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Abstract

Phase equilibria and thermodynamic properties of the quaternary H,S-CO,-H,0O-NaCl system were studied using a sta-
tistical associating fluid theory (SAFT)-based equation of state (EOS) at temperatures from 0 to 200 °C (373.15-473.15 K),
pressures up to 600 bar (60 MPa) and concentrations of NaCl up to 6 mol/kgH,O. The understanding of the physical-chem-
ical properties of this system is critical for predicting the consequences of co-injection of CO, and H,S into geological forma-
tions (geological carbon sequestration) as an option for mitigating the global warming trend. Equation of state parameters
were generated from regression of available and reliable experimental data and incorporation of existing parameters for some
subsystems. Densities were predicted and compared with available experimental results. Using the EOS developed in this
study, we predicted equilibrium compositions in both liquid and vapor phases, fugacity coefficients of components, the equi-
librium pressures at a given composition of the H,O-rich phase in electrolyte solutions with NaCl varying from 0 to 4 mol/
kgH,O, and the aqueous solution densities. These predicted values are tabulated and available as supplementary data in the
electronic version online. These predictions provide information and guidance for future experiments regarding the thermo-

dynamic properties and phase behaviors in the H,S—CO,-H,0-NaCl system.

© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Geologic carbon sequestration (GCS) is a promising op-
tion for the reduction of greenhouse gas emission into the
atmosphere (IPCC, 2005). Co-injection of CO, and H,S
(e.g., from flue gases and natural gas fields) may substan-
tially reduce the capture costs, but may also seriously in-
crease the costs and risks of CO, transport and storage
safety (Bachu and Bennion, 2009). Geochemically, the
inclusion of even a small amount of H,S can substantially
change the formation water chemistry and, therefore, can
alter the outcomes of water-rock interactions. As such, it
is critical to study the behaviors and effects of H,S impuri-
ties in the CO, stream in the GCS processes. Understanding
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the phase equilibria and density of H,S-CO,-H,O-salts
fluids (with Na, K, Ca, Mg, Cl, CO3;) at conditions perti-
nent to GCS (e.g., temperatures up to 200 °C and pressures
up to 600 bars) is a critical step toward safety and cost ben-
efit evaluations of transport and storage of mixed fluids.

H,S is one of the most common components in natural
gas and products from oil processing and production
(Bachu et al., 2004). For example, the natural gas industry
in the Alberta basin, Canada produces a significant amount
of sour gases (H,S + CO,). Since surface desulphurization
and surface storage is not economical and carries significant
liability, acid gas (mixture of CO, and H,S, also referred to
as “sour gas”) disposal is operated through injection into
depleted oil and gas reservoirs and deep saline formations
(Bachu and Carroll, 2005). The first acid gas injection oper-
ation started in 1989, and according to the most recent
count, 48 injection sites across the Alberta Basin and Brit-
ish Columbia are operating (Bachu and Gunter, 2004;
IPCC, 2005; Bachu and Watson, 2009).
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Nomenclature

ares dimensionless residual Helmholtz free energy

B.s, bond fraction of type off in molecule of compo-
nent i

G constant for calculating kg, u/k, or cross asso-
ciation parameters ¢ and k

cjj universal constants listed in Table Al

d effective (hydrated) diameter

D, universal constants listed in Table A2

e charge of an electron

oy square-well radial distribution function
Boltzmann constant

kup binary interaction parameter

m segment number

m; number of segments of component i

N4 Avogadro number,

n(;) number of association sites on molecule i

P pressure in bar

q; charge of ion j

T absolute temperature in Kelvin

T dimensionless temperature (= kT/u)

R gas constant

u well depth of square-well potential

ulk segment energy

Uy, segment energy of segment o

Usp well depth of square-well potential for the «-f
interaction

v°° segment volume

Uy molar volume of segment «

X dimensionless quantity (= kd)

x; (X;) mole fraction of component i

x; mole fraction of ion 7 on a solvent-free basis

X, segment fraction

XA mole fraction of molecule of component i not
bonded at side 4 of segment o

z; valence of the ion j

Z compressibility factor

B 1/kT

€ well depth of the association site-site potential

&w dielectric constant of water

i fugacity coefficient of component i

i parameter related to the volume available for
bonding between sites 4 and B

K Debye inverse screening length

A segment reduced range of the potential well

Jop reduced range of the potential well for the a-f
interaction

Om molar density

On number density

o reduced density

Oy diameter of segment o

20,4 distance between centers of segment o and f at
contact

T close-packed reduced density (= 2172 7/6)

A*Br association strength between site A, at mole-
cule of component i and site By at molecule
of component j

However, a literature review of acid gas injection pro-
jects in western Canada revealed that most studies of the
acid gas injection projects in Alberta Basin were qualitative
(Buschkuehle and Michael, 2006; Bachu et al., 2008a,b;
Micheal and Buschkuehle, 2008a,b); very limited quantita-
tive analyses were conducted because quantitative analyses
were hampered by the lack of equations of state that de-
scribes the physical chemical properties of mixed fluids
for simulation. As a result, the few quantitative evaluations
had to resort to ad hoc approaches in treating the properties
of mixed fluids (Gunter et al., 2000; Knauss et al., 2005;
Palandri and Kharaka, 2005; Xu et al., 2007; Xiao et al.,
2009). For example, models had to include H,S as dissolved
in the liquid brine phase and co-injected with a separate
CO, stream rather than as a mixed CO,-H,S gas stream.
As field data and the experimental data of Bachu and Ben-
nion’s (2009) show, chromatographic partitioning of H,S in
a dynamic system occurs because of the higher solubility of
H,S compared to that of CO,. As a result, pure CO, break-
through occurs first at the leading edges of a mixed CO,—
H,S supercritical fluid plume, while H,S is enriched in the
brine that has been in contact with plume. Such physical
phenomenon, observed both in field and laboratory exper-
iments, currently cannot be modeled with the ad hoc ap-
proach. An equation of state is needed for reservoir

simulators to simulate phase behaviors and dynamic H,S
partitioning between different phases.

Experimental data are available for the ternary systems
CO,-H,0-NaCl (see review in Ji et al. (2007)) and H,S—
H,O-NaCl (see review in Duan et al. (2007)). However,
to the best of our knowledge, no experimental data for
the quaternary CO,~H,S-H,0-NaCl system are publically
available. Experiments to determine the equilibrium com-
positions and thermodynamic properties for systems con-
taining H,S are difficult, mainly because they are
expensive and time consuming due to the corrosiveness of
H,S. Therefore, it is highly desirable to develop predictive
models for exploring phase equilibria, densities, contami-
nant partitioning among liquid and gas phases, and other
properties on the basis of available data from component
subsystems, since these predictions can then provide valu-
able guides for future experiments.

Theoretically, two approaches have been used in model-
ing mixed fluid properties, namely the y—¢ approach and
the ¢—¢ approach. Here y denotes activity coefficient and
¢ stands for fugacity coefficient. In the y—¢ approach, an
activity model is used to describe the non-ideality in the li-
quid phase and an equation of state (EOS) is used to de-
scribe the non-ideality in the vapor phase. The inherent
disadvantage of this approach is that it does not allow for
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estimates of the densities of the liquid phase. This approach
has been used to develop models for the CO,~H,0O-NaCl
(Dubessy et al., 2005; Duan and Li, 2008; Spycher and Pru-
ess, 2010), CO,—H,O (Spycher et al., 2003), and H,S-H,O
and H,S-H,O-salt (Dubessy et al., 2005; Duan et al., 2007)
systems.

In the ¢—¢ approach, an EOS is used for both phases.
This approach has been applied to CO,~H,O, H,S-H,O0,
and H,S-CO, systems. For example, Perfetti and co-work-
ers (Perfetti et al., 2008a,b) and Li and Firoozabadi (2009)
used cubic plus association EOS for the CO,-H,O and
H,S-H,0 systems; Pappa et al. (2009) used the Peng—Rob-
inson EOS for the CO,-H,O system; Sun and Dubessy
(2010) used statistical associating fluid theory (SAFT)-LJ
for CO,-H,0; dos Ramos and McCabe (2010) used the
SAFT-VR-D for H,S-H,0; and Tang and Gross (2010)
used PCP-SAFT for the H,S-CO, system.

However, to the best of our knowledge, no EOS has
been developed for the quaternary H,S-CO,-H,O-NaCl
system with any approaches. Our previous work on the bin-
ary and ternary subsystems used the ¢—¢ approach. A
SAFT EOS was used to describe the phase equilibria and
density for H,S-H,O (Ji and Zhu, 2010) and CO,-H,0-
NaCl (Ji et al., 2005a) and the properties of the aqueous
electrolyte solutions with the ions of Na®, KT, Ca®",
Mg?*, CI7, and CO5>~ (Ji et al., 2005b, 2006; Ji and Adidh-
arma, 2006, 2007, 2008; Tan et al., 2006). Building on the
previous work, here we used a SAFT EOS to represent
the phase behaviors for the H,S-CO,-H,0-NaCl system.
The resulting EOS can then be coupled with process simu-
lation models, e.g., multi-phase flow and reactive transport
models to provide a more reliable prediction. Although co-
injection of CO, and H,S has been simulated in the litera-
ture, models were developed in the absence of an EOS for
the H,S-CO,-H,0-NaCl system, and an ad hoc approach
had to be used (e.g., injecting H,S in the aqueous phase,
not injecting CO,—H,S gas mixtures, (Xu et al., 2007)).
The development of an EOS in this study is the first step to-
ward reliable long-term prediction pertaining to geological
carbon sequestration, such as sequestration capacity, CO,
leakage, environmental impacts, etc.

2. SAFT EQUATION OF STATE AND PARAMETER
EVALUATIONS

SAFT EOS is a promising EOS to describe the phase
equilibria and properties for the systems of interest in this
study. In our previous work, SAFT1-RPM (Ji et al.,
2005a) was used to describe the phase equilibria and prop-
erties for CO,-H,O and CO,-H,0-NaCl systems. After
that, SAFT1-RPM was improved to SAFT2 (Tan et al.,
2006) to describe the phase equilibria and properties for
aqueous electrolyte solutions (Tan et al., 2006; Ji and
Adidharma, 2007), aqueous mixed-electrolyte solutions (Ji
et al., 2005b, 2006; Ji and Adidharma, 2006, 2008), CO,—io-
nic liquids (Ji and Adidharma, 2009, 2010, 2012), and H,S-
H,0 (Ji and Zhu, 2010) systems. In this work, SAFT2 was
extended to the quaternary H,S-CO,~H,O-NaCl system.

In both SAFT1 and SAFT2, square-well (SW) fluid is
used as a reference. The SW fluid has a steep repulsion

and a short-range attraction. Three parameters, the hard
corn diameter (a), the well depth (u) and the reduced range
of the potential well (1), were used to characterize the SW
potential model, and the intermolecular potential ¢ is de-
fined as:

oo r<o

—u o<r<io

o(r) =

0 r>o

The molecule in SAFT1 or SAFT2 is modeled as a chain of
m tangentially bonded spherical segments, and association
sites are assigned to account for hydrogen bonding, and
long-range electrostatic interaction is taken into account
for charged molecules. The SAFT EOS accounts for molec-
ular interactions in terms of Helmholtz free energy. For
SAFT?2, the dimensionless residual Helmholtz energy is de-
fined as:

ares = ahs 4 adlsp + acham 4 gissoc 4 gion (1)

where the superscripts refer to terms accounting for the
residual, hard-sphere, dispersion, chain, association, and
ionic interactions, respectively. Each term has been
described in our previous work and summarized in the
Appendix A.

Any other thermodynamic properties can be calculated
from this residual Helmholtz energy. For example, the
fugacity coefficient of component i can be derived as:

aares aares
A ~res
mo=a+ (), 3%
L/ Tpxjzi Jj T T op i

+Z-1-InZ )

where Z is compressibility factor and calculated with
82’11"68

Z=1+ p( ) 3
), 3)

3. RESULTS AND DISCUSSIONS

Equations with X; =1 and x,=1 are applied to pure
components. For neutral components, there are four
parameters: segment number m, segment volume v°°, seg-
ment energy u/k, and the reduced range of the potential well
4. For ionic (charged) components, there is one more
parameter, effective diameter d. For the components with
association interactions, two additional parameters are
needed: the well depth of the association site-site potential
¢ and the parameter related to the volume available for
bonding x.

In our previous work, the properties for H,S (Ji and
Zhu, 2010), CO, (Ji and Adidharma, 2010), H,O (Tan
et al., 2006), NaCl-H,O (Ji and Adidharma, 2007), and
H,S-H,O (Ji and Zhu, 2010) were investigated with
SAFT2. For completeness, the model results are summa-
rized in the Appendix B. The properties and phase equilib-
rium for CO,-H,0 and CO,~H,0-NaCl were investigated
with SAFT1-RPM (Ji et al., 2005a). Since SAFT2 is an
improvement of SAFT1-RPM, the parameters of SAFT2
were obtained from the fitting of the same experimental
data with exactly the same method as in the previous work
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Table 1

Cs in Egs. (4)—(6), (and) (9).

Parameter Value Parameter Value Parameter Value

C 6.5349 x 10° Cs 3.72163 x 1072 Cs —4.2800 x 107!
G, 1.783 x 1073 Cs (KT 5.5909 x 1077 Cs (K™Y 1.6560 x 1073

(Ji et al., 2005a).The new fitted results are also summarized
in the Appendix B.

3.1. H,S(1)-CO,(2)

For H,S(1)-COy(2), we assumed that there was only one
type of cross association, i.e. between the site of type H in
Ho,S and the site of type O in CO,. Since the self-association
in pure H,S and CO, is of different origin, i.e. only the for-
mer is due to hydrogen bonding, we prefer not to use the
common mixing rules for the association parameters. The
cross association parameters were directly fitted to the
experimental data and found to be constant

€

‘o _ 4
i 1 4)
Ky = Cs (5)

where Cs are constants, k is the Boltzmann constant, s‘fzo is
the well depth of the site-site interaction potential energy
between a site of type H in component 1 and a site of type
O in component 2, and !0 is a measure of the volume
available for bonding between a site of type H in compo-
nent 1 and a site of type O in component 2.

A temperature-dependent binary interaction parameter
k1 1s used to adjust the cross dispersive energy for this bin-
ary system.

ki = Cs + CaT (6)

For the H,S-CO, system, the phase equilibrium has been
measured by Bierlein and Kay (1953) at 20, 30, 40, 50,

380 T T T T T T T T T

360 =

340

320

300

280 =

260 1

Xco,

60, 70, and 80 atm and temperatures up to 363.15 K. Sobo-
cinski and Kurata (1959) also measured the phase equilib-
rium under similar conditions. Stouffer et al. (2001)
determined the densities experimentally at temperatures be-
tween 220 and 450 K and at pressures up to 25 MPa both in
the single-phase region and in the liquid + vapor two-phase
region. The vapor-liquid phase boundary conditions were
determined by locating the deviations from smooth (p, T)
behavior.

To obtain the parameters of C;—C,4, the phase equilib-
rium experimental data were used. The fitted results are
listed in Table 1 with an average relative deviation of
1.7%. The comparison of model results with the experimen-
tal data is shown in Figs. 1 and 2. The model results agree
well with the experimental data in both phases.

With the obtained parameters, the densities in the single
phase region were predicted from the temperature, pres-
sure, and a certain isomole of CO; (xco, = 0.9393, 0.9045,
0.7067, and 0.5001, respectively). Since the temperature of
interest in this work is higher than 273.15 K, densities were
predicted at temperatures higher than 273.15 K and com-
pared with the available experimental results from Stouffer
et al. (2001), as shown in Figs. 3-6, respectively.

At xco, = 0.9393, the model prediction agrees well with
experimental data at temperatures up to 350 K and pres-
sures up to 20 MPa (200 bar) except at one data point at
309.943 K and 7.8057 MPa. Here, the model prediction is
6091 mol/m® while the experimental result is 7253 mol/m”.

At xco, = 0.9045, the model prediction agrees well with
experimental data throughout the whole temperature and

W T T T T T 7
360 - ]
340 -

E 320 - |
300 < _
280 - _
260 I N R T

0 0.2 0.4 0.6 0.8 1

Fig. 1. Comparison of the results at equilibrium calculated with the model with the experimental data of Bierlein and Kay (1953) at 80.04,
70.91, 60.78, 50.65, 40.52, 30.39, and 20.26 bar from up to down. {: experimental data; curves: calculations in this study.
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380 T T T T T T T T T
360 = -1
340 = -1
320 = -
» = -
~
300 p= -
280 = -
260 = -1
240 1 | 1 | 1 | 1 | 1
0 0.2 0.4 0.6 0.8 1

Yu,s

Fig. 2. Comparison of the results at equilibrium calculated with the model with the experimental data of Sobocinski and Kurata (1959) at
82.74, 68.95, 55.16, 41.37, 34.47, 27.58, and 20.68 bar from up to down. <>: experimental data; curves: calculations in this study.
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Fig. 3. Comparison of predicted densities in the single phase region with the experimental data of Stouffer et al. (2001) (xco, = 0.9393). $:

experimental data; curves: independent predictions in this study.

pressure range. Similarly excellent comparison results are
obtained for both xco, = 0.7067 and xco, = 0.5001.

With the model and obtained parameters, the saturation
compositions and densities at equilibrium in both phases
were predicted under fixed temperature and pressure. The
model prediction of the composition in both phases agrees
extremely well with the experimental data from Stouffer
et al. (2001), as shown in Figs. 7-10. For the density in both
phases, there are some discrepancies around the vicinity of
the critical temperature and pressure of CO,. As we dis-
cussed previously (Ji and Zhu, 2010), for pure component,
as with other versions of SAFT, the underlying mean-field
theory causes the model in this study to slightly overesti-
mate the critical point. This may be one reason for the dis-
crepancies in density.

When the mole faction of H,S is much less than that of
CO,, the model shows similar observations in the vicinity of
critical temperature and pressure of CO,, i.e. the model
overestimates the critical point, as shown in Fig. 7. When
the mole fraction of H,S increases, the model representa-
tion of the critical point becomes more accurate, as shown
in Fig. 8. In Figs. 9 and 10, the model represents the critical
point quite well.

Figs. 7-10 are different from other figures in that the
symbols represent predicted compositions and the dashed
lines are experimental values. In the experiments, the
saturated pressures were estimated at fixed mole fraction
of CO, (a linear curve in figures) and temperature. In
modeling, the compositions were calculated from 7T
and P.
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Fig. 4. The comparison of the predicted densities in the single phase region with the experimental data of Stouffer et al. (2001) (xco, = 0.9045).

{: experimental data; curves: independent predictions in this study.
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Fig. 5. The comparison of the predicted densities in the single phase region with the experimental data of Stouffer et al. (2001) (xco, = 0.7067).

{: experimental data; curves: independent predictions in this study.

3.2. H,S(1)-H,0(3)-NaCl(4)

Modeling of this ternary system was built on the work
by Ji and Zhu (2010) on H,S-H,O and on the work by Ji
and Adidharma (2007) on H,O-NaCl. In this study, one
additional binary interaction constant, the same k4, was
used for both H,S-Na™ and H,S—Cl™ pairs to adjust the
short-range interactions between segments H,S and Na*/
Ccl,

Ug+ = (u1u4+)1/2(1 — ki) (7
g = (wug-)' (1 kyg) (8)

where subscripts 4+ and 4— denote the Na®™ and CI,
respectively.

The temperature-dependent cross parameter was al-
lowed with the following equation:

k14165+66/T (9)

For H,S(1)-H,0O(3)-NaCl(4), the available experimental
data have been summarized in the work by Duan et al.
(2007), and the experimental data by Xia et al. (2000) have
been proved to be reliable. Xia et al. (2000)’s experimental
data cover a wide range of temperature, pressure, and
molality of NaCl. Thus, the experimental data from Xia
et al. (2000) were used to obtain the coefficients in Eq.
(9). The fitted results are listed in Table 1.

The comparison of the model results with the experi-
mental data by Xia et al. (2000) is shown in Fig. 11. The
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Fig. 6. The comparison of the predicted densities in the single phase region with the experimental data of Stouffer et al. (2001) (xco, = 0.5001).

{: experimental data; curves: independent predictions in this study.
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Fig. 7. Comparison of predicted composition and density at equilibrium with the experimental data of Stouffer et al. (2001). O, densities from
Stouffer et al.; solid curves: density prediction in this study. Dash curves: xco, = 0. 9393 and yH,S = 0. 0607 from Stouffer et al. (2001); <,
predicted composition of CO, in the liquid phases (xco,); A, predicted composition of H»S in the vapor phases (vH,S).

Hs,S solubility in NaCl solutions increases with increasing
pressure, decreasing temperature and decreasing concentra-
tion of NaCl. This phenomenon is well captured with our
model.

Below we will compare predictions from our model for
the H,S(1)-H,0(3)-NaCl(4) system with experimental data
that were not used in the parameter fitting. H»S solubility in
aqueous NaCl solutions and H,O mole fraction in the va-
por phase were determined by Suleimenov and Krupp
(1994) at temperatures from 428 to 594 K and pressures
up to 140 bar. The comparison of the model results with
the experimental data is listed in Table 2. Although the tem-
peratures in this group of experimental data are much high-
er than those we used to obtain the model parameters, our
model nevertheless gives a very good prediction for the H,S

solubility in aqueous NaCl solutions. Furthermore, the
experimental data that we used for parameter fitting in
the model have only the compositions of the liquid phases.
However, model prediction of compositions in the vapor
phase compare well to the experimental data, which sug-
gests that our model is a reliable way to predict composi-
tions for H,S(1)-H,O(3)-NaCl(4) in both phases.

Barrett et al. (1988) measured H,S solubility in aqueous
NaCl solutions at one bar, concentrations of NaCl (ninaci)
of 0, 1, 2, 3, 4, and 5 mol/kgH,»0O, and temperatures from 25
to 95 °C. The model predictions were compared with this
group of experimental data. The comparison at 0, 2, and
5 mol/kgH,O of NaCl is shown in Fig. 12.

Drummond (1981) measured the H,S solubility in aque-
ous NaCl solutions (mnac1 = 1, 2, 4, and 6 mol/kgH,0) and
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Fig. 8. Comparison of predicted composition and density at equilibrium with the experimental data of Stouffer et al. (2001) (see also in Ji and
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the corresponding H,O mole fractions in the vapor phases.
At mnaci=1 and 2 mol/kgH,O, the experimental data
were measured in the cooling and heating processes, while
the other experimental data (mynaci = 4 and 6 mol/kgH,0)
were measured in the heating process only. The comparison
of the model results at my.c; = 1, and 2 mol/kgH,O with
the experimental data of Drummond (1981) measured in
both processes is shown in Fig. 13a, in which the filled sym-
bols represent the experimental data from the cooling pro-
cess, while the hollow symbols represent the experimental
data from the heating process and the vertical axis repre-
sents the relative error [=(Xexp — Xca1)/Xexp] between the

experimental data (x..p) and the calculation results (xca).
The data measured in different processes show large dis-
crepancies, and the experimental data measured in heating
processes are more consistent with results calculated with
model.

The comparison of the experimental data measured in
the heating process with the model predictions at other con-
centrations of NaCl (mn.c; = 4 and 6 mol/kgH,0) is shown
in Fig. 13b, where the vertical axis again represents the rel-
ative error between the experimental data and calculation
results. To show the overall results with the data measured
in the heating process, the corresponding comparisons at
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myact = 1 and 2 mol/kgH,O are also illustrated in Fig. 13b.
The discrepancies between experimental data measured in
the heating process and modeling results in this study are
less than 20%, which are similar to those in Duan et al.
(1996).

Our model also predicted well the H,O composition in
the vapor phases (the mixture of H,S + H,O) when com-
pared with the experimental data (Fig. 14). Note that the
model predictions at high temperatures and pressures are
not as good as those at lower temperatures and pressures.
The model parameter was fitted to experimental data at
much lower temperatures, but nevertheless the predictions
up to 673 K and pressure up to 300 bar held up reasonably
well.

3.3. H,S(1)-CO,(2)-H,0(3)-NaCl(4)

Thus far, we have collected parameters for the four com-
ponents (H,S, CO,, H,0O, and NaCl) which are necessary
for predicting phase equilibrium and properties for the qua-
ternary H,S-CO,~H,O-NaCl system. We obtained the
parameters of H,S, CO,, and H,O from their density and
saturation pressure, and we obtained parameters of NaCl
from the NaCl-H,O system. Cross parameters between
each two component pairs were fitted from the respective
subsystem systems: H,S-CO,, H,S-H,0, H,S-H,0-NaCl,
CO,-H,0, CO,-H,O-NaCl; specifically, cross parameters
of H,S-CO, from H,S-CO, system; H,S-H,O from H,S—
H,O system; H,S-NaCl from H,S-H,O-NaCl system;
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Table 2
Comparison of the model prediction with the experimental data from Suleimenov and Krupp (1994).
T (K) P (Bar) Mmyact (mol/kgH,0) XH,S YH,0
EXp. Cal. Xexp—Xcal EXp Cal. YexpVeal
428.45 11.96 0.5036 0.0027 0.0028 —0.0001 0.4623 0.4656 —0.0033
428.35 12.14 0.9209 0.0027 0.0028 —0.0001 0.4481 0.4516 —0.0035
428.45 12.37 1.2704 0.0026 0.0028 —0.0002 0.4359 0.4394 —0.0035
428.55 12.65 1.5691 0.0026 0.0028 —0.0002 0.4233 0.4267 —0.0035
428.55 12.92 1.8176 0.0026 0.0028 —0.0002 0.4112 0.4145 —0.0033
428.55 13.12 2.0355 0.0027 0.0028 —0.0002 0.4020 0.4052 —0.0033
428.45 13.42 2.2271 0.0027 0.0029 —0.0002 0.3897 0.3928 —0.0031
428.45 13.71 2.3937 0.0028 0.0029 —0.0002 0.3796 0.3825 —0.0029
428.35 14.05 2.5421 0.0028 0.0030 —0.0002 0.3680 0.3706 —0.0026
489.65 27.6 0.2394 0.0024 0.0026 —0.0002 0.7916 0.7977 —0.0062
489.65 27.58 0.6429 0.0023 0.0025 —0.0002 0.7811 0.7884 —0.0073
489.55 27.46 0.9752 0.0023 0.0024 —0.0002 0.7734 0.7819 —0.0084
489.45 27.43 1.2567 0.0023 0.0024 —0.0001 0.7649 0.7743 —0.0094
489.45 27.48 1.4979 0.0023 0.0024 —0.0001 0.7568 0.7671 —0.0103
489.55 27.56 1.7046 0.0023 0.0024 —0.0001 0.7502 0.7612 —0.0110
489.45 27.7 1.8889 0.0024 0.0024 —0.0001 0.7403 0.7518 —0.0115
489.45 27.87 2.0523 0.0024 0.0025 —0.0001 0.7316 0.7435 —-0.0119
593.95 137.86 0.5340 0.0147 0.0131 0.0016 0.8875 0.8401 0.0474
593.65 137.38 0.9524 0.0132 0.0123 0.0009 0.8732 0.8313 0.0419
593.75 137.21 1.2933 0.0124 0.0116 0.0009 0.8626 0.8263 0.0363
593.65 137.54 1.5822 0.0118 0.0112 0.0006 0.8505 0.8186 0.0319
593.55 137.9 1.8243 0.0115 0.0110 0.0005 0.8397 0.8118 0.0279
593.55 138.42 2.0305 0.0114 0.0108 0.0006 0.8302 0.8058 0.0245
012 L L L tion accuracy d iabili
y depends on the reliability of the parameters
i we obtained. As such, to get better representation, some-
0.1 : times the cross parameters needed to fit to the quaternary
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Fig. 12. Comparison of model predicted H,S solubility in aqueous
NaCl solutions with the experimental data of Barrett et al. (1988) at
one bar. +, experimental data at myac; = 0; A, at minacy = 2 mol/
kgH,0; O, at mnac = 5 mol/kgH»0; curves: calculation from the
model developed in this study. Note: these experimental data were
not used in the parameter fitting of the model.

CO,-H,0 from CO,-H,O system; and CO,—NaCl from
CO,-H,0-NaCl system.

Once we had these parameters, we could predict proper-
ties for the quaternary system. SAFT generally considers
the interaction between two molecules, and there is no need
to include the interaction for three bodies. However, predic-

system directly.
3.4. Predictions from the New EOS

As we mentioned in Section 1, one motivation for the
development of a SAFT-based EOS for the quaternary sys-
tem is the lack of experimental data. As a result, no direct
comparison between EOS predictions and experimental
data is possible. Bachu and Bennion (2009) conducted sol-
ubility measurements in the H,S-CO,-brine system, but
their experimental data collection was incomplete for
parameter fitting for the quaternary system and only part
of their data can be compared with equilibrium composi-
tion predictions. Bachu and Bennion (2009) ran experi-
ments representing the field conditions at an injection site
into the Keg River Formation in Northern Alberta at
334.15 K, 135 bar and with a salinity of 118,950 mg/L.
During the experiment, they prepared the brine and then ti-
trated a H,S-CO, gas mixture into the apparatus contain-
ing the brine while agitating it. They observed the
bubbling points, but did not record them. They continued
to titrate more gas mixture into the chamber in order to
simulate the process of injection. After a certain time peri-
od, they removed the “excess gas” and measured the CO,
and H,S as a percentage of dissolved gases in the liquid
phase.

Assuming that the brine is a solution with NaCl only,
our model was used to predict the gas solubility at the spe-
cific mole percentage listed in the work of Bachu and
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Fig. 13. Comparison of the H,S solubility in aqueous NaCl solutions with the data of Drummond (1981). , mnaci = 1 mol/kgH,O in the
heating process; 4, mnac1 = 1 mol/kgH,O in the cooling process; O, mnaci = 2 mol/kgH,O in the heating process; ®, mnac; = 2 mol/kgH,O
in the cooling process; A, myaci =4 mol/kgH,O in the heating process; V¥, mnaci = 6 mol/kgH,O in the heating process; vertical axis
represents the relative error [=(xexp — xcal)/xexp] between the experimental data (Xeyp) and calculation results (xcq).

Bennion (2009). The prediction results are shown in
Table 3. For pure CO,-brine (NaCl-H,O), the measure-
ments of CO, solubility from Bachu and Bennion (2009)
is 0.0134 (mole fraction), the prediction from this study is
0.0139, and the result from the model of Duan and Li
(2008) is 0.0135. All these results are in good agreement.
For pure H,S-brine (NaCl-H,0), the measurement of
H.,S solubility (Bachu and Bennion, 2009) is 0.0344 (mole
fraction), the prediction from this work is 0.0276, and the
result from the model of Duan et al. (2007) is 0.0301. There
are some discrepancies, but no other experimental data can
be used to verify the results.

From the composition of liquid, temperature and pres-
sure, the composition of the contact gas at equilibrium
can be predicted. The results are listed in the second column
from right in Table 3. The mole fraction of CO, in the va-
por phase is higher than that in the liquid, which implies
that H,S is more soluble than CO,. This prediction agrees
with the experimental observation of Bachu and Bennion
(2009).

When the gas mixture is titrated until reaching the bub-
ble pressure, the mole fraction in the solution should be
the same as the gas mixture injected. There is no vapor
phase. Injecting additional contact gas (called excess gas
in Bachu and Bennion (2009)) broke the established equi-
librium and a new equilibrium was reached after certain
time. Also, the CO,, H,S, and H,O were redistributed at
the new equilibrium. If the amount of “excess gas” is suf-
ficiently large, the equilibrium gas composition was the
same as the injection gas (consistent with the limiting case
of an infinite reservoir). This is the case in most experi-
ments (Table 3). If the amount of “excess gas” is small (fi-
nite external reservoir), the gas compositions in the vapor
phase change according to equilibrium partitioning, with
the more water soluble gas (H,S) enriched in the liquid
phase and the less water soluble gas (CO,) enriched in

the vapor phase. The amounts of “excess gas” were not re-
ported in Bachu and Bennion (2009), but for the experi-
ments with 70% and 50% CO, in injection mixture, the
predicted equilibrium fractions in the vapor phase, 76%
and 52%, respectively are higher than that in the injection
mixture. The enrichment of CO, at equilibrium with re-
spect to the initial injection gas is consistent with the dis-
cussion above on the preferentially higher solubility of
H,S than of CO,. In addition, densities of the liquid at
equilibrium were predicted and listed in the last column
of Table 3.

Generally, for acid gas injection, the injection depths of
the operations range from 824 to 3432 m, in situ tempera-
tures vary from 29 °C to 110 °C, and pressure changes vary
from 6.6 to 35.9 MPa (Bachu and Carroll, 2005). The com-
position of the injected acid gas varies from 2% to 83% H,S
and 95% to 14% CO,, with no more than trace percentages
of hydrocarbon gases, such as methane, ethane, propane,
etc. (Bachu and Carroll, 2005). In this study, our model
can be used to predict the saturation composition in both
phases and the corresponding densities, as well as the den-
sity in the single phase region (unsaturated fluid mixtures).
The gas solubility is important for predicting the sequestra-
tion capacity, and for predication calculations, we assume
that all the gas mixture has been dissolved into solutions
and the mole ratio of H,S to CO, in the solution is the same
as that of the injection gas. We also can assume that the
mole ratio of H,S to CO, in the gas-rich phase to be con-
stant, such as in the situation of an infinite gas reservoir
near the well bore.

With the obtained parameters, the properties and phase
equilibria for the H,S-CO,~H,0-NaCl system were pre-
dicted. Equilibrium pressures were predicted from the mole
faction in the H,O-rich phase at the temperature of interest.
In calculations, the mole ratio of H,S to CO, was fixed as
0.5 in the H,O-rich phase, the concentration of NaCl varied
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Fig. 14. The comparison of the H,O concentration in the vapor phase with the data of Drummond (1981). {: experimental data; curves:
model prediction in this study.

Table 3

Gas solubility, density, and contact gas composition at 334.15 K, 135 bar, salinity of 118950 mg/L (mnac) = 2.05 mol/kgH,0).
Liquid composition Solubility of gas mixture Contact gas Xco, Density (kg/m?)
Dry basis Mole fraction Dry basis

CO, H,S Exptl Pred’ed Duan et al. Inj gas At eq. Pred’ed
100 0 0.0134 0.0139 0.0135 100 100 1066.5
74.41 25.59 0.0151 0.0172 90 89.11 1065.5
56.58 43.42 0.0193 0.0203 70 76.53 1064.5
36.39 63.61 0.0240 0.0247 50 52.00 1062.7
22.85 77.15 0.0272 0.0269 30 29.33 1061.1
9.09 90.91 0.0315 0.0277 10 9.44 1059.3
0 100 0.0344 0.0276 0.0301 0 0 1058.3

from 0, 1, 2 to 4 mol/kgH,O, and the temperature was set
as 298.15, 323.15 and 348.15 K.

Equilibrium pressures for the H,S-CO,-H,O system at
298.15 K were compared with those for H,S-H,O and

CO,-H,O (Fig. 15a). At a given mole fraction in the
H,O-rich phase, the equilibrium pressure of CO, is much
higher than that for H,S, which means that H,S is more sol-
uble than CO,. For the mixture of (H,S + CO,)-H,0, at
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Fig. 15. The equilibrium pressure versus concentration of (H,S + CO,) in the H,O-rich phase.

low concentrations of (H,S + CO,), equilibrium pressure
for the mixture is between those for H,S-H,O and CO,—
H,O. While at high (H,S + CO,) concentrations, equilib-
rium pressure for the (H,S + CO, + H,O) mixture is the
lowest for all mixtures, which means the (H,S + CO,) mix-
ture is more soluble than pure H,S and CO,. The predicted
equilibrium pressures for H,S-H,O and CO,-H,O have
been verified with available experimental data. However,
there are no experimental data available for H,S-CO,—
H,0. Moreover, the results show that the solubility of the
gas mixture is not a linear combination of the two pure
gases, indicating interference with the solubility of each
other, which underscores the need for an EOS.
Equilibrium pressures for the H,S-CO,-H,O-NaCl sys-
tem at 298.15, 323.15 and 348.15 K with different molality
of NaCl (m) were predicted and shown in Fig. 15b-d. The
equilibrium pressure increases with increasing concentra-
tions of the (H,S 4+ CO,) mixture and increasing concentra-
tions of NaCl. At 298.15K, it is obvious that with
increasing pressure, the concentration of (H,S + CO,) in-

creases significantly and then levels off, which imply a
change of phase equilibrium from vapor-liquor equilibrium
to liquid-liquid equilibrium. However, with increasing tem-
perature, this phenomenon becomes weak. For example,
the pressure continuously affects the concentration of
(H,S + CO») at 348.15 K and low concentration of NaCl.
Spycher and Pruess (2010) show that in the CO,~H,O-
NaCl system, the immiscibility between CO,-H,O rich
phases decrease with increasing temperature. Fig. 15 sug-
gests a similar temperature dependence of the immiscibility
of a H,O-rich phase and gas-rich phase in the system H,S—
CO,-H,0-NaCl.

It is well known that density differential can cause verti-
cal convection in the reservoir (Yang and Gu, 2006). Previ-
ous research shows that, with CO, dissolution, the aqueous
solution density becomes denser, which can induce natural
convection and hence enhance CO, dissolution (solubility
trapping) in the reservoir (Yang and Gu, 2006). The co-
injection of H,S complicates the matter. However, until
now, it was not possible to predict the solution density as
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a result from dissolution of both CO, and H,S. Using the
model of this study, the density of H,S-H,O-NaCl and
H,S-CO,-H,0-NacCl fluids is predicted at different tem-
perature, pressure and composition. The calculations show
that the density of the solution becomes lighter due to the
dissolution of H,S, which is the opposite of the effect of
CO, on the solution density. Fig. 16 shows the solution
density at 334.15K, 130 bar, ninaci = 2.05 mol/kgH,O,
and the mole fraction of gases from zero to saturated con-
centration for H,S-CO,-H,O-NaCl solutions in which
)CCO'2 :)CC()Z/(JCCO2 +tzs) = 0, 025, 05, 0.75 and 1. At
Xco, =0, i.e. solutions of H,S-H,O-NaCl, the solution
density decreases when the concentration of H,S increases.
While at xco; = 1, ie. solutions of CO,~-H,O-NaCl, the
solution density increases when the concentration of CO,
increases. For the gas mixture, when the mole fraction of
H,S increases, the solution density decreases.

4. CONCLUSIONS

Here we report the development of a statistical associat-
ing fluid theory (SAFT)-based equation of state (EOS) for
the quaternary H,S-CO,-H,O-NaCl system. To the best
of our knowledge, there is no EOS for this quaternary sys-
tem, and it is therefore the first of its kind. To obtain cross
parameters of SAFT, the phase equilibria and thermody-
namic properties for H,S-CO, and H,S-H,O-NaCl sys-
tems were investigated, while parameters for other
subsystems were obtained from previous work (see the
Appendix B).

Using the EOS in this study, we are now able to predict
phase equilibria and properties in the HS-CO,-H,O-NaCl
system. Our predictions show that the dissolved concentra-
tion of (H,S + CO,) mixture increases with increasing pres-
sure, decreasing concentration of NaCl, and decreasing
temperature. The mixture of (H,S + CO,) may be more sol-
uble than H,S and even more soluble than CO, under cer-

tain conditions. The dissolution of H,S will decrease the
solution density in contrast to the dissolution of CO,.
The dissolution of (H,S + CO,) may decrease or increase
the solution density, depending on the mole fraction of
st.

While the EOS may find many geological applications,
one immediate application is to geological carbon seques-
tration. Co-injection of CO, and H,S may substantially re-
duce the capture costs of carbon sequestration. However,
the increased costs and risks for transportation and storage
can be only evaluated when the phase equilibrium and ther-
modynamic properties for H,S-CO,-H,O-NaCl are
understood.
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APPENDIX A:. EOS SAFT2

The dimensionless residual Helmholtz free energy in
SAFT?2 is defined as follows

a'es = &hs + adlsp 4 acham + gissoc 4 gion (Al)

where the superscripts on the right side refer to terms
accounting for the hard-sphere, dispersion, chain, associa-
tion, and ionic interactions, respectively. In the expression
of each term below, for the systems of interest, the word
‘component’ refers to CO,, H»S, H»O, Na', and CI".

The terms for hard-sphere, dispersion and chain have
been summarized in the recent published article for hetero-
segmented molecules (Ji and Adidharma, 2012). In this
work, all the components were modeled as homosegmented
molecules, and the terms for hard-sphere and dispersion
terms are exactly the same as those in heterosegmented
SAFT. While for the chain term, the bond fraction is one
for all types of bond in homosegmented SAFT. For com-
pleteness, the corresponding content on the hard-sphere,
dispersion, and chain terms in our previous work (Ji and
Adidharma, 2012) was repeatedly described in the following
text. The association and ionic terms are also re-summa-
rized in this work.

A.1. Hard-sphere term @ (Ji and Adidharma, 2012)

The hard-sphere contribution a"

SAFT is given by

in heterosegmented

s — 6 (Cz)3 + 306646 — 3(14’2(@’3)2
TN 40P LA =-G)
3
- (go - (?)2) In(1 - @)} (A2)
(93)
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Table Al

The universal coefficients ¢;; in Eq. (A13) (Tan et al., 2006).

i/j 1 2 3 4 5 6

1 —0.010 348 412 43 5.012 940 585 —46.069 085 85 271.226 970 3 —645.515 037 9 605.117 779 9
2 0.034 371 512 70 —45.703 391 47 391.844 391 2 —2296.265 301 5430.859 895 —5087.008 598
3 0.046 688 853 54 161.837 063 5 —1267.473 745 7368.693 459 —17,288.510 83 16,217.305 15

4 —0.286 193 974 80 —276.070 506 3 1903.020 452 —10,912.042 77 25,296.495 02 —23,885.063 01

5 0.679 398 501 40 224,732 718 6 —1256.163 441 7025.297 671 —15,911.317 81 15,336.690 52

6 —1.380 935 033 —69.715 059 55 242.462 559 3 —1282.236 283 2690.356 186 —2828.288 422

where N 4, is the Avogadro number, p,, is the molar density,
and

b= %NAUmeX,-m[Za:xx(@)k

where X; is the mol fraction of component i, m; is the num-
ber of segments of component i, g, is the diameter of seg-
ment o, and X, is the segment fraction defined as

(k=0,1,2,3) (A3)

Number of moles of segments o

L= Ad
¥ = Number of moles of all segments (A4)
A.2. Dispersion term a%*? (Ji and Adidharma, 2012)
The dispersion term is calculated from
1
a%P = "X.m aS™® +a AS
= S| el TG (45)

where kp is the Boltzmann constant, 7 is the temperature in
Kelvin, and

al™P = szxxﬁa(llf;% (A6)
B

o

where o and f are the segment types, and a‘lif;‘/’, is the first-or-

der binary term for o«—ff segment interaction given by
i T
a?z% = 4(6 GiﬁNAvpm)ua/f ()‘12/} - 1)g22¢ (amlh ;3_eff) (A7)

In Eq. (A7), 6.4 is the distance between centers of segment o
and f at contact, u,y is the well depth of square-well poten-
tial for the a—f interaction, and 4,4 is the reduced range of
the potential well for the o—f interaction. The combining
rules used for o,5 and u,; are,

1
o =5 (0, + 0p) (A8)
Uyp = Upy = \/u“u/;(l - km/’) (A9)

where u, is the segment energy of segment o, and k,; is the
binary interaction parameter which can be temperature-
dependent or temperature-independent.

A simple arithmetic-mean combining rule is used for A,
analogous to that for the segment diameters:

1

j-oz/] = 5

where 1, is the reduced range of the potential well of seg-
ment o.

The radial distribution function for a mixture of hard

spheres in Eq. (A7) is calculated using Carnahan—

(22 + 2p) (A10)

Starling’s equation but evaluated at the effective reduced
variable (i,

1 30,0 Coerr
hs Oy 7C e = £ ‘
gaﬁ( 6> C3er) 1 -Gy 0o+ 0p (1- §3,et‘f)2
) 2
. 2( 0.0 ) (Cz,iff) . (A11)
0u+08) (1 — i)

In the range of 1.0 </, < 2.5, the effective reduced vari-
able (3¢ is approximated from

Getr (Zap, §3) = G114 0(op, (3] (A12)

where

8(hap () = 2357 (g — 1)(1 = 0.59L;4 ZZCU R (A13)

i=1 j=1 1[3

and c;'s are universal constants listed in Table Al.
In Eq. (A12), the effective reduced variable {, o is calcu-
lated from

loor = %Cm (A14)
3

The term a5 in Eq. (A5) has the same form as the term
dlsp

d“p x“x ¥ (A15)
BY2.4p

u
where az'i‘/’, is related to ay’;; as follows:

adlsp _ 1 Uypp aa;h;%( 4’0(1 - é’3)
2ol " 0P (1= G) 4 64, G(1 - G) + 98

3)
(A16)

The term &, in Eq. (AY) is calculated from

a = ZZD,,m(k T) (%) (A17)

m=2n

where D,,,,’s are universal constants listed in Table A2, 7 is
the close-packed reduced density (=2'2 n/6), and wkT is
evaluated in the spirit of the van der Walls one fluid theory

Table A2

The universal coefficients D,,,, in Eq. (A17) (Tan et al., 20006).
n/m 2 3 4 5

1 —2.420747 —4.151326 2.501130 —0.462574
2 9.955897 —1.520369 0 0
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szax/i (kﬂ) Usp

— = (A18)
kT ZZ)@X{;UW;
where
1/3 1373
by = [4(““) o) } (A19)

The molar volume of segment o(v,) is related to the segment
diameter as follows:

Uy, =

T
& GzNAv (AZO)

A.3. Chain term a®™ (Ji and Adidharma, 2012)

The chain term is calculated by

ahn = ZX i = DIngV(o,) —IngyY (o,p)]  (A21)
and
g (o.4) = > BupiIng) (0.4) (A22)

p=o

where gi}?’(aaﬁ) is the square-well radial distribution func-
tion calculated at contact, and g3" is g5V evaluated at zero
density. The pair radial distribution function for a mixture
of square-well segments is determined as follows

= 203(0up) + Py 5 (04p) (A23)

where g15(,4) is the pair radial distribution function for a
mixture of hard sphere given by

25 (94p)

b 1 30,08 0 0,0 2 (C2)2
&alow) =7 ”{ } (

o+ 05 (1-05)° o, +og] (1-¢)°
(A24)
and g; .5 (0,p) is the perturbation term,
&15(00p) = L ! e op
of 4u1/; %GiﬁNAUZXimi 8p
A dat™*®
B 1,0f ( A2 5)

3(6 a/;NALpZX mz 8j'1ﬁ

In Eq. (A22), B,p; is the bond fraction of type off in mol-
ecule of component i and it is equal to one since each
component studied in this work is a homosegmented
molecule.

A.4. Association term a**°¢

The association term is calculated by Adidharma and
Radosz (2001)

Gassoc ZX |:Z (lnXA,- _XT/L) + f’l(;z):| (A26)

i A;el;

where n(;) is the number of association sites on molecule i
and X is the mole faction of molecules i not bonded at site
A; given by

1
X4 = (A27)

L+, {X; > (xXPat)

J Bjel;

where A%/ is the association strength between site A; at
molecule 7/ and site B; at molecule j given by

AN = B oo g (3 (i 3KAB,) (A28)
where

FA8 = exp(e'® [kyT) — 1 (A29)
and

a(p) = 1+ 0.1044p" — 2.8469(p")* +2.3787(p*)’  (A30)

where p* is the reduced density related to the segment den-
sity p, by

6
P = p QOZZxaxﬂoiﬁ (A31)
o« p

The Lorentz and Berthelot combing rules are used for the
size and energy parameters, i.e.

(2 -

3

3, AiBi 1/3 3..4;8,\1/3
ot = {(61 ) : + (o) } (A33)
B = \ehiBighiB; (A34)

A.5. Ionic term &

Restricted primitive model is used in SAFT2 to account
for long-range Coulomb interactions (Tan et al., 2005)

3X2 4+ 6X 42 —2(1 +2x)?

qn = — A35
“ 127p,, N 4od’ ( )
where d is the effective (hydrated) diameter defined by

d=> xd, (A36)

where x} is the mole fraction of ion i on a solvent-free basis
and the summation is over all ions.In Eq. (A35), X is the
dimensionless quantity defined by

X =xd (A37)

where « is the Debye inverse screening length given by

o ZP _ e S 0.7 (A38)
& kT i) evkpT """

where ,, is the dielectric constant of water, p,, ;is the number
density of ion j, g; is the charge of ion j (=ze), z; is the va-
lence of the ion j, e is the charge of an electron, and the
summation is over all ions in the mixture.
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APPENDIX B:. PARAMETERS IN THE COMPONENT
SUBSYSTEMS

B.1. Pure components

For the system of interest in this work, the components
of H,S, H>O and CO, have been investigated with SAFT2,
in which H,S was modeled as a molecule with four associ-
ation sites, i.e. two sites of type S and two sites of type H.
H,>O was also modeled as a molecule with four association
sites, i.e. two sites of type O and two sites of type H. CO,
was modeled as a molecule with three association sites,
1.e. two sites of type O and one site of type C. Sites of the
same type do not associate with each other. Parameters
were obtained from the fitting of the experimental data of
saturation pressure and saturation liquid densities. The fit-
ted parameters are summarized in Table B1.

B.2. Aqueous NaCl solutions

NaCl is a special component compared to H,S, H,O and
CO.. It was dissociated into cation and anion in water or in
the aqueous solutions of interest in this work. There are no
available experimental data for pure NaCl.

In our previous work (Ji and Adidharma, 2007), the
properties of a group of ions (Li", Na™, K", Ca*", Mg?",
Cl-, Br—, I-, NO;~, HCO;™, SO4*~, COs>7) in aqueous
solution were investigated with SAFT2. Each ion was mod-
eled as charged, but non-associating, spherical segments.
To account for the effect of pressure on the properties of
electrolyte solutions, a short-range interaction between cat-
ion and anion was allowed, but we neglected the cation-cat-

ion short-range interaction, in order to reduce the number
of parameters. Moreover, parameters of, u, A and d were
temperature-dependent with following equations:

v = vys[1 + by (T — 298.15) + by (T — 298.15)’] (B1)
u = 5[] + by(T — 298.15) + by (T — 298.15)°] (B2)
4= Jas[1 + bs(T — 298.15) + be(T — 298.15)?] (B3)
d = dos[1 + by(T — 298.15) + bg(T — 298.15)7] (B4)

where b; to bg are the ion-specific coefficients.

One set of parameters for this group of ions at 298.15 K
was fitted to a group of experimental data and liquid den-
sity. The coefficients for temperature-dependent parameters
were fitted to the experimental activity coeflicients and li-
quid densities at temperatures up to 473.15 K and low
pressures. The parameters for Na* and CI™ are listed in
Tables B2 and B3, where 4,5, is the arithmetic mean of
the reduced well range for water—ion interactions
(Z25.0w = 0.5(725,, t Z25,), where w refers to water and i
refers to cation or anion).

B.3. H,S(1)-H,0(3)

In our previous work (Ji and Zhu, 2010), the phase equi-
librium for H,S(1)-H,0O(3) was investigated, in which cross
association between the site H in H,S and the site O in H,O
was allowed and two temperature-dependent parameters
were used to describe this cross association. Meanwhile, a
temperature-dependent binary interaction parameter was
used to adjust the cross dispersive energy for this binary
system with the equation:

ion and anion-anion short-range interactions, i.e., k,z = 1. ,311*30
We considered full short-range interaction between ion & Cr+GT (BS)
and water, i.e., k,3=0. k,p for cation-anion short-range HO
. L . . =Cy+ CoT B6
interaction is expected to be in the range of zero to unity. 13 9+ Clo (B6)
For practical purposes, we set k,; = 0.5 for this cation—an- ki3 = Cy + CppT (B7)
Table Bl
Parameters for CO,, H,S and H,O.
m 1% (cc/mol) u’fk (K) A /k (K) K
CO, (Ji and Adidharma, 2010) 1.3513 11.137 219.992 1.4220 217.7834 0.18817
H,S (Ji and Zhu, 2010) 1.2882 11.7602 254.318 1.5240 135.62 0.004382
H,O (Tan et al., 2006) 1.0 9.8307 311.959 1.5369 1481.41 0.04682
Table B2
Parameters for Na* and CI~ at 298.15 K (25 °C).
i 025 (cc) (u25/k) (K) 225.iw dys (A) i U2s (cc) (u25/k) (K) /25— dys (A)
Na™ 1.6961 3321.67 1.8860 4.6806 ClI™ 7.6771 1228.19 1.0924 5.6428
Table B3
Coefficients in Eqgs. (B1)—-(B4).
1036, (K™Y 1006, (K2 10063 (K™Y 10°6, (K2 10*bs (K™Y  10°hs (K2 10*b; (K1) 10° bg (K?)
Na*t —3.8224 —0.0022 —4.8026 2.5607 7.7334 —3.0528 0.6083 —5.0683
Cl™ 1.5282 0.1448 —4.7972 2.1132 —0.9565 9.7282 0.0827 -5.0773
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Table B4

Cs in Egs. (B7)—(B10), (and) (B13).

Parameter Value Parameter Value Parameter Value

c, 1.5154 x 10? Cis (T) —9.0662 x 10° Csy 9.2661 x 107!
Cg (T7h 2.7904 x 10° Cis (T?) 3.4164 x 10° Cy (T —9.3469 x 1073
Co —1.8143 x 1073 Ci6 (T?) —4.3221 x 10" G (T73) 2.7383 x 10~°
Cio (T 9.6423 x 107° Ci7 1.5329 x 10° Coy (T7) —2.3398 x 1078
Ciy —1.9109 x 107! Cis (T —1.2150 x 102 Cos —8.0059 x 1072
Cpo (T7h 8.1684 x 10~* Cio (T7?) 3.1406 x 1073 Ce (T7h 1.4236 x 1073
Cis 9.1029 x 10° Cso (T73) —2.5884 x 1078

Cross parameters were fitted to mole fractions both in H,S—
rich/vapor phases and H,O-rich phases measured experi-
mentally. The fitted results are listed in Table B4. The mod-
el is found to represent well the phase equilibria of the H,S—
H,O system from 273 to 630 K and at pressures up to
200 bars.

B.4. CO,(2)-H,0(3)-NaCl(4)

Similar to our previous work (Ji et al., 2005a), SAFT2
was used to represent the properties and phase equilibrium
of the CO,~H,O system, in which one type of cross associ-
ation was assigned, i.e. between the site of type O in CO,
and the site of type H in H,O. The cross association is tem-
perature-dependent with the following equations:

oH
8%:C‘|3+C14T_1 + CisT 2+ CiT™? (B8)
K3 = Ci74 CisT + CioT? + CyT? (BY)

A temperature-dependent binary interaction parameter ko3
was used to adjust the cross dispersive energy for this bin-
ary system

kyy = Cyy 4 CpT + Cp T* 4 Coy T (B10)

For CO,(2)-H,O(3)-NaCl(4), a temperature-dependent
binary interaction parameter, k»4, the same for both CO,—
Na' and CO,-Cl™ pairs, was used to adjust the short-range
interactions

oy = (wottgs)' (1 — kag) (B11)
Uyg4— = (u2u4,)1/2(1 — k24) (B12)
kg = Cos + (T —273.15) - Cx (B13)

The temperature-dependent cross parameters were directly
fitted to the same experimental data as in our previous work
(Ji et al., 2005a). The fitted results are listed in Table B4.

APPENDIX C. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2012.05.023.

REFERENCES

Adidharma H. and Radosz M. (2001) Saftl for associating fluids:
alkanols. J. Phys. Chem. B 105, 9822-9827.

Bachu S. and Bennion D. B. (2009) Chromatographic partitioning
of impurities contained in a co2 stream injected into a deep

saline aquifer: Part 1. Effects of gas composition and in situ
conditions. Int. J. Greenhouse Gas Control 3(4), 458-467.

Bachu S. and Carroll J.J. (2005) In-situ phase and thermodynamic
properties of resident brine and acid gases (CO, and H,S)
injected in geological formations in western Canada: demon-
stration of CO, geological storage, Carbon Dioxide Capture for
Storage. In Deep Geologic Formations — Results from the CO,
Capture Project, v. 2: Geologic Storage of Carbon Dioxide with
Monitoring and Verification (ed. S. M. Benson). Elsevier,
London. pp. 867-876.

Bachu S. and Gunter W. D. (2004) Acid gas injection in the Alberta
basin, Canada: a CO,— storage experience. Geological Storage
of Carbon Dioxide. Geol. Soc. London Spec. Publ. 233, 225—
234.

Bachu S. and Watson T. L. (2009) Review of failures for wells used
for CO, and acid gas injection in Alberta, Canada. Energy
Procedia 1(1), 3531-3537.

Bachu S., Buschkuehle M., Haug K. and Michael K. (2008a)
Subsurface characterization of the Edmonton-area acid-gas
injection operations. Energy Resources Conservation Board,
ERCBIAGS Special Report 092, 134p.

Bachu S., Buschkuehle M., Haug K. and Michael K. (2008b)
Subsurface characterization of the Pembina-Wabamun acid-gas
injection operations. Energy Resources Conservation Board,
ERCBIAGS Special Report 093, 60p.

Barrett T. J., Anderson G. M. and Lugowski J. (1988) The
solubility of hydrogen sulphide in 0-5 m NaCl solutions at 25°—
95 °C and one atmosphere. Geochim. Cosmochim. Acta 52(4),
807-811.

Bierlein J. and Kay W. B. (1953) Phase-equilibrium properties of
system carbon dioxide-hydrogen sulfide. Ind. Eng. Chem. 45(3),
618-624.

Buschkuehle B. E. and Michael K. (2006) Subsurface character-
ization of acid-gas injection operations in northeastern British
Columbia. Alberta Energy and Utilities Board, EUBIAGS Earth
Sciences Report 2006-05, 201 p.

dos Ramos M. C. and McCabe C. (2010) Modeling the phase
behavior, excess enthalpies and henry’s constants of the
H,O + H,S binary mixture using the saft-vr plus d approach.
Fluid Phase Equilib. 290(1-2), 137-147.

Drummond S. E. (1981) Boiling and mixing of hydrothermal fluids:
vhemical effects on mineral precipitation. Ph. D. dissertation,
Pennsylvania state university.

Duan Z. H. and Li D. D. (2008) Coupled phase and aqueous
species equilibrium of the H,0-CO,-NaCl-CaCOj; system
from 0 to 250 degrees C, 1 to 1000 bar with NaCl concentra-
tions up to saturation of halite. Geochim. Cosmochim. Acta
72(20), 5128-5145.

Duan Z. H., Moller N. and Weare J. H. (1996) Prediction of the
solubility of H,S in NaCl aqueous solution: an equation of state
approach. Chem. Geol. 130(1-2), 15-20.

Duan Z. H., Sun R., Liu R. and Zhu C. (2007) Accurate
thermodynamic model for the calculation of h2s solubility in
pure water and brines. Energy Fuels 21(4), 2056-2065.


http://dx.doi.org/10.1016/j.gca.2012.05.023
http://dx.doi.org/10.1016/j.gca.2012.05.023

58 X. Ji, C. Zhu/ Geochimica et Cosmochimica Acta 91 (2012) 40-59

Dubessy J., Tarantola A. and Sterpenich J. (2005) Modelling of
liquid—vapour equilibria in the HyO-CO,-NaCl and H,O-
H,S-NacCl systems to 270 degrees C. Oil Gas Sci. Technol. Rev.
IFP 60(2), 339-355.

Gunter W. D., Perkins E. H. and Hutcheon 1. (2000) Aquifer
disposal of acid gases: modeling of water-rock reactions for
trapping of acid wastes. Appl. Geochem. 15(8), 1085-1095.

IPCC (2005) IPCC Special Report on carbon dioxide capture and
storage. Prepared by Working Group III of the Intergovern-
mental Panel on Climate Change. In: B. Metz, O. Davidson, H.
C. de Coninck, M. Loos and L. A. Meyer (eds.). Cambridge
University Press.

Ji X. Y. and Adidharma H. (2006) Ion-based saft2 to represent
aqueous single- and multiple-salt solutions at 298.15 k. Ind.
Eng. Chem. Res. 45(22), 7719-7728.

Ji X. Y. and Adidharma H. (2007) Ion-based statistical associating
fluid theory (SAFT2) to represent aqueous single-salt solutions
at temperatures and pressures up to 473.15 k and 1000 bar. Ind.
Eng. Chem. Res. 46(13), 4667-4677.

Ji X. Y. and Adidharma H. (2008) Ion-based SAFT2 to represent
aqueous multiple-salt solutions at ambient and elevated tem-
peratures and pressures. Chem. Eng. Sci. 63(1), 131-140.

Ji X. Y. and Adidharma H. (2009) Thermodynamic modeling of
ionic liquid density with heterosegmented statistical associating
fluid theory. Chem. Eng. Sci. 64(9), 1985-1992.

Ji X. Y. and Adidharma H. (2010) Thermodynamic modeling of
CO; solubility in ionic liquid with heterosegmented statistical
associating fluid theory. Fluid Phase Equilib. 293(2), 141-150.

Ji X. Y. and Adidharma H. (2012) Prediction of molar volume and
partial molar volume for CO,/ionic liquid systems with
heterosegmented statistical associating fluid theory. Fluid Phase
Equilib. 315, 53-63.

Ji X. Y. and Zhu C. (2010) Modelling of phase equilibria in the
H,S-H,O system with statistical associating fluid theory.
Energy Fuels 24, 6208—6213.

Ji X. Y., Tan S. P., Adidharma H. and Radosz M. (2005a) Saftl-
rpm approximation extended to phase equilibria and densities
of CO,-H,O and CO,-H,O-NaCl systems. Ind. Eng. Chem.
Res. 44(22), 8419-8427.

Ji X. Y, Tan S. P., Adidharma H. and Radosz M. (2005b)
Statistical associating fluid theory coupled with restricted
primitive model to represent aqueous strong electrolytes:
multiple-salt solutions. Ind. Eng. Chem. Res. 44(19), 7584-7590.

JiX. Y., Tan S. P., Adidharma H. and Radosz M. (2006) Statistical
associating fluid theory coupled with restrictive primitive model
extended to bivalent ions. Saft2: 2. Brine/seawater properties
predicted. J. Phys. Chem. B 110(33), 16700-16706.

JiY.H,JiX. Y., Feng X., Liu C., Lu L. H. and Lu X. H. (2007)
Progress in the study on the phase equilibria of the CO,-H,O
and CO,-H,O-NacCl systems. Chin. J. Chem. Eng. 15(3), 439—
448.

Knauss K. G., Johnson J. W. and Steefel C. 1. (2005) Evaluation of
the impact of CO,, co-contaminant gas, aqueous fluid and
reservoir rock interactions on the geologic sequestration of
CO,. Chem. Geol. 217(3-4), 339-350.

Li Z. D. and Firoozabadi A. (2009) Cubic-plus-association
equation of state for water-containing mixtures: is “cross
association” necessary? AIChE J. 55(7), 1803—1813.

Micheal K. and Buschkuehle M. (2008a) Subsurface characteriza-
tion of acid-gas injection operations in the Peace River Arch
Area. Energy Resources Conservation Board, ERCBIAGS Spe-
cial Report 090, 186p.

Micheal K. and Buschkuehle M. (2008b) Subsurface characteriza-
tion of acid-gas injection operations in the Provost Area.

Energy Resources Conservation Board, ERCBIAGS Special
Report 091, 143p.

Palandri J. L. and Kharaka Y. K. (2005) Ferric iron-bearing
sediments as a mineral trap for CO, sequestration: iron
reduction using sulfur bearing waste gas. Chem. Geol. 217(3—
4), 351-364.

Pappa G. D., Perakis C., Tsimpanogiannis I. N. and Voutsas E. C.
(2009) Thermodynamic modeling of the vapor-liquid equilib-
rium of the CO,/H,0 mixture. Fluid Phase Equilib. 284(1), 56—
63.

Perfetti E., Thiery R. and Dubessy J. (2008a) Equation of state
taking into account dipolar interactions and association by
hydrogen bonding. I: application to pure water and hydrogen
sulfide. Chem. Geol. 251(1-4), 58—66.

Perfetti E., Thiery R. and Dubessy J. (2008b) Equation of state
taking into account dipolar interactions and association by
hydrogen bonding: Ii — modelling liquid-vapour equilibria in
the H,O-H,S, H,O-CH,4 and H,O-CO, systems. Chem. Geol.
251(1-4), 50-57.

Sobocinski D. P. and Kurata F. (1959) Heterogeneous phase
equilibria of yjr hydrogen sulfide-carbon dioxide system.
AIChE J. 5(4), 545-551.

Spycher N. and Pruess K. (2010) A phase-partitioning model for
co2-brine mixtures at elevated temperatures and pressures:
application to CO,-enhanced geothermal systems. Transp.
Porous Media 82(1), 173-196.

Spycher N., Pruess K. and Ennis-King J. (2003) CO,-H,O
mixtures in the geological sequestration of CO,. I. Assessment
and calculation of mutual solubilities from 12 to 100 degrees C
and up to 600 bar. Geochim. Cosmochim. Acta 67(16), 3015~
3031.

Stouffer C. E., Kellerman S. J., Hall K. R., Holste J. C., Gammon
B. E. and Marsh K. N. (2001) Densities of carbon dioxide plus
hydrogen sulfide mixtures from 220 k to 450 k at pressures up
to 25 mpa. J. Chem. Eng. Data 46(5), 1309-1318.

Suleimenov O. M. and Krupp R. E. (1994) Solubility of hydrogen
sulfide in pure water and in NaCl solutions, from 20 to 320
degree C and at saturation pressures. Geochim. Cosmochim.
Acta 58(11), 2433-2444.

Sun R. and Dubessy J. (2010) Prediction of vapor-liquid equilib-
rium and pvtx properties of geological fluid system with saft-lj
eos including multi-polar contribution. Part i: application to
H,O0-CO, system. Geochim. Cosmochim. Acta T4(7), 1982—
1998.

Tan S. P., Adidharma H. and Radosz M. (2005) Statistical
associating fluid theory coupled with restricted primitive model
to represent aqueous strong electrolytes. Ind. Eng. Chem. Res.
44(12), 44424452,

Tan S. P., Ji X. Y., Adidharma H. and Radosz M. (2006) Statistical
associating fluid theory coupled with restrictive primitive model
extended to bivalent ions. Saft2: 1. Single salt plus water
solutions. J. Phys. Chem. B 110(33), 16694-16699.

Tang X. H. and Gross J. (2010) Modeling the phase equilibria of
hydrogen sulfide and carbon dioxide in mixture with hydro-
carbons and water using the pcp-saft equation of state. Fluid
Phase Equilib. 293(1), 11-21.

Xia J. Z., Kamps A. P. S., Rumpf B. and Maurer G. (2000)
Solubility of hydrogen sulfide in aqueous solutions of the single
salts sodium sulfate, ammonium sulfate, sodium chloride, and
ammonium chloride at temperatures from 313 to 393 k and
total pressures up to 10 mpa. Ind. Eng. Chem. Res. 39(4), 1064—
1073.

Xiao Y., Xu T. and Pruess K. (2009) The effects of gas—fluid-rock
interactions on CO, injection and storage: insights from



X. Ji, C. Zhu/ Geochimica et Cosmochimica Acta 91 (2012) 40-59 59

reactive transport modeling. Energy  Procedia 1(1), Yang C. D. and Gu Y. G. (2006) Accelerated mass transfer of CO,

1783-1790. in reservoir brine due to density-driven natural convection at
Xu T., Apps J. A., Pruess K. and Yamamoto H. (2007) Numerical high pressures and elevated temperatures. Ind. Eng. Chem. Res.

modeling of injection and mineral trapping of CO, with H,S 45(8), 2430-2436.

and SO, in a sandstone formation. Chem. Geol. 242(3-4), 319—

346.

Associate editor: Peter Ulmer



	A SAFT equation of state for the quaternary  H2S–CO2–H2O–NaCl system
	1 Introduction
	2 SAFT equation of state and parameter evaluations
	3 Results and discussions
	3.1 H2S(1)–CO2(2)
	3.2 H2S(1)–H2O(3)–NaCl(4)
	3.3 H2S(1)–CO2(2)–H2O(3)–NaCl(4)
	3.4 Predictions from the New EOS

	4 Conclusions
	Acknowledgement
	Appendix A: EOS SAFT2
	A.1 Hard-sphere term ? (Ji and Adidharma, 2012)
	A.2 Dispersion term ? (Ji and Adidharma, 2012)
	A.3 Chain term ? (Ji and Adidharma, 2012)
	A.4 Association term ? 
	A.5 Ionic term ? 

	Appendix B: Parameters in the component subsystems
	B.1 Pure components
	B.2 Aqueous NaCl solutions
	B.3 H2S(1)–H2O(3)
	B.4 CO2(2)–H2O(3)–NaCl(4)

	Appendix C Supplementary data
	Appendix C Supplementary data
	References


