueous phase is simple and is multivariate
linear form, its precision and calculation accuracy are satisfactory. The number of data points used in
fitting Equation (31) and the R-Square are given in Table 4.

As shown in Figure 2, there are two kinds of tendencies for the fugacity coefficient in methane
system with the increase of temperature. First, when the temperature is lower than 286.5 K, the fugacity
coefficient decreases with the increase of temperature, which has the same tendency with the fugacity
coefficient in the carbon dioxide system, although the reduction rate is smaller. On the other hand,
when the temperature is higher than 286.5 K, the fugacity coefficient increases exponentially with
the temperature increment, which can also be seen in nitrogen and oxygen systems, as displayed
in Figure 2. It should be pointed out that the fugacity coefficient decreases with the temperature
increment in carbon dioxide system. This indicates that carbon dioxide is more likely to yield to
pressure when the temperature is below the critical temperature. Moreover, the exponential growth of
the fugacity coefficient in the N2 and O2 systems is mainly related to the temperature increment.
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Figure 2. The fugacity coefficient of CH4, CO2, N2 and O2 in vapor phase.

The mole fraction of CH4, CO2, N2 and O2 in aqueous phase under phase equilibrium condition
is shown in Figures 3–5. In this work, the gas mole fraction was considered as one of the factors
affecting the phase equilibrium. It represents the ratio of the number of gas molecules maintaining the
three-phase equilibrium to the number of all molecules in aqueous phase.
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In Figures 3–5, under phase equilibrium condition, the gas mole fraction in aqueous phase
decrease with temperature increment, and all the changing ranges are less than 1 × 10−3. Therefore,
there may exist a threshold value for the gas mole fraction in aqueous phase. In other words the hydrate
will form when the gas mole fraction in aqueous phase reaches a certain threshold value. Furthermore,
for methane hydrate, the results in this work are in agreement with the views of Walsh et al. [47] and
Guo and Rodger [48]. Walsh et al. suggested that the threshold value of gas mole fraction triggering
hydrate formation calculated by the molecular dynamics (MD) simulation was 1.5 × 10−3. The
threshold value is a reasonable explanation for reducing the temperature or increasing the pressure,
which could effectively promote the formation of hydrate. This is because lowering the temperature or
increasing the pressure will enhance the gas dissolution, which in turn causes the gas mole fraction in
aqueous phase exceeding the threshold value, then hydrate forms.
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In particular, although carbon dioxide has a large solubility in water, the mole fraction of carbon
dioxide calculated in this work is not very large under phase equilibrium, as shown in Figure 4. It
implied that the total number of carbon dioxide gas molecules in aqueous phase for maintaining the
three-phase equilibrium is not large, and it may be much smaller than the sum of the gas molecules
dissolved in the water. This is mainly because part of carbon dioxide gas molecules dissolved in water



Processes 2019, 7, 58 11 of 15

turn into carbonic acid, thus reducing the amount of carbon dioxide gas molecules existing in water.
Meanwhile, the pH of aqueous phase will be changed, and affecting the activity of the water and phase
equilibrium conditions.
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In Figure 3, water activity increases with the increase of temperature, in the methane system,
reaching a maximum value of 0.985 when the temperature is about 278 K, and then decreases rapidly
with the increase of temperature. The general variation trend of the water activity in carbon dioxide
system is similar to that of methane system, as seen in Figure 4. In addition, the water activity of
the CO2 system reached its maximum value at about 279.5 K. However, the maximum water activity
in the CO2 system is only about 0.5658, which is probably because of the effect of the carbonic acid.
Nevertheless, the activity of water in aqueous phase decreases almost linearly with temperature
increase in nitrogen and oxygen systems, as shown in Figure 5.

Figures 6 and 7 show the experimental and predicted phase equilibrium conditions for the single
gas hydrate systems. The temperature range, pressure range and AADP (%) are listed in Table 5.

Processes 2019, 7, 58 12 of 16 

 

three-phase equilibrium is not large, and it may be much smaller than the sum of the gas molecules 
dissolved in the water. This is mainly because part of carbon dioxide gas molecules dissolved in water 
turn into carbonic acid, thus reducing the amount of carbon dioxide gas molecules existing in water. 
Meanwhile, the pH of aqueous phase will be changed, and affecting the activity of the water and 
phase equilibrium conditions. 

In Figure 3, water activity increases with the increase of temperature, in the methane system, 
reaching a maximum value of 0.985 when the temperature is about 278 K, and then decreases rapidly 
with the increase of temperature. The general variation trend of the water activity in carbon dioxide 
system is similar to that of methane system, as seen in Figure 4. In addition, the water activity of the 
CO2 system reached its maximum value at about 279.5 K. However, the maximum water activity in 
the CO2 system is only about 0.5658, which is probably because of the effect of the carbonic acid. 
Nevertheless, the activity of water in aqueous phase decreases almost linearly with temperature 
increase in nitrogen and oxygen systems, as shown in Figure 5. 

Figure 6 and Figure 7 show the experimental and predicted phase equilibrium conditions for the 
single gas hydrate systems. The temperature range, pressure range and AADP (%) are listed in Table 5. 

 

Figure 6. Experimental and predicted phase equilibrium conditions for CH4/CO2 + water systems. 
Sloan [41], squares □; Ma et al. [42], triangles ∆; t ○his work, circles . 

 

Figure 7. Experimental and predicted phase equilibrium conditions for N2/O2 + water systems. van 
Cleeff and Diepen [43], squares □, ■; Mohammadi et al. [44], triangles ▲,▽; Duc et al. [45], stars ★; 
van Cleeff and Diepen [46], circles ○. 

270 272 274 276 278 280 282 284 286 288 290 292
0

20

40

60

80

100

120

140

160

180

Pr
es

su
re

 (b
ar

)

Temperature (K)

 Exp.pure CH4 [41]
 Exp.pure CH4 this work
 Cal.CH4

 Exp.pure CO2 [42]
 Cal.CO2

272 274 276 278 280 282 284 286 288 290 292
0

200

400

600

800

1000
 Exp.pure N2 [43] 
 Exp.pure N2 [44]
 Exp.pure N2 [45]
 Calc.N2

 Exp.pure O2 [43]
 Exp.pure O2 [44]
 Exp.pure O2 [46]
 Calc.O2

Pr
es

su
re

 (b
ar

)

Temperature (K)

Figure 6. Experimental and predicted phase equilibrium conditions for CH4/CO2 + water systems.
Sloan [41], squares �; Ma et al. [42], triangles ∆; this work, circles #.

Figure 6 shows the experimental and predicted phase equilibrium pressures for CH4 and CO2. It
can be seen the predicted results for all the gas systems are in excellent agreement with the experimental
data. It should be noted that the type of carbon dioxide hydrate structure was set to sI, and, because
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the carbon dioxide gas molecule is too big to be encaged in the linked cavities, the filling rate of the
gas molecules in the linked cavities, θj, was set to 0, as described by Chen and Guo [16].
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The experimental and predicted phase equilibrium pressures for N2 and O2 are displayed in
Figure 7. The predicted phase equilibrium pressures are in good agreement with the experiment. It
is especially noteworthy that, when calculating oxygen and nitrogen hydrate, the hydrate structure
was set to sII, which was based on the ideas proposed by Chen and Guo [16]. This is because the gas
molecules of N2 and O2 are small and have a high filling rate in the connected cavities.

The gas mole fraction in Figure 8 was obtained by inverse phase equilibrium data using the
framework proposed in this work. The gas mole fraction threshold value for maintaining the
three-phase equilibrium state is different to the critical gas concentration. The gas mole fraction
threshold value calculated in this work does not contradict the critical gas concentration proposed by
Zhang et al. [49]. They pointed out that there is a critical gas concentration in aqueous phase that can
spontaneously nucleate in the induction period, and the critical gas concentration is calculated by the
total amount of carbon dioxide consumed in vapor phase until hydrate nucleation.
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Figure 8. The experimental data and the mole fraction of carbon dioxide in aqueous phase for CO2 +
water systems under the phase equilibrium. The experimental data were reported by Ma et al. [42].
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However, the phase equilibrium data cited in this work were recorded at the end of decomposition
rather than in the preliminary stage of nucleation. Gas molecules entrapped in hydrate cage cannot
be released totally, which was owing to memory effect [50]. Moreover, there theoretically exists a
concentration difference as a force in mass transfer during hydrate nucleation and decomposition.
Therefore, the gas mole fraction threshold value calculated in this work is less than the critical
gas concentration.

In Figure 8, the threshold value of gas mole fraction achieves a maximum of 5.61 × 10−3 at 0 ◦C.
A possible reason is that part of carbon dioxide molecules in aqueous phase react with water to form
carbonic acid. When the temperature is above 0 ◦C and below 0 ◦C, the pressure increment and
the temperature decrement become a dominant factor that results in more stability for the carbonic
acid and less solubility of carbon dioxide, respectively. However, this analysis should be proved by
further study.

Furthermore, since the correlation of gas mole fraction fitted in this work is a multivariate linear
form, the trend of the gas mole fractions in Figures 4 and 8 are different. Therefore, a large number of
accurate and reliable experiment data can effectively improve the prediction accuracy of the model in
this work.

5. Conclusions

In this work, the Chen-Guo model coupled with the PSRK method were employed to predict
phase equilibrium conditions of CH4, CO2, N2 or O2 in pure water systems. The gas mole fraction in
aqueous phase is one of the factors that affect the phase equilibrium of gas hydrate proposed in this
work. The gas mole fraction threshold value maintaining the three-phase equilibrium was obtained by
reversed phase equilibrium data. Meanwhile, in order to obtain the water activity in aqueous phase,
the correlation of the gas mole fraction threshold value in aqueous phase was fitted though UNIFAC
model. The calculated water activity can effectively improve the accuracy of the prediction results,
and the predicted results of this work are in good agreement with the experimental data reported in
the references.

Author Contributions: conceptualization, W.Z. and Y.Z.; methodology, W.Z. and H.W.; software, H.W.;
data curation, X.G.; project administration, Y.Z.; resources, Y.Z., writing—original draft preparation, W.Z..;
writing—review and editing, J.W. and R.W.

Funding: This research was funded by the Young Teacher Capacity Improvement Fund of Henan Polytechnic
University, grant number TM2017/02.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sloan, E.D.; Koh, C.A. Clathrate Hydrates of Natural Gas, 3rd ed.; Chemical Industries, CRC Press, Taylor &
Francis Group: Boca Raton, FL, USA, 2008.

2. Carroll, J.J. Natural Gas Hydrates: A Guide for Engineers; Gulf Professional Publishing: Houston, TX, USA, 2009.
3. Abdi-Khanghah, M.; Adelizadeh, M.; Naserzadeh, Z.; Barati, H.; Zhang, Z. Methane hydrate formation in

the presence of ZnO nanoparticle and SDS: Application to transportation and storage. J. Nat. Gas Sci. Eng.
2018, 54, 120–130. [CrossRef]

4. Aaron, D.; Tsouris, C. Separation of CO2 from Flue Gas: A Review. Sep. Sci. Technol. 2005, 40, 321–348.
[CrossRef]

5. Ogawa, T.; Ito, T.; Watanabe, K.; Tahara, K.-I.; Hiraoka, R.; Ochiai, J.-I.; Ohmura, R.; Mori, Y.H. Development
of a novel hydrate-based refrigeration system: A preliminary overview. Appl. Therm. Eng. 2006, 26,
2157–2167. [CrossRef]

6. Wang, X.; Dennis, M.; Hou, L. Clathrate hydrate technology for cold storage in air conditioning systems.
Renew. Sustain. Energy Rev. 2014, 36, 34–51. [CrossRef]

7. Xu, C.-G.; Li, X.-S. Research progress of hydrate-based CO2 separation and capture from gas mixtures.
RSC Adv. 2014, 4, 18301–18316. [CrossRef]

http://dx.doi.org/10.1016/j.jngse.2018.04.005
http://dx.doi.org/10.1081/SS-200042244
http://dx.doi.org/10.1016/j.applthermaleng.2006.04.003
http://dx.doi.org/10.1016/j.rser.2014.04.032
http://dx.doi.org/10.1039/C4RA00611A


Processes 2019, 7, 58 14 of 15

8. Pan, Z.; Liu, Z.; Zhang, Z.; Shang, L.; Ma, S. Effect of silica sand size and saturation on methane hydrate
formation in the presence of SDS. J. Nat. Gas Sci. Eng. 2018, 56, 266–280. [CrossRef]

9. Khan, M.N.; Warrier, P.; Peters, C.J.; Koh, C.A. Review of vapor-liquid equilibria of gas hydrate formers and
phase equilibria of hydrates. J. Nat. Gas Sci. Eng. 2016, 35, 1388–1404. [CrossRef]

10. Taylor, F.W. The greenhouse effect and climate change. Rep. Prog. Phys. 1991, 54, 881. [CrossRef]
11. Zhao, W.-L.; Zhong, D.-L.; Yang, C. Prediction of phase equilibrium conditions for gas hydrates formed in

the presence of cyclopentane or cyclohexane. Fluid Phase Equilib. 2016, 427, 82–89. [CrossRef]
12. van der Waals, J.H.; Platteeuw, J.C. Clathrate solutions. In Advances in Chemical Physics; Interscience

Publishers Inc.: New York, NY, USA, 1959.
13. Nasrifar, K.; Moshfeghian, M.; Maddox, R.N. Prediction of equilibrium conditions for gas hydrate formation

in the mixtures of both electrolytes and alcohol. Fluid Phase Equilib. 1998, 146, 1–13. [CrossRef]
14. Haghighi, H.; Chapoy, A.; Burgess, R.; Mazloum, S.; Tohidi, B. Phase equilibria for petroleum reservoir fluids

containing water and aqueous methanol solutions: Experimental measurements and modelling using the
CPA equation of state. Fluid Phase Equilib. 2009, 278, 109–116. [CrossRef]

15. Martin, A.; Peters, C.J. Thermodynamic Modeling of Promoted Structure II Clathrate Hydrates of Hydrogen.
J. Phys. Chem. B. 2009, 113, 7548–7557. [CrossRef] [PubMed]

16. Chen, G.J.; Guo, T.M. Thermodynamic modeling of hydrate formation based on new concepts. Fluid Phase
Equilib. 1996, 122, 43–65. [CrossRef]

17. Chen, G.J.; Guo, T.M. A new approach to gas hydrate modelling. Chem. Eng. J. 1998, 71, 141–151. [CrossRef]
18. Sun, C.Y.; Chen, G.J. Modelling the hydrate formation condition for sour gas and mixtures. Chem. Eng. Sci.

2005, 60, 4879–4885. [CrossRef]
19. Klauda, J.B.; Sandler, S.I. Phase behavior of clathrate hydrates: A model for single and multiple gas

component hydrates. Chem. Eng. Sci. 2003, 58, 27–41. [CrossRef]
20. Ma, Q.L.; Chen, G.J.; Sun, C.Y.; Yang, L.Y.; Liu, B. Predictions of hydrate formation for systems containing

hydrogen. Fluid Phase Equilib. 2013, 358, 290–295. [CrossRef]
21. Ma, Q.L.; Chen, G.J.; Guo, T.M. Modelling the gas hydrate formation of inhibitor containing systems. Fluid

Phase Equilib. 2003, 205, 291–302. [CrossRef]
22. Liu, H.; Guo, P.; Du, J.; Wang, Z.; Chen, G.; Li, Y. Experiments and modeling of hydrate phase equilibrium

of CH4/CO2/H2S/N2 quaternary sour gases in distilled water and methanol-water solutions. Fluid Phase
Equilib. 2017, 432, 10–17. [CrossRef]

23. Abrams, D.S.; Prausnitz, J.M. Statistical thermodynamics of liquid mixtures: A new expression for the excess
Gibbs energy of partly or completely miscible systems. Aiche J. 2010, 21, 116–128. [CrossRef]

24. Weidlich, U.; Gmehling, J. A modified UNIFAC model. 1. Prediction of VLE, hE, and .gamma..infin. Ind. Eng.
Chem. Res. 1987, 26, 1372–1381. [CrossRef]

25. Delavar, H.; Haghtalab, A. Prediction of hydrate formation conditions using GE-EOS and UNIQUAC models
for pure and mixed-gas systems. Fluid Phase Equilib. 2014, 369, 1–12. [CrossRef]

26. Delavar, H.; Haghtalab, A. Thermodynamic modeling of gas hydrate formation conditions in the presence of
organic inhibitors, salts and their mixtures using UNIQUAC model. Fluid Phase Equilib. 2015, 394, 101–117.
[CrossRef]

27. Dehaghani, A.H.S.; Karami, B. A new predictive thermodynamic framework for phase behavior of gas
hydrate. Fuel 2018, 216, 796–809. [CrossRef]

28. Klauda, J.B.; Sander, S.T. A Fugacity Model for Gas Hydrate Phase Equilibria. Ind. Eng. Chem. Res. 2000, 39,
3377–3386. [CrossRef]

29. Heidemann, R.A.; Prausnitz, J.M. Equilibrium Data for Wet-Air Oxidation. Water Content and
Thermodynamic Properties of Saturated Combustion Gases. Ind. Eng. Chem. Process Des. Dev. 1977,
16, 375–381. [CrossRef]

30. Sander, B.; Skjold-Jørgensen, S.; Rasmussen, P. Gas solubility calculations. I. Unifac. Fluid Phase Equilib. 1983,
11, 105–126. [CrossRef]

31. Fredenslund, A.; Gmehling, J.; Rasmussen, P. Vapor-liquid equilibria using UNIFAC: A group contribution
method. Fluid Phase Equilib. 1977, 1, 317.

32. Fredenslund, A.; Jones, R.L.; Prausnitz, J.M. Group contribution estimation of activity coefficients in nonideal
liquid mixtures. AIChE J. 1975, 21, 1086–1099. [CrossRef]

http://dx.doi.org/10.1016/j.jngse.2018.06.018
http://dx.doi.org/10.1016/j.jngse.2016.06.043
http://dx.doi.org/10.1088/0034-4885/54/6/002
http://dx.doi.org/10.1016/j.fluid.2016.06.044
http://dx.doi.org/10.1016/S0378-3812(98)00229-5
http://dx.doi.org/10.1016/j.fluid.2009.01.009
http://dx.doi.org/10.1021/jp807367j
http://www.ncbi.nlm.nih.gov/pubmed/19400570
http://dx.doi.org/10.1016/0378-3812(96)03032-4
http://dx.doi.org/10.1016/S1385-8947(98)00126-0
http://dx.doi.org/10.1016/j.ces.2005.04.013
http://dx.doi.org/10.1016/S0009-2509(02)00435-9
http://dx.doi.org/10.1016/j.fluid.2013.08.019
http://dx.doi.org/10.1016/S0378-3812(02)00295-9
http://dx.doi.org/10.1016/j.fluid.2016.10.019
http://dx.doi.org/10.1002/aic.690210115
http://dx.doi.org/10.1021/ie00067a018
http://dx.doi.org/10.1016/j.fluid.2014.02.009
http://dx.doi.org/10.1016/j.fluid.2015.03.008
http://dx.doi.org/10.1016/j.fuel.2017.11.128
http://dx.doi.org/10.1021/ie000322b
http://dx.doi.org/10.1021/i260063a023
http://dx.doi.org/10.1016/0378-3812(83)80052-1
http://dx.doi.org/10.1002/aic.690210607


Processes 2019, 7, 58 15 of 15

33. Gmehling, J.; Li, J.; Fischer, K. Further development of the PSRK model for the prediction of gas solubilities
and vapor-liquid-equilibria at low and high pressures II. Fluid Phase Equilib. 1997, 141, 113–127. [CrossRef]

34. Fischer, K.; Gmehling, J. Further development, status and results of the PSRK method for the prediction of
vapor-liquid equilibria and gas solubilities. Fluid Phase Equilib. 1996, 121, 185–206. [CrossRef]

35. Holderbaum, T.; Gmehling, J. PSRK: A group contribution equation based on UNIFAC. Fluid Phase Equilib.
1991, 70, 251–265. [CrossRef]

36. Sloan, E.D., Jr. Clathrate Hydrates of Natural Gases, 2nd ed.; CRC Press: New York, NY, USA, 1998.
37. Holder, G.D.; Corbin, G.; Papadopoulos, K.D. Thermodynamic and Molecular Properties of Gas Hydrates

from Mixtures Containing Methane, Argon, and Krypton. Ind. Eng. Chem. Fundam. 1980, 19, 282–286.
[CrossRef]

38. Soave, G. Equilibrium constants from a modified Redlich-Kwong equation of state. Chem. Eng. Sci. 1972, 27,
1197–1203. [CrossRef]

39. Sun, Q.; Guo, X.; Chapman, W.G.; Liu, A.; Yang, L.; Zhang, J. Vapor–hydrate two-phase and
vapor–liquid–hydrate three-phase equilibrium calculation of THF/CH4/N2 hydrates. Fluid Phase Equilib.
2015, 401, 70–76. [CrossRef]

40. Krichevsky, I.R.; Kasarnovsky, J.S. Thermodynamical Calculations of Solubilities of Nitrogen and Hydrogen
in Water at High Pressures. J. Am. Chem. Soc. 1935, 57, 2168–2171. [CrossRef]

41. Sloan, E.D. Clathrate Hydrates of Natural Gas; M. Dekker: New York, NY, USA, 2007.
42. Ma, Z.W.; Zhang, P.; Bao, H.S.; Deng, S. Review of fundamental properties of CO2 hydrates and CO2 capture

and separation using hydration method. Renew. Sustain. Energy Rev. 2016, 53, 1273–1302. [CrossRef]
43. Van Cleeff, A.; Diepen, G.A.M. Gas hydrate of nitrogen and oxygen. Recueil des Travaux Chimiques des

Pays-Bas 1960, 79, 582–586. [CrossRef]
44. Mohammadi, A.H.; Tohidi, B.; Burgass, R.W. Equilibrium Data and Thermodynamic Modeling of Nitrogen,

Oxygen, and Air Clathrate Hydrates. J. Chem. Eng. Data 2003, 48, 612–616. [CrossRef]
45. Duc, N.H.; Chauvy, F.; Herri, J.-M. CO2 capture by hydrate crystallization—A potential solution for gas

emission of steelmaking industry. Energy Convers. Manag. 2007, 48, 1313–1322. [CrossRef]
46. Van Cleeff, A.; Diepen, G.A.M. Gas Hydrates of Nitrogen and Oxygen. II. Recueil des Travaux Chimiques des

Pays–Bas 1965, 84, 1085–1093. [CrossRef]
47. Walsh, M.R.; Beckham, G.T.; Koh, C.A.; Sloan, E.D.; Wu, D.T.; Sum, A.K. Methane Hydrate Nucleation Rates

from Molecular Dynamics Simulations: Effects of Aqueous Methane Concentration, Interfacial Curvature,
and System Size. J. Phys. Chem. C 2011, 115, 21241–21248. [CrossRef]

48. Guo, G.J.; Rodger, P.M. Solubility of aqueous methane under metastable conditions: Implications for gas
hydrate nucleation. J. Phys. Chem. B 2013, 117, 6498–6504. [CrossRef] [PubMed]

49. Zhang, P.; Wu, Q.; Mu, C.; Chen, X. Nucleation Mechanisms of CO2 Hydrate Reflected by Gas Solubility.
Sci. Rep. 2018, 8, 10441. [CrossRef] [PubMed]

50. Wu, Q.; Zhang, B. Memory effect on the pressure-temperature condition and induction time of gas hydrate
nucleation. J. Nat. Gas Chem. 2010, 19, 446–451. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0378-3812(97)00204-5
http://dx.doi.org/10.1016/0378-3812(95)02792-0
http://dx.doi.org/10.1016/0378-3812(91)85038-V
http://dx.doi.org/10.1021/i160075a008
http://dx.doi.org/10.1016/0009-2509(72)80096-4
http://dx.doi.org/10.1016/j.fluid.2015.05.024
http://dx.doi.org/10.1021/ja01314a036
http://dx.doi.org/10.1016/j.rser.2015.09.076
http://dx.doi.org/10.1002/recl.19600790606
http://dx.doi.org/10.1021/je025608x
http://dx.doi.org/10.1016/j.enconman.2006.09.024
http://dx.doi.org/10.1002/recl.19650840815
http://dx.doi.org/10.1021/jp206483q
http://dx.doi.org/10.1021/jp3117215
http://www.ncbi.nlm.nih.gov/pubmed/23639139
http://dx.doi.org/10.1038/s41598-018-28555-y
http://www.ncbi.nlm.nih.gov/pubmed/29992972
http://dx.doi.org/10.1016/S1003-9953(09)60086-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Thermodynamic Framework 
	Thermodynamic Model of Vapor Phase 
	Thermodynamic Model of Hydrate Phase 
	Thermodynamic Model of Aqueous Phase 

	Calculation Procedure 
	Results and Discussion 
	Conclusions 
	References

