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A B S T R A C T

An equation of state (EOS) explicit in Helmholtz free energy has been developed to calculate the vapor-liquid
equilibrium (VLE) and pressure-volume-temperature-composition (PVTx) properties of the H2SeH2O fluid
mixture. This EOS, where five mixing parameters are used, is based on the highly accurate EOSs of pure H2S and
H2O fluids, and contains a simple departure function. Compared to reliable experimental data available, the
average absolute deviations of H2S solubility in liquid phase, water content in vapor phase, and liquid density of
the H2SeH2O system are 3.88%, 5.03% and 0.20%, respectively. The EOS of the H2SeH2O fluid mixture, to-
gether with the Pitzer activity coefficient of H2S in aqueous NaCl solution from previous study, can be used to
predict the H2S solubility in aqueous NaCl solution with an average absolute deviation of 7.52%. The water
content of vapor phase in the H2SeH2OeNaCl system can be reproduced with the fluid EOS of H2SeH2O system
by a fugacity-activity method within experimental uncertainties. The fluid EOS of H2SeH2O system, combined
with the Helmholtz free energy EOS of H2OeNaCl fluid mixture, can predict the PVTx properties of the
H2SeH2OeNaCl mixture without using additional mixing parameters. The developed EOS can be safely used
under the conditions of CO2 capture and sequestration (273–473 K, 0–400 bar and 0–6mol kg−1), beyond which
the EOS also has some extrapolated ability. The computer codes are in the supplemental data and can be
downloaded from Applied Geochemistry or obtained from the corresponding author.

1. Introduction

H2S is one of important acid gases, which has been frequently re-
ported as one of the components of natural gases (Li et al., 2005;
Worden et al., 1995) and fluid inclusions in the host minerals (Cai et al.,
2015; Giuliani et al., 2003). Sulfur-based compounds (H2S and SOx)
have always been found with CO2 (the major greenhouse gas) in flue
gases generated from power plants and other large-scale industrial
processes. To reduce the emission of greenhouse gases, deep saline
formations approximated by the NaCleH2O system have been regarded
as the best storage option for their high potential capacity (Emami-
Meybodi et al., 2015; Firoozabadi and Myint, 2010; Jafari Raad and
Hassanzadeh, 2017), and the co-injection of both CO2 and H2S into
deep saline formations will reduce the costs of CO2 capture and se-
questration (CCS) (Gunter et al., 2000; Knauss et al., 2005). Therefore,
knowledge of the vapor-liquid equilibrium (VLE) and pressure-volume-
temperature-composition (PVTx) properties of the H2SeH2O and

H2SeH2OeNaCl systems under conditions of CCS (generally below
473 K and 300 bar) is an indispensable step to assess the safety and cost
benefit before the co-sequestration of CO2 and H2S in deep saline for-
mations.

Since the last century, many experimental data have been reported
for the VLE properties of the H2SeH2O and H2SeH2OeNaCl systems,
but the PVTx data are very scarce for the H2SeH2O system and no
experimental volumetric data have been found for the H2SeH2OeNaCl
system (Table 1). The VLE data are still scattered, and most of them
cover a limited pressure-temperature-composition (P-T-x) space, in-
convenient to use. Therefore, theorists devoted extensive efforts to
modeling the VLE and/or PVTx properties of the H2SeH2O and
H2SeH2OeNaCl systems so as to interpolate among experimental data
points or extrapolate beyond the data range (Table 2).

Dubessy et al. (2005) presented an asymmetric model to calculate
the VLE properties of the H2SeH2OeNaCl system up to 523 K and 6
molality of NaCl, which is based on a cubic equation of state (EOS) for
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the descriptions of vapor phase and the Henry's and Raoult's laws for
the descriptions of liquid phase, but this model is valid to 150 bar. Duan
et al. (2007) developed a model based on a virial EOS of H2S and the
Pitzer electrolyte theory to predict H2S solubility in pure water and
aqueous NaCl solution (273–500 K, 0–200 bar and 0–6 molality of NaCl
in water). However, the model cannot calculate the water content of
vapor phase. Perfetti et al. (2008) proposed a cubic plus association
(CPA) EOS together with the mean spherical approximation theory to
model the phase equilibria of the H2SeH2O system, but the valid T-P

range is limited to 333–453 K and 0–120 bar. Li and Firoozabadi (2009)
developed a CPA EOS to calculate the VLE properties of the H2SeH2O
system with a valid T-P range of 310–589 K, and 1–210 bar, which can
well predict the water content of the H2S-rich vapor or liquid phase.
Tsivintzelis et al. (2010) proposed a CPA EOS to model the phase
equilibria for acid gases including the H2SeH2O system with a valid T-P
range of 310.9–444.3 K, and 1–210 bar. dos Ramos and McCabe (2010)
developed a statistical associating fluid theory (SAFT) EOS with the
generalized mean spherical approximation (GSMA) to model the VLE
properties of the H2SeH2O system, covering a wide T-P range of
200–603 K and 0–600 bar. Ji and Zhu (2010, 2012) established a SAFT
EOS to predict the VLE and PVTx properties of the H2SeH2O and
H2SeH2OeNaCl systems with a valid T-P-mNaCl (molality of NaCl in
water) range of 273–673 K, 0–300 bar and 0–6mol kg−1. Kunz and
Wagner (2012) developed a Helmholtz free energy EOS (GERG-2008)
for natural gases and other mixtures including the H2SeH2O system.
However, the H2SeH2O system was treated as an ideal mixture, so this
EOS shows large pressure deviations at VLE. Zirrahi et al. (2012) pre-
sented a model coupled with the Henry's law approach for the phase
equilibrium properties of the H2SeH2OeNaCl system, but the highest
valid temperature is limited to 393 K. Bacon et al. (2014) developed a
phase-equilibrium model for the H2SeH2OeNaCl system by a cubic
EOS and two sets of different parameters for the vapor and liquid
phases, whose form is similar to that of Soreide and Whitson (1992)
(SW model). However, the valid salinity of the model is limited to
2mol kg−1. Based on the modification of the binary interaction para-
meters for aqueous phase in the SW model, Li et al. (2015) developed a
cubic EOS for the phase equilibria of the H2SeH2OeNaCl system, but

Table 1
Experimental VLE and PVTx datum sets for the H2SeH2O and H2SeH2OeNaCl systems.

References T (K) P (bar) mNaCl (mol∙kg−1) Nd (Types)

H2SeH2O
Hnědkovský et al. (1996) 298.15–705.53 10–350 0 30 (PVTx)
Zezin et al. (2011) 523.15–673.15 80.5–239.0 0 44 (PVTx)
McLauchlan (1903) 298.2 0.09–0.14∗ 0 5 (PTx)
Winkler (1906) 273.15–363.15 1.013 0 14 (PTx)
Pollitzer (1909) 298.2 1.013 0 1 (PTx)
Kendall and Andrews (1921) 298.15 1.013 0 1(PTx)
Dede and Becker (1926) 293.2 1 0 1 (PTx)
Wright and Maass (1932a) 278.15–333.15 0.8–4.7 0 35 (PTx)
Wright and Maass (1932b) 278.15–333.15 0.36–4.94 0 104 (PTxy)
Kiss et al. (1937) 273.2–298.2 1.013 0 3 (PTx)
Kapustinsky (1941) 298.2 1.013∗ 0 1 (PTx)
Selleck et al. (1952) 310.92–444.26 6.89–206.84 0 110 (PTxy)
Pohl (1961) 303.1–316.1 17.24 0 30 (PTxy)
Kozintseva (1965) 433.15–603.15 0.85–2.10∗ 0 28 (PTxy)
Harkness and Kelman (1967) 303.15 1.013 0 1 (PTx)
Burgess and Germann (1969) 303.15–443.15 17.2–23.4 0 78 (PTxy)
Clarke and Glew (1971) 273.15–323.14 0.4–1 0 72 (PTxy)
Gerrard (1972) 273.15–298.15 1 0 4 (PTx)
Lee and Mather (1977) 283.2–453.2 1.5–66.7 0 340 (PTx,PTy)
Douabul and Riley (1979) 275.25–302.97 1.013 0 7 (PTx)
Drummond (1981) 304.05–627.85 7.1–195.0 0 121 (PTx)
Gillespie and Wilson (1982) 311–589 3–207 0 92 (PTxy)
Byeseda et al. (1985) 297.1 1.016∗ 0 1 (PTx)
Barrett et al. (1988) 296.65–367.65 1.013 0 39 (PTx)
Suleimenov and Krupp (1994) 293.95–594.15 2.22–138.61 0 98 (PTxy)
Kuranov et al. (1996) 313.15–313.18 4.7–24.9 0 9 (PTx)
Chapoy et al. (2005) 298.16–338.34 4.97–39.62 0 46 (PTx,PTy)
Koschel et al. (2007) 323.1–393.1 17.2–320.7 0 12 (PTx)
Savary et al. (2012) 393.15–423.15 17–325 0 6 (PTx)
H2SeH2OeNaCl
Drummond (1981) 299.05–673.15 6.47–300.91 1–6.15 353 (PTx)
Barrett et al. (1988) 299.15–369.65 1.013 1–5 230 (PTx)
Suleimenov and Krupp (1994) 428.35–593.95 11.96–138.42 0.24–2.54 46 (PTxy)
Xia et al. (2000) 313.13–393.19 2.5–97 4, 6 71 (PTx)
Savary et al. (2012) 393.15–423.15 17–325 2 5 (PTx)
Koschel et al. (2013) 323.1–393.1 17.6–311.7 1, 3, 5 20 (PTx)

Notes: T is temperature (K); P is pressure (bar), and superscript “*” represents the partial pressure of H2S; mNaCl is the molality of NaCl; Nd is the number of data
points, and PVTx, PTx, PTy and PTxy in brackets denote the volumetric data, and the phase equilibrium data of liquid, vapor and vapor-liquid phases.

Table 2
Thermodynamic models for the VLE and/or PVTx properties of the H2SeH2O
and H2SeH2OeNaCl systems since 2000.

References T (K) P (bar) mNaCl (mol∙kg−1)

Dubessy et al. (2005) 273–523 0–150 0–6
Duan et al. (2007) 273–500 0–200 0–6
Perfetti et al. (2008) 333–453 0–120 0
Li and Firoozabadi (2009) 310–589 1–210 0
Tsivintzelis et al. (2010) 310.9–444.3 1–210 0
dos Ramos and McCabe (2010) 200–603 0–600 0
Ji and Zhu (2010, 2012) 273–673 0–300 0–6
Kunz and Wagner (2012) 303–589 3–207 0
Zirrahi et al. (2012) 283–393 1–204 0–6
Bacon et al. (2014) 298–477 0–200 0–2
Li et al. (2015) 273–523 1–200 0–6
Springer et al. (2015) 273–573 0–345 0−saturation
Akinfiev et al. (2016) 283–573 1–400 0–6

Notes: T is temperature (K); P is pressure (bar); mNaCl is the molality of NaCl.
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its valid pressure range is only 0–200 bar. Springer et al. (2015) es-
tablished a thermodynamic model for the phase and chemical equilibria
of the H2SeH2OeNaCl system on the basis of EOSs for the standard-
state properties of individual species, covering a valid T-P-mNaCl range
of 273–573 K, 0–345 bar and NaCl concentration from zero to satura-
tion. Akinfiev et al. (2016) proposed a thermodynamic model for the
H2SeH2OeNaCl system based on the Henry's law and the Pitzer in-
teraction model, which is valid in the T-P-mNaCl range of 273–573 K,
0–400 bar and 0–6mol kg−1. However, the partial pressure of water in
the model is approximated as the saturation pressure of pure water, so
it cannot be used to accurately predict the water content of vapor
phase.

In this work, firstly, an accurate Helmholtz free energy EOS was
developed to calculate the VLE and PVTx properties of the H2SeH2O
fluid mixture. Secondly, the EOS of the H2SeH2O mixture, together
with the Pitzer activity coefficient of H2S developed by Duan et al.
(2007), was applied to predict H2S solubility in aqueous NaCl solution.
Thirdly, the EOS of the H2SeH2O mixture combined with the osmotic
coefficient of aqueous NaCl solution from Pitzer et al. (1984) was ap-
plied to predict the water content of vapor phase of the H2SeH2OeNaCl
system. Finally, the Helmholtz free energy EOSs of binary H2SeH2O
and H2OeNaCl mixtures were combined to predict the PVTx properties
of the ternary H2SeH2OeNaCl mixture using the approach of Mao et al.
(2015b).

2. Review of experimental VLE and PVTx data of the H2SeH2O and
H2SeH2OeNaCl mixtures

The experimental data for the PVTx and VLE properties of the
H2SeH2O and H2SeH2OeNaCl fluid mixtures since last century are
summarized in Table 1. Only two data sets have been found for the
PVTx properties of the H2SeH2O mixture up to 705 K and 350 bar.
Hnědkovský et al. (1996) and Zezin et al. (2011) measured the molar
volumes of liquid and vapor phases of the H2SeH2O system, respec-
tively. The data of Hnědkovský et al. (1996) are internally consistent
with high accuracy, which cover a wide T-P range from 298 to 705 K
and from 10 to 350 bar. However, the volumetric data of Zezin et al.
(2011) are in the near-critical region and yield large deviations in the
parameterization of EOS, so they are not used in this work.

The VLE properties of the H2SeH2O mixture have been measured
over a relatively wide T-P range. The pressure-temperature-liquid
composition-vapor composition (PTxy) data of the H2SeH2O mixture
(273–589 K and 0.4–207 bar) were reported by Wright and Maass
(1932b), Selleck et al. (1952), Pohl (1961), Kozintseva (1965), Burgess
and Germann (1969), Clarke and Glew (1971), Gillespie and Wilson
(1982) and Suleimenov and Krupp (1994), which were directly used in
the fitting except for some extrapolated data of Selleck et al. (1952).
The data of H2S solubility in pure water reported by McLauchlan
(1903), Winkler (1906), Pollitzer (1909), Kendall and Andrews (1921),
Dede and Becker (1926), Wright and Maass (1932a), Kiss et al. (1937),
Kapustinsky (1941), Harkness and Kelman (1967), Clarke and Glew
(1971), Gerrard (1972), Douabul and Riley (1979), Byeseda et al.
(1985) and Barrett et al. (1988) are of temperatures up to 368 K with
pressures below 5 bar. Most of these data are consistent with each other
within experimental uncertainties except for some data of Barrett et al.
(1988) with temperatures above 354 K. Kuranov et al. (1996), Lee and
Mather (1977), and Chapoy et al. (2005) reported the H2S solubility in
water at moderate pressures up to 67 bar, and these data are highly
accurate. Lee and Mather (1977) and Chapoy et al. (2005) also reported
the water content of vapor phase from 0.5 to 34 bar. However, some
data of Lee and Mather (1977) at 393 K are discrete and unreliable. The
data of H2S solubility in water reported by Drummond (1981), Koschel
et al. (2007) and Savary et al. (2012) are of high pressures up to 325 bar
and most of these data are reliable. The single PTx or PTy data of the
H2SeH2O system above cannot be directly used in the fitting, but they
can testify the validation of the EOS of the H2SeH2O mixture.

There are six data sets for the H2S solubility in aqueous NaCl so-
lution and one set for the water content of vapor phase of the
H2SeH2OeNaCl mixture. The data of H2S solubility in aqueous NaCl
solution published by Drummond (1981) cover a wide T-P-mNaCl range
(299–673 K, 7–300 bar and 0–6mol kg−1). However, as mentioned by
Akinfiev et al. (2016), these data exhibit large differences between the
heating and cooling processes, and the average discrepancy between
them is more than 10%. The data of Barrett et al. (1988) at 1 atm cover
the temperature range of 299–369 K, but Barrett et al. (1988) them-
selves pointed out that some data of 368 K have large experimental
errors up to 15%. Suleimenov and Krupp (1994) reported the PTxy data
of the H2SeH2OeNaCl mixture with the T-P-mNaCl range of 428–594 K,
12–138 bar and 0.2–2.5 mol kg−1, and these data are reliable. The data
of H2S solubility in aqueous NaCl solution at VLE reported by Xia et al.
(2000) are highly accurate. Most of the data of H2S solubility in aqu-
eous NaCl solution from Savary et al. (2012) and Koschel et al. (2013)
are reliable, except for the two data of Savary et al. (2012) near
200 bar.

3. EOS of the H2SeH2O fluid mixture

The EOS of the H2SeH2O mixture is in terms of dimensionless
Helmholtz free energy α defined as

=α A
RT (1)

where A is the molar Helmholtz free energy, R is the molar gas constant
(8.314472 Jmol−1 K−1), and T is the temperature in K.

The dimensionless Helmholtz free energy α of mixture is separated
into two parts:

= +α α α0 r (2)

where α0 and αr are the ideal-gas part and the residual part of
Helmholtz free energy of mixture, respectively. The superscripts “0”
and “r” denote the ideal-gas part and the residual part. The α0 in Eq. (2)
is defined as:
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where ρ is the density of mixture, xi is the mole fraction of component i,
N is the number of components in mixture, and αi

0 is the ideal-gas part
of dimensionless Helmholtz free energy of component i.

The αr in Eq. (2) is defined as
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where αi
r is the residual part of dimensionless Helmholtz free energy of

component i, αE is the excess energy of mixture, and δ and τ are the
reduced parameters of mixture:
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where ρc and Tc are the pseudo-critical density and temperature of
mixture, whose forms are the same as those of Kunz and Wagner
(2012):

∑ ∑ ∑=
⎡

⎣
⎢
⎢

+
+

+
⎛

⎝
⎜ +

⎞

⎠
⎟

⎤

⎦
⎥
⎥= =

−

= +

−

ρ x
ρ

x x β γ
x x

β x x ρ ρ
1 2 1

8
1 1

i

N

i
i i

N

j i

N

i j v ij v ij
i j

v ij i j i j
c

1

2

c, 1

1

1
, ,

,
2

c,
1/3

c,
1/3

3 1

(6)

∑ ∑ ∑= +
+

+= = = +

T x T x x β γ
x x

β x x
T T2 ( )

i

N

i i
i

N

j i

N

i j T ij T ij
i j

T ij i j
i jc

1

2
c,

1 1
, ,

,
2 c, c,

0.5

(7)

where αi
0 and T ic, are the critical density and critical temperature of

component i, respectively, and βv ij, , γv ij, , βT ij, and γT ij, are the mixture-
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dependent binary parameters associated with components i (H2S) and j
(H2O).

The αE in Eq. (4) takes the following form:
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where nij k, , dij k, , tij k, and lij k, are the parameters, whose values can be
found from the EOS-CG model developed by Gernert and Span (2016)
for the CO2eH2O mixture (Table 3), and Fij is a mixture-dependent
binary parameter of components i (H2S) and j (H2O).

In this work, the EOSs of pure H2S (see Appendix A) and H2O fluids
are from Li (2017) and Wagner and Pruss (2002), respectively. The
critical parameters and molar masses of H2S and H2O fluids are listed in
Table 4.

The binary parameters (βv ij, , γv ij, , βT ij, , γT ij, and Fij) in above equations
for the H2SeH2O mixture are determined by a regression to the ex-
perimental VLE data (Burgess and Germann, 1969; Clarke and Glew,
1971; Gillespie and Wilson, 1982; Kozintseva, 1965; Pohl, 1961; Selleck
et al., 1952; Suleimenov and Krupp, 1994) and the PVTx data
(Hnědkovský et al., 1996). In the fitting, the objective function is de-
fined as the sum of relative deviations of molar volume and fugacity
difference of each component in vapor and liquid phases. Regressed
parameters are listed in Table 5.

The density or molar volume of the H2SeH2O mixture can be cal-
culated from the following equation with the Newton iterative method:

= +P ρRT δα(1 )δ
r (9)

where P is the pressure in bar, and αδ
r is the derivative of αr with respect

to δ . The initial density of mixture can be set as the density of ideal gas
below the saturation pressure or the saturated liquid density of pure
H2O above the saturation pressure. This EOS agrees well with the ex-
perimental density data of Hnědkovský et al. (1996) up to 706 K and
350 bar. The average and maximum deviations of liquid densities are
0.20% and 1.07%, respectively. However, this EOS deviates largely
from the vapor density data of Zezin et al. (2011) from 523 to 673 K and
from 80 to 239 bar, with the average deviation of about 20%. There-
fore, the vapor density data are needed to testify the validity of this EOS
in the future.

The fugacity and fugacity coefficient of components i in the
H2SeH2O mixture can be calculated from the following equations (Mao
et al., 2015a):
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where ατ
r, αx

r
i and αx

r
k are the derivatives of αr with respect to τ , xi and

xk, respectively, fi and φi are the fugacity and fugacity coefficient of
component i, respectively, V is the total volume of mixture, n is the
total amount of substance in mixture, ni is the amount of substance of
component i, and nj stands for the set of the amounts of substance of all
components other than i.

The vapor-liquid equilibrium compositions and densities of the
H2SeH2O mixture at given temperature and pressure can be calculated
by the iterative algorithm of Michelsen (1993). Tables 6 and 7 list the
average deviations of this EOS from each data set for the H2S solubility
in water and the water content in the H2S-rich vapor or liquid phase.
Figs. 1 and 2 indicate that this EOS can accurately reproduce most of

Table 3
Coefficients and exponents in Eq. (8).

k nij,k tij,k dij,k lij,k

1 3.9440467×10−1 0.880 1 0
2 −1.7634732 2.932 1 0
3 1.4620755×10−1 2.433 3 0
4 8.752232×10−3 1.330 0 1
5 2.0349398 4.416 2 1
6 −9.035025×10−2 5.514 3 1
7 −2.1638854×10−1 5.203 1 2
8 3.9612170×10−2 1.000 5 2

Table 4
Critical parameters and molar masses of pure fluids.

i Tc,i (K) ρc,i (g∙cm−3) M (g∙mol−1)

H2S 373.1 0.3473 34.08088
H2O 647.096 0.322 18.015268

Notes: Tc,i and ρc,i are the critical temperature and pressure of pure fluid i,
respectively; M is the molar mass of pure fluid i.

Table 5
Parameters of the H2SeH2O fluid mixture.

Mixture ij βT,ij γT,ij βv,ij γv,ij Fij

H2SeH2O 1.0186100 0.89528807 1.1049404 0.77512962 0.61788031

Note: Subscripts i and j refer to H2S and H2O, respectively.

Table 6
Calculated deviations of H2S solubility in pure water.

References T (K) P (bar) Nd AAD (%)

McLauchlan (1903) 298.2 0.09–0.14∗ 5 1.14
Winkler (1906) 273.15–363.15 1.013 14 2.69
Pollitzer (1909) 298.2 1.013 1 2.67
Kendall and Andrews (1921) 298.15 1.013 1 3.79
Dede and Becker (1926) 293.2 1 1 3.39
Wright and Maass (1932a) 278.15–333.15 0.8–4.7 34 1.97
Wright and Maass (1932b) 278.15–333.15 0.36–4.94 52 2.08
Kiss et al. (1937) 273.2–298.2 1.013 3 1.95
Kapustinsky (1941) 298.2 1.013∗ 1 0.06
Selleck et al. (1952) 310.92–444.26 6.89–120.66 39 5.15
Pohl (1961) 303.1–316.1 17.24 15 2.38
Kozintseva (1965)

Harkness and Kelman
(1967)

433.15–603.15
303.15

0.85–2.10∗

1.013
14
1

5.15
4.07

Burgess and Germann (1969) 303.15–443.15 17.2–23.4 39 1.96
Clarke and Glew (1971) 273.15–323.14 0.4–1 36 1.83
Gerrard (1972) 273.15–298.15 1 4 3.19
Lee and Mather (1977) 283.2–453.2 1.5–66.7 325 3.40
Douabul and Riley (1979) 275.25–302.97 1.013 7 1.91
Gillespie and Wilson (1982) 311–589 3–207 42 5.37
Byeseda et al. (1985) 297.1 1.016∗ 1 0.93
Barrett et al. (1988) 296.65–354.15 1.013 32 4.77
Suleimenov and Krupp (1994) 293.95–594.15 2.22–138.61 48 8.93
Kuranov et al. (1996) 313.15–313.18 4.7–24.9 9 4.01
Chapoy et al. (2005) 298.16–338.34 4.97–39.62 31 6.25
Koschel et al. (2007) 323–393 17.2–320.7 12 4.97
Savary et al. (2012) 393.15–423.15 17–325 6 13.15

Notes: T is temperature (K); P is pressure (bar); Superscript “*” indicates that
the corresponding P is the partial pressure of H2S; AAD= ∑|100(xcal/xexp−1)|/
Nd, where xcal and xexp are the calculated and experimental H2S solubilities in
water, respectively, and Nd is the number of data points.
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experimental VLE data within or close to experimental uncertainties.
The EOS of GERG-2008 is also added for comparisons in Figs. 1 and 2,
from which it can be seen that our EOS is much better than the GERG-
2008 EOS for the H2S solubility in water and the two EOSs have similar
accuracy for the water content in the H2S-rich vapor or liquid phase.

4. Application to the H2SeH2OeNaCl system

4.1. Prediction of the H2S solubility in aqueous NaCl solution

Duan et al. (2007) used a Pitzer formulation to account for the effect
of salt on the activity coefficient of H2S in water, whose parameters are
obtained from experimental solubility data. The Pitzer formulation can
be written as:

= + + + ++ − +γ c c T c T c P m c m mln 2( / )H S
r

1 2 3 4 Na 5 Cl Na2 (14)

where T is the temperature in K and P is the pressure in bar. +mNa and
−mCl are the molality of Na+ and Cl−, respectively. The coefficients c1,

c2, c3, c4 and c5 are in Table B1 of Appendix B. γH S
r

2
is the relative activity

coefficient of H2S, which is related to the H2S solubility in aqueous
NaCl solution by the approximation: =γ m m/H S

r
H S
o

H S2 2 2 , where mH S
o

2 and
mH S2 are the H2S molality in pure water and aqueous NaCl solution at
the same temperature and pressure. Thus, mH S2 can be obtained from
the relationship:

= −( )m x x γ55.508 / 1 /H S H S
o

H S
o

H S
r

2 2 2 2 (15)

where 55.508 is the molality of H2O (in mol∙kg−1), and xH S
o

2 are the
mole fraction of H2S in pure water which can be calculated from the
EOS of H2SeH2O mixture developed above.

Table 8 shows the average absolute deviations of this model from
each data set for the H2S solubility in aqueous NaCl solution. Fig. 3
gives the comparisons between the results of our model and experi-
mental data, which indicate that the model has good accuracy for the
H2S solubility in aqueous NaCl solution. Fig. 4 compares the calculated
solubility curves of H2S and CO2 in aqueous NaCl solution against
pressures at given temperatures (323.15 K, 393.15 K and 473.15 K) and
NaCl concentrations (2, 4 and 6mol kg−1), where the CO2 solubility is
calculated by combining the EOS-CG model with the activity coefficient
model of Mao et al. (2013). Apparently, the H2S solubility is much
larger than the CO2 solubility at the same T-P-mNaCl conditions. It
suggests that if the greenhouse gas CO2 is mixed with H2S, the gas
contents in the (NaCl + H2O)-rich liquid phase will increase under the
same conditions of CCS.

Table 7
Calculated deviations of water content in the H2S−rich vapor or liquid phase.

References T (K) P (bar) Nd AAD (%)

Wright and Maass (1932b) 278.15–333.15 0.36–4.94 52 5.83
Selleck et al. (1952) 310.92–444.26 6.89–120.66 39 5.09
Pohl (1961) 303.1–316.1 17.24 15 3.05
Kozintseva (1965) 433.15–603.15 0.85–2.10∗ 14 0.90
Burgess and Germann (1969) 303.15–443.15 17.2–23.4 39 2.09
Clarke and Glew (1971) 273.15–323.15 0.4–1.0 36 1.60
Lee and Mather (1977) 363.2–423.2 14.9–34.0 15 18.89
Gillespie and Wilson (1982) 311–589 3–207 47 8.60
Suleimenov and Krupp (1994) 293.95–594.15 2.22–138.61 49 0.86
Chapoy et al. (2005) 298.16–318.21 0.5–2.8 15 11.31

Notes: T is temperature; P is pressure; AAD= ∑|100(ycal/yexp−1)|/Nd, where
ycal and yexp are the calculated and experimental water content of the H2S-rich
vapor or liquid phase, respectively, and Nd is the number of data points.

Fig. 1. H2S solubility in water: T is temperature, P is pressure, and xH2S is the mole fraction of H2S.
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4.2. Water content of vapor phase in the H2SeH2OeNaCl system

At vapor-liquid equilibrium, the water content of vapor phase in the
H2SeH2OeNaCl system can be calculated from the following relation-
ship (Details see Appendix C):

=
− ∑ +− −

− −

+ −( )
y

φ y x m m

φ x x

exp ( )M ϕ

H O
H O
H S H O(V)

H O
H S H O(V)

H O 1000 Na Cl

H O
V

H O
H S H O(L)

H O
NaCl H O(L)2

2
2 2

2
2 2

2
H2O

2 2
2 2

2
2

(16)

where yH O2 and φH O
V

2
are the water content and fugacity coefficient of

water in the vapor phase of the H2SeH2OeNaCl system, respectively.
−xH O

H S H O(L)
2
2 2 and −xH O

NaCl H O(L)
2

2 are the mole fractions of water in the liquid
phases of the H2SeH2O and NaCleH2O systems, respectively.

−φH O
H S H O(V)

2
2 2 and −yH O

H S H O(V)
2
2 2 are the fugacity coefficient and mole fraction

of water in the vapor phase of the H2SeH2O system, respectively. xH O2

is the mole fraction of water of liquid phase in the H2SeH2OeNaCl
system, MH O2 is the molar mass of H2O, and ϕ is the osmotic coefficient
of aqueous NaCl solution from Pitzer et al. (1984).

In Eq. (16), −φH O
H S H O(V)

2
2 2 , −yH O

H S H O(V)
2
2 2 and −xH O

H S H O(L)
2
2 2 at given T and P

can be calculated from the developed EOS of H2SeH2O mixture in
Section 3, xH O2 at given T, P and mNaCl can be obtained from Eq. (15) in
Section 4.1. Because the NaCl content in the vapor phase of the
H2SeH2OeNaCl system is almost zero, yH O2 can be calculated from Eq.
(16) by a simple iterative approach assuming that the initial yH O2 in-
volved in φH O

V
2

equals to that of binary H2SeH2O system.
Table 9 lists the comparison of the water contents predicted by the

model with the experimental data of Suleimenov and Krupp (1994).
The deviations are all within experimental uncertainties up to 594 K
and 138 bar. Fig. 5 compares the water content of vapor phase in the
H2SeH2OeNaCl and CO2eH2OeNaCl mixtures as a function of pres-
sure at given NaCl concentrations (2, 4 and 6mol kg−1) and tempera-
tures (323.15 K, 393.15 K and 473.15 K). The water content of vapor
phase in the CO2eH2OeNaCl mixture is estimated by combining the
EOS of the CO2eH2O mixture from Gernert and Span (2016), the re-
lative activity coefficient of CO2 in aqueous NaCl solution from Mao
et al. (2013) and the osmotic coefficient of aqueous NaCl solution from
Pitzer et al. (1984). It can be seen from Fig. 5 that the predicted water

Fig. 2. Water content in the H2S-rich vapor or liquid phase: T is temperature, P is pressure, and yH2O is the mole fraction of H2O.

Table 8
Calculated deviations of H2S solubility in aqueous NaCl solution.

References T (K) P (bar) mNaCl (mol∙kg−1) Nd AAD (%)

Barrett et al. (1988) 296.15–358.15 1.013 1–5 151 8.44
Suleimenov and Krupp (1994) 428.35–593.95 11.96–138.42 0.24–2.54 23 6.08
Xia et al. (2000) 313.13–393.19 2.5–97 4, 6 57 4.30
Savary et al. (2012) 393.15 86–323 2 4 9.17
Koschel et al. (2013) 323.1–393.1 17.6–311.7 1, 3, 5 20 11.02

Notes: T is temperature (K); P is pressure (bar); mNaCl is the molality of NaCl; AAD= ∑|100(mcal/mexp−1)|/Nd, where mcal and mexp are the calculated and ex-
perimental H2S solubilities in aqueous NaCl solution, respectively, and Nd is the number of data points.
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content of vapor phase in the H2SeH2OeNaCl mixture is larger than
that of the CO2eH2OeNaCl mixture under the same T-P-mNaCl condi-
tions, and their differences gradually reduce with the increase of tem-
peratures.

4.3. The PVTx properties of the H2SeH2OeNaCl fluid mixture

In 2015, Mao et al. (2015b) proposed a predictive PVTx model for
the CO2eH2OeNaCl fluid mixture by the Helmholtz free energy models
of the binary CO2eH2O and H2OeNaCl fluid mixtures. That model used
no other mixing parameters but those of the CO2eH2O system, because
the Helmholtz free energy of the H2OeNaCl fluid at a given composi-
tion can be equivalently converted into that of pure H2O by a scaled
temperature redefined at the same pressure. Therefore, the predictive
approach of Mao et al. (2015b) can also be used to calculate the PVTx

properties of the H2SeH2OeNaCl mixture by combining the EOS of the
H2SeH2O mixture developed here with the EOS of the H2OeNaCl
mixture from Mao et al. (2015b). Fig. 6 shows the calculated saturated
liquid density of the H2SeH2OeNaCl mixture as a function of tem-
perature at 200 bar and different salinities (0, 3 and 6mol kg−1), from
which it can be seen that the saturated liquid density gradually de-
creases with the increase of temperature.

Up to now, no experimental volumetric data have been reported for
the H2SeH2OeNaCl mixture, and future experimental studies are still
needed to testify this predictive approach. However, the predictive
PVTx model of Mao et al. (2015b) has been confirmed to be valid from
273 to 1273 K and from 0 to 5000 bar for the CO2eH2OeNaCl mixture
of all fluid compositions, so this approach should be also valid for the
H2SeH2OeNaCl fluid mixture.

Fig. 3. Predicted H2S solubility in aqueous NaCl solution: T is temperature, P is pressure. mH2S and mNaCl are the molality of H2S and NaCl, respectively.

C. Peng et al. Applied Geochemistry 101 (2019) 19–30

25



5. Discussions

Table 2 lists the thermodynamic models for the VLE and PVTx
properties of H2SeH2O and H2SeH2OeNaCl systems since 2000. It is
unnecessary to compare our EOS with each model in Table 2. Here this
developed EOS is compared with the other two typical models pub-
lished recently: the models of Ji and Zhu (2012) and Akinfiev et al.
(2016). We calculated the equilibrium compositions and saturated
densities of the H2SeH2O mixture at temperatures up to 373.15 K and
pressures up to 600 bar and compared them with the recommended

values of Ji and Zhu (2012) (details see the excel file in the supple-
mental data). The differences in the saturated liquid densities of the
H2SeH2O mixture between the two models are less than 1%. It should
be noted that the liquid densities of the H2SeH2O mixture between this
work and the experimental data of Hnědkovský et al. (1996) differ less
than 0.1% at temperature up to 705.53 K and pressure up to 350 bar
except for the data close to the critical pressure of pure H2O. The dif-
ferences of H2S solubilities between this work and the model of Ji and
Zhu (2012) except for the pressures below 10 bar are within 7%, which
is within experimental uncertainty. The differences of water contents in
the vapor phase of H2SeH2O system at low pressures are less than 8%.
However, the calculated water contents in vapor phase between this
work and Ji and Zhu (2012) exhibit large differences when pressure is
above the critical pressure of pure H2S. However, the prediction of this
work is much closer to the experimental data as shown in Fig. 2. For
example, at 373 K and 20 bar the experimental water content in vapor
phase is 0.0081, and the values of this work and Ji and Zhu (2012) are
0.0080 and 0.0071, respectively.

The H2S solubilities calculated from this work are also compared
with those from the Akinfiev et al. (2016) model at temperatures up to
573.15 K, pressures up to 600 bar and NaCl concentrations up to
6mol kg−1. The differences in solubilities at temperatures below
473.15 K are close to the experimental uncertainty, but the solubilities
of this work differ those of Akinfiev et al. (2016) by more than 20% at
pressures above 300 bar when the temperatures are 523.15 K and
573.15 K. One reason might be that the parameters in this work are
constrained by both the water-rich and H2S-rich phases, which is unlike
the approach of Akinfiev et al. (2016). Another reason is that there is no
high-pressure phase equilibrium data for the H2SeH2O and
H2SeH2OeNaCl mixtures at high temperatures. Therefore, the re-
commended T-P-mNaCl range is 273–473 K, 0–400 bar and 0–6mol kg−1

in this work.
The strength of this work is that the established thermodynamic

models can satisfactorily reproduce the VLE and PVTx data of the
H2SeH2O and H2SeH2OeNaCl mixtures, and have certain extrapolated
ability. This work can be used to estimate the content of the dissolved
H2S gas in formation water and the density of solution during the

Fig. 4. Comparisons of the calculated H2S and CO2 solubilities in aqueous
NaCl solution: T is temperature, P is pressure. mNaCl, mH2S and mCO2 are the
molality of NaCl, H2S and CO2, respectively. Solid and short dash curves are for
the H2SeH2OeNaCl and CO2eH2OeNaCl fluid mixtures, respectively.

Table 9
Comparison of the predicted water content with the experimental data of
H2SeH2OeNaCl system from Suleimenov and Krupp (1994).

T (K) P (bar) mNaCl (mol∙kg−1) yH2O,exp yH2O,cal Dev (%)

428.45 11.96 0.501397 0.462270 0.465269 0.65
428.35 12.14 0.917460 0.448099 0.451238 0.70
428.45 12.37 1.266488 0.435890 0.439055 0.73
428.55 12.65 1.565157 0.423268 0.426341 0.73
428.55 12.92 1.813737 0.411168 0.414087 0.71
428.55 13.12 2.031992 0.401964 0.404765 0.70
428.45 13.42 2.224016 0.389725 0.392295 0.66
428.45 13.71 2.391065 0.379585 0.381958 0.63
428.35 14.05 2.539914 0.367981 0.370107 0.58
489.65 27.6 0.235305 0.791553 0.801313 1.23
489.65 27.58 0.633844 0.781067 0.792059 1.41
489.55 27.46 0.963825 0.773444 0.785569 1.57
489.45 27.43 1.244519 0.764886 0.777906 1.70
489.45 27.48 1.485776 0.756787 0.770525 1.82
489.55 27.56 1.693200 0.750234 0.764579 1.91
489.45 27.7 1.878675 0.740285 0.754995 1.99
489.45 27.87 2.043342 0.731613 0.746620 2.05
593.95 137.86 0.488358 0.887485 0.874649 −1.45
593.65 137.38 0.888102 0.873170 0.866247 −0.79
593.75 137.21 1.224310 0.862612 0.861099 −0.18
593.65 137.54 1.515965 0.850452 0.853244 0.33
593.55 137.9 1.765112 0.839670 0.846083 0.76
593.55 138.42 1.981011 0.830236 0.839725 1.14

Notes: T is temperature; P is pressure; yH2O,exp and yH2O,cal are the experimental
and calculated water content (in mole fraction) of vapor phase of the
H2SeH2OeNaCl system, respectively; Dev=100(yH2O,cal/yH2O,exp−1).
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exploit process of H2S-bearing natural gas well or when CO2 and H2S is

sequestrated in deep saline formations. Owning to the complexity of the
developed models and different iterative methods used in the calcula-
tion, the computer codes are provided in Appendix D (supplementary
data) for easy application.

6. Conclusions

A dimensionless Helmholtz free energy EOS for the H2SeH2O fluid
mixture has been developed by using five mixing parameters, from
which the VLE and PVTx properties can be calculated by thermo-
dynamic relations. The developed EOS can accurately reproduce the
VLE properties of the H2SeH2O fluid mixtures up to 473 K and 400 bar
within or close to experimental uncertainties. Compared to other em-
pirical approaches that exist in literature, this work can satisfactorily
predict both the equilibrium compositions of vapor and liquid phase
and the volumetric properties for the H2SeH2O mixture covering a
wide temperature-pressure range.

The EOS of the H2SeH2O mixture, combined with the Pitzer activity
coefficient of H2S in aqueous NaCl solution, the osmotic coefficient of
aqueous NaCl solution and the EOS of the H2OeNaCl mixture, is ex-
tended to predict the VLE and PVTx properties of the H2SeH2OeNaCl
mixture under the conditions of CCS (T-P-mNaCl range of 273–473 K,
0–400 bar and 0–6mol kg−1). It should be noted that experimental
volumetric data are still lacking for the H2SeH2O and H2SeH2OeNaCl
mixtures, and experimental studies can be focused on the volumetric
properties of these systems in the future.
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Appendix A. The Helmholtz free energy model of H2S fluid

The VLE and PVT properties of pure H2S are calculated from the Helmholtz free energy model of Li (2017), where αH S
r

2 , the residual part of
dimensionless Helmholtz free energy of H2S, takes the form of Sun and Ely (2004).

∑ ∑= +
= =

−α a τ δ a τ δ e
m
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j i
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Fig. 5. Predicted water content of vapor phase for the ternary H2S-
H2OeNaCl and CO2eH2OeNaCl fluid mixtures: T is temperature, P is pres-
sure, mNaCl is the molality of NaCl, and yH2O is the mole fraction of H2O. Solid
and short dash curves are for the H2SeH2OeNaCl and CO2eH2OeNaCl fluid
mixtures, respectively.

Fig. 6. Calculated saturated liquid density of the H2S-H2OeNaCl fluid
mixture: T is temperature, P is pressure, mNaCl is the molality of NaCl, and ρ is
the liquid density with saturated H2S.
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where T is the temperature in K, ρ is the density of H2S, T ic, and ρ ic, are the critical temperature and pressure of H2S, respectively, and δ and τ are the
reduced parameters. The coefficients am and the exponents im, jm and km are listed in Table A1.

Table A1
Values for the parameters of Eq. (A1) (Taken from Li (2017)).

m am im jm km

1 0.67919879 1 1.5 0
2 0.85733637 1 0.25 0
3 −0.25565454×101 1 1.25 0
4 0.59741335×10−1 3 0.25 0
5 0.19438086×10−3 7 0.875 0
6 −0.67511619×10−2 2 1.375 0
7 0.42367115×10−1 1 0 1
8 0.52412880×10−1 1 2.375 1
9 0.22234326 2 2 1
10 −0.42165405×10−2 5 2.125 1
11 −0.22313308 1 3.5 2
12 −0.72782985×10−3 1 6.5 2
13 −0.32108703×10−1 4 4.75 2
14 −0.88550287×10−2 2 12.5 3

Appendix B. The Pitzer parameters of Duan et al. (2007).

The Pitzer parameters of Duan et al. (2007) related to Eq. (14) are listed in Table B1.

Table B1
Coefficients of Eqs. (14)–(16).

+λH2S–Na − +ξH2S–Cl –Na

c1 8.5004999×10−2

c2 3.5330378×10−5

c3 −1.5882605
c4 1.1894926×10−5

c5 −1.0832589×10−2

Appendix C. The water content of vapor phase in the H2SeH2OeNaCl system

At vapor-liquid equilibrium, the water content of vapor phase in the H2SeH2OeNaCl system can be calculated from the following fugacity-
activity relation:

= ( )y f γ x φ P/H O H O
*(L)

H O
L

H O H O
V

2 2 2 2 2 (C1)

where yH O2 is the water content of vapor phase in the H2SeH2OeNaCl system, fH O
*(L)

2
is the fugacity of pure water in liquid phase, γH O

L
2

is the activity
coefficient of water in liquid phase, xH O2 is the mole fraction of water in liquid phase, and φH O

V
2

is the fugacity coefficient of water in vapor phase.
The γH O

L
2

in Eq. (C1) can be approximated by
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where −γH O
H S H O(L)

2
2 2 is the activity coefficient of water in the liquid phase of binary H2SeH2O system, and −γH O

NaCl H O(L)
2

2 is the activity coefficient of water
in the liquid phase of binary NaCleH2O system.

The −γH O
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2
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where −φH O
H S H O(V)

2
2 2 is the fugacity coefficient of water in the vapor phase of the H2SeH2O system, and −yH O

H S H O(V)
2
2 2 and −xH O

H S H O(L)
2
2 2 are the mole

fractions of water in the vapor and liquid phases of the H2SeH2O system, respectively.
The −γH O

NaCl H O(L)
2

2 in Eq. (C2) can be obtained by
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where −aH O
NaCl H O(L)

2
2 and −xH O

NaCl H O(L)
2

2 are the activity and the mole fraction of water in the liquid phase of the NaCleH2O system, respectively.
−aH O

NaCl H O(L)
2

2 here is calculated from the highly accurate equation of Pitzer et al. (1984):

∑⎜ ⎟= ⎛
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1000H O

NaCl H O H O
Na Cl2

2 2
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where MH O2 is the molar mass of H2O, and ϕ is the osmotic coefficient of aqueous NaCl solution (Pitzer et al., 1984).
Substituting Eq. (C2) to (C5) into Eq. (C1) yields the final equation:
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Appendix D. Supplemental data

For easy application, a compressed file is provided, where four f90 files programed in Fortran language can calculate the VLE and PVTx properties
of H2SeH2O and H2SeH2OeNaCl fluid mixtures, and one excel file shows the comparisons between our model and experimental data and the models
of Ji and Zhu (2012) and Akinfiev et al. (2016).

Appendix E. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.apgeochem.2018.12.021.
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