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Water content of three carbon dioxide containing natural gas mixtures in equilibrium with an aqueous phase was meas-
ured using a dynamic saturation method. Measurements were performed up to high temperatures (477.6 K 5 4008F) and
pressures (103.4 MPa 5 15,000 psia). The perturbed chain form of the statistical associating fluid theory was applied to
predict water content of pure carbon dioxide (CO2), hydrogen sulfide (H2S), nitrous oxide (N2O), nitrogen (N2), and
argon (Ar) systems. The theory application was also extended to model water content of acid gas mixtures containing
methane (CH4). To model accurately the liquid-liquid equilibrium at subcritical conditions, cross association between
CO2, H2S, and water was included. The agreement between the model predictions and experimental data measured in
this work was found to be good up to high temperatures and pressures. VC 2015 American Institute of Chemical Engi-

neers AIChE J, 61: 3038–3052, 2015
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Introduction

Natural gas dehydration is an essential process in any natural
gas processing plant. The main goal of gas dehydration is
removing water to reduce pipeline corrosion and eliminate line
blockage caused by hydrate formation. The water dew point
should be below the lowest pipeline temperature to prevent free
water formation. Also, most product specifications require that
no free water be present. As a result, the maximum water con-
tent allowed in a sales gas range between 4 and 7 lb/MMSCF.
For liquids, the water content is 10–20 ppmv. Hydrate forma-
tion may occur not only in pipelines, but also in cryogenic proc-
esses such as the production of liquefied natural gas and of C21

raw materials needed for the polymers industry. Furthermore,
enhanced oil recovery (EOR) processes related to the injection
of nitrogen or acid gases have gained more attention during the
last few years as an effective method of increasing oil and gas
production. The process depends on compressing acid gases
exiting the amine regenerator overhead or nitrogen exiting the
nitrogen rejection unit and transporting them via pipelines to an
injection well.1,2 Consequently, designing both natural gas
dehydration and acid gas injection schemes requires a detailed
knowledge of wet and sour natural gas mixtures. Experimental
data for water content of n-alkanes are widely scattered while
that for acid gases is limited. Therefore, rigorous thermody-
namic models are needed to accurately predict water content at
conditions where experimental data is scattered or does not
exist.

Previous experimental efforts in measuring water
content of acid gases

Experimental efforts in measuring water solubility in vapor
carbon dioxide phase started back in 1939 by Wiebe and
Gaddy.3–5 Latter, Gillespie and Wilson6 as well as Song and
Kobayashi7 extended the range of existing data to higher pres-
sures where liquid carbon dioxide phase is formed below the
pure CO2 critical point. The later also provided extensive data
at CO2 supercritical conditions. In general, reasonable agree-
ment can be observed among various sets of data above
hydrate formation temperatures and up to intermediate pres-
sure regions. Water content for CO2 1 H2S mixtures was also
measured at several conditions by Clark.8 Furthermore, Song
and Kobayashi9 examined the effect of adding CO2 on water
content of methane and ethane supercritical gases. This work
will present new experimental data on the water content of
90% methane 1 10% carbon dioxide, 30% methane 1 70%
carbon dioxide, and 5% ethane 1 95% carbon dioxide.

Experimental data found in the literature concerning H2S
systems is scarce. The work by Selleck et al.10 and Gillespie
et al.11 on water content of vapor and liquid H2S is considered
to be the most reliable in the literature. A study by Chapoy
et al.12 on the phase behavior of water-hydrogen sulfide sys-
tem has provided more data at low temperatures and pressures.
Furthermore, Sharma13 examined water content of two differ-
ent CH4 1 H2S mixtures at 327.59 K (1308F). Consequently, a
fundamental equation of state is needed to safely predict water
mole fractions in the absence of experimental data.

Previous modeling efforts in predicting water content of
acid gases

Predicting water content in sweet and sour natural gas sys-
tems represents a great challenge to researchers as a result of
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the low water concentration in the hydrocarbon or acid gas
phase. Therefore, most of the techniques used traditionally by
the gas industry rely on charts and empirical correlations to
approximate water mole fraction. At low pressures where the
ideal gas approximation is valid, water content of a gas is
approximated to be equal to the vapor pressure of pure water
divided by the total pressure of the system. This relation
assumes that the solubility of gases dissolved in water is mini-
mal. Therefore, the mole fraction of water in the aqueous
phase is taken to be unity. The assumption can be reasonable
only in the presence of hydrocarbons; however, solubility of
acid gases in water can be significant even at low pressures.
Sharma and Campbell14 were the first to propose a method for
calculating water content of sour natural gas mixtures. The
model requires the fugacity of water at saturation as well as
the fugacity of water and the compressibility factor of the gas
mixture at system conditions respectively. A chart was pro-
vided to estimate the fugacity at the system conditions. How-
ever, the chart is valid only for temperatures between 299.82
and 344.26 K (80–1608F) and for pressures less than 13.79
MPa (2000 psia). Later, Maddox15,16 developed a similar
method which relies on reading water content of sweet natural
gas from the McKetta-Wehe chart and then correcting for acid
gas presence using other respective charts. The chart for CO2

is for temperatures between 299.82 and 344.26 K (80–1608F)
and the chart for H2S is for 299.82 and 410.93 K (80–2808F).
Both charts are for pressures from 0.69–20.68 MPa (100–3000
psia). In addition, Carroll17 suggested using the Bukacek
method18 instead of the McKetta-Wehe chart19 for estimating
water content of the sweet gas needed for the Maddox correc-
tion method. Wichert and Wichert20 proposed a correction for
the McKetta-Wehe chart to take into account H2S in the gas.
The correction factor is calculated using a chart which is only
valid for temperatures between 283.15 and 449.82 K (50–

3508F) and a pressure range of 1.38–68.95 MPa (200–10,000
psia). Also, the method is not applicable for H2S equivalent
mole fractions greater than 55%. It is unclear how these meth-
ods will behave if extrapolated beyond the range. The pressure
and temperature limitations of most of these models are great
disadvantages.

Carroll developed a more rigorous thermodynamic model
(AQUAlibrium) for estimating water content of sweet and
sour natural gas.17,21,22 The model uses the Peng-Robinson
(PR) equation of state23 to model the non-aqueous phase while
modeling the water-rich phase using Saul and Wagner formu-
lation24 of the International Association for the Properties of
Water and Steam (IAPWS) equation of state for pure water.
Hydrocarbon and acid gas solubility in the aqueous phase was
calculated using Henry’s law relations. The model was applied
independently by Carroll17,21,22 and Yarrison et al.25,26 and
showed superiority over other empirical correlations and
charts found in the literature. Valtz et al.27 used three different
models to represent H2O-CO2 vapor-liquid equilibrium
(VLE). The first model employs the PR equation of state com-
bined with the classical van der Waals one mixing rule for
modeling the vapor phase and Henry’s law treatment for mod-
eling the liquid phase. The second and third model use the PR
equation of state combined with Wong-Sandler/Huron-Vidal
mixing rule28,29 (PR 1 WS 1 NRTL) and SAFT-VR equation
of state,30,31 respectively. It is worth noting that SAFT-VR
required two large binary interaction parameters to fit the
experimental VLE data satisfactory. Results showed that the
first and third models gave similar accuracies in predicting
CO2 mole fraction in the aqueous phase while the second
model produced the best predictions in terms of water content
of the CO2 vapor phase. Furthermore, Chapoy et al.12 used the
Valderrama modification of the Patel-Teja equation of state32

with the non-density dependent mixing rules33 for describing

Figure 1. Several valves and the vacuum pump removed for clarity.

A more detailed schematic is provided in the experimental procedure section. Gas is charged from the cylinder (S) through the

pressure regulator, and into pumps P1 and P2. Gas then flows through the 24 inch equilibration column to ensure that the gas is

at the bath temperature. Gas is dispersed in the saturation cell (SC) into fine bubbles (1–2 micron size), and is then reduced in

pressure through throttling valves TV1 and TV2. The analytical train (denoted by the dashed box A) then receives the low pres-

sure sample from the second throttle valve. Gas flows to either the Panametrics Moisture Analyzer (PMA) or to the desiccant

packed u-tubes. Pressure in the analysis section is recorded by a pressure transducer. For the high temperature runs, a presatura-

tion column (not shown) is used between P1 and P2 to ensure that the gas is completely water saturated.
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H2O-H2S binary system phase behavior. Again, a relatively
high interaction parameter was used to correlate the experi-
mental data in both phases. Tsivintzelis et al.34,35 applied the
Cubic Plus Association (CPA) equation of state36 to model
H2O-CO2 and H2O-H2S binary systems. Best results were
achieved when CO2 was modeled as an electron acceptor
while H2S was modeled as an electron donor. Cross associa-
tion energies were obtained from calorimetric37 and infrared
(IR) spectroscopic38 experiments while cross association vol-
umes were fit to experimental data. However, the work still
required large positive binary interaction parameters to
enhance the correlation performance.

A new water model based on the perturbed chain form of
the statistical associating fluid theory39–42 (PC-SAFT) was

presented in our previous publications.43,44 Water in the
hydrocarbon phase was modeled as a sphere of diameter 3Å
surrounded by a sea of n-alkane chains. Calculations showed
that self-association and multipolar interactions can be
neglected in this phase due to the extremely low water mole
fractions. Therefore, the water dispersion energy ðe=kÞ can be
fitted to experimental data available in the literature.44 The
pure liquid water phase was modeled using the accurate
IAPWS equation of state.45 An average dispersion energy of
204.7 K turned out to be sufficient for correlating water con-
tent of the hydrocarbon phase. This value is lower than that fit-
ted by Gross and Sadowski42 for their two associating sites
water model (one electron donor and one electron acceptor,
2B) but is still higher than that used by water models in molec-
ular dynamic simulation.46 The remaining association parame-
ters for our four associating sites (two electron donors and two
electron acceptors, 4C) model were then fitted to saturated liq-
uid densities and vapor pressures of pure water. Application of
the new model to predict water content of pure acid, inert and
noble gases, namely: carbon dioxide (CO2), hydrogen sulfide
(H2S), nitrous oxide (N2O), nitrogen (N2), and argon (Ar) as
well as acid gas mixtures with methane is presented in this
work.

Experimental Measurement

Experimental set up

The solubility of water in high temperature, high pressure
hydrocarbon gases is measured using a flow scheme similar to
that of Benson47 or Rigby and Prausnitz.48 Figure 1 shows the
important components of the experimental apparatus, which
consists of a gas cylinder (S), a 1000 cm3 Ruska boost pump
(P1), a 500 cm3 Ruska main pump (P2), a 24 foot thermal
equilibration coil (EC), the saturation cell (SC), on-off and
throttling valves (TV1 and TV2), analysis train and a flow
meter (F). Both EC and SC are contained in a thermostatically
controlled air bath, which is controlled to within 0.3 K using a
1.8 KW heater coupled to an OMEGA CN9000A PID temper-
ature controller. The controller parameters were determined
using the Cohen-Coontz tuning method.

A detailed drawing of the saturation cell is given in Figure
2. The cell has a nominal internal volume of 1,300 cm,3 with
an internal diameter of approximately 7.5 cm. Gas enters the
cell and flows through a glass dispersion frit (PF) which dis-
perses the gas into the liquid water as bubbles of a nominal
diameter of 0.01 mm. A stainless steel retaining ring holds the
frit in place at the bottom of the cell. The bubbles travel
through the liquid water phase and into the head space of the
saturation cell. A stainless steel baffle and an antientrainment
section (shown in grey) prevent any water spray from leaving
the saturation cell. Gas exits the saturation cell through two
throttle valves; (TV1) is a standard vee stem valve, while TV2

Figure 2. This figure shows the internal details of the
high-pressure saturation cell.

The porous frit and retaining ring disperse the incoming

gas into 1–2 micron bubbles, facilitating mass transfer.

Cell temperature is recorded using a thermowell with a

j-type thermocouple inside. Over pressure protection is

provided by a 19,500 psia rupture disc, and internal

pressure is measured by two pressure transducers, one

0–10,000 and one 0–20,000 depending on the pressure

under investigation. The antientrainment baffle section

is made from 304 stainless and Teflon. The O-rings

were either Viton for the hydrocarbon rich mixtures, or

Teflon for the carbon dioxide rich mixtures.

Table 1. Pure Component PC-SAFT Parameters Used in this Work.

Component m
r

(Å)
e=k
(K)

eAiBj

K
(K) jAiBj

AAD (%)
psat

AAD (%)
qsat

T range
(K) Ref.

H2O 1.00 3.04 204.7 1920.02 0.0425 2.7 5.9 273–582 44

CH4 1.00 3.7039 150.03 0.4 0.7 97–300 41

CO2 2.0729 2.7852 169.21 2.8 2.7 216–304 41

H2S 1.6686 3.0349 229.00 0.4 0.6 187–362 53

N2 1.2053 3.3130 90.96 0.3 1.5 63–126 41

Ar 0.9285 3.4784 122.23 0.3 0.7 84–151 41

N2O 2.3547 2.6699 160.85 3.0 1.8 182–278 This work
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is a precision needle valve for precise flow control, which
reduces the outlet pressure to approximately 1 bar before pass-
ing to the analytical train. Three different pressure transducers
(PT) monitor cell pressure; pressures below 70 bar use a Heise
transducer, pressures from 70 to 700 bar use a Data Instru-
ments transducer, and pressures from 700 to 1400 bar use a
Sensometrics transducer. A J-type thermocouple (TC) located
in a thermowell (TW, shown by cross hatching) monitors cell
temperature. The J-type thermocouple was calibrated by
OMEGA engineering against the ice and boiling points of
water, and the melting points of tin and zinc, and was checked
against a NIST traceable PRT to confirm the accuracy. An
Autoclave Engineers rupture disc (RD) mounted in the anti-
entrainment section provides over pressure protection. The
dashed line indicates the approximate water level in the cell.

Analytical train A consists of the General Electric (GE)-
Panametrics moisture analyzer (PMA), three desiccant
charged stainless steel u-tubes (U) and gas flow meter (F). The
PMA measures the water content by measuring the resistance
across an aluminium oxide sensor; as the water present in the
gas stream changes, so does the resistance across the sensor,
which is converted by the PMA into a mole fraction and a
mass of water per volume reading. The unit is calibrated by
GE using NIST traceable standards, and is recalibrated by GE
yearly. Both PMA and the desiccant charged tubes are used at
temperatures below 333 K but temperature limitations of the
PMA prevent its use above this temperature. All tubing
between the throttle valve (TV1) and analytical train is main-
tained 10–20 K above air bath temperature using electrical
heating tape to prevent condensation. The expansion pressure
inside the detector was maintained constant during a run, and
generally varied between 20 and 25 psia.

A Sartorius CP-5000 series scale, with an accuracy of
0.01 mg and a maximum capacity of 300 g is used to weigh
the u-tubes. The scale has an internal calibration and tempera-
ture correction features. The calibration is checked periodi-
cally against a set of standard grade Ohaus weights.

More details on the experimental procedure followed in this
work can be found in Yarrison.25

Materials

The gas mixtures were prepared by Aeriform Gas Company,
and have an uncertainty in the composition of 0.05 to 0.01 mol
%. Standard laboratory grade deionized, UV sterilized water
with a maximum conductance of 0.25 micro siemens lSð Þ is
used without further distillation. The anhydrous ACS grade
magnesium perchlorate used is from VWR.

Experimental accuracy and precision

The experimental accuracy should be better than 5% (mole)
of water content in the gaseous phase, temperatures should be
within 0.58C of set point and pressures should be within
0.01% of full scale for the high temperature apparatus.

Thermodynamic Modeling. For a water-gas binary system,
the phase equilibrium can be expressed as

Table 2. Cross-Association Parameters Used in this Work

Association Sites
on Acid Gas eAiBj

K (K) jAiBj (fitted)

H2O-CO2 2 Electron acceptor 1683.813 0.0066
H2O-H2S 2 Electron donor 1308.323 0.041

Table 3. Water Content of Mixtures Measured in this Work

T (K)
p

(MPa)
C1

(mol %)
C2

(mol %)
CO2

(mol %)
H2O

(mol %)

314.82 3.45 90 10 0.269
314.82 6.89 90 10 0.137
314.82 20.68 90 10 0.087
314.82 41.37 90 10 0.078
314.82 62.05 90 10 0.072
314.82 75.84 90 10 0.059
314.82 89.63 90 10 0.059
314.82 96.53 90 10 0.055
314.82 103.42 90 10 0.054
365.98 3.45 90 10 2.650
365.98 6.89 90 10 1.390
365.98 20.68 90 10 0.690
365.98 41.37 90 10 0.549
365.98 62.05 90 10 0.432
365.98 75.84 90 10 0.431
365.98 89.63 90 10 0.349
365.98 96.53 90 10 0.340
365.98 103.42 90 10 0.332
420.98 3.45 90 10 15.400
420.98 6.89 90 10 7.950
420.98 20.68 90 10 3.330
420.98 41.37 90 10 2.250
420.98 62.05 90 10 1.980
420.98 75.84 90 10 1.710
420.98 89.63 90 10 1.640
420.98 96.53 90 10 1.490
420.98 103.42 90 10 1.480
462.98 3.45 90 10 35.400
462.98 6.89 90 10 21.300
462.98 20.68 90 10 8.080
462.98 41.37 90 10 5.700
462.98 62.05 90 10 4.810
462.98 75.84 90 10 4.380
462.98 89.63 90 10 3.900
462.98 96.53 90 10 3.800
462.98 103.42 90 10 3.650
315.98 1.72 5 95 0.569
315.98 3.45 5 95 0.351
315.98 6.89 5 95 0.270
315.98 9.22 5 95 0.274
315.98 14.35 5 95 0.310
315.98 41.37 5 95 0.350
315.98 89.63 5 95 0.340
363.98 1.72 5 95 4.296
363.98 3.45 5 95 2.667
363.98 6.89 5 95 1.632
363.98 8.62 5 95 1.421
363.98 13.44 5 95 1.340
363.98 41.37 5 95 1.430
363.98 89.63 5 95 1.440
422.59 2.87 5 95 21.260
422.59 6.89 5 95 9.400
422.59 13.79 5 95 5.200
422.59 20.68 5 95 5.150
422.59 24.13 5 95 5.290
422.59 41.37 5 95 5.200
422.59 89.63 5 95 5.200
304.26 3.45 30 70 0.182
304.26 6.89 30 70 0.129
315.93 13.79 30 70 0.228
315.93 20.68 30 70 0.260
333.15 20.68 30 70 0.437
333.15 31.54 30 70 0.528
366.48 5.00 30 70 1.831
366.48 7.24 30 70 1.475
366.48 10.00 30 70 1.189
366.48 15.00 30 70 1.096
366.48 20.68 30 70 1.100
366.48 31.54 30 70 1.199
473.15 15.00 30 70 12.530
473.15 20.68 30 70 11.830
473.15 31.54 30 70 10.590
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Figure 3. Water content of pure carbon dioxide as a function of temperature and pressure.

(o): experimental data by Song and Kobayashi7; (D): experimental data by Gillespie and Wilson6; (w): experimental data by King

et al.58; (‡): experimental data by Nakayama et al.59; (2): PC-SAFT predictions.
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Figure 4. Water content of pure hydrogen sulfide as a function of temperature and pressure.

(o): smoothed data by Selleck et al.10; (D): experimental data by Chapoy et al.12; (w): experimental data by Gillespie et al.11; (‡):

experimental data by Burgess and Germann60; (2): PC-SAFT predictions. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 5. (a) Pure nitrous oxide coexistence curve. (b) Vapor pressure of pure nitrous oxide.

(o): data by Lemmon et al.62; (2): PC-SAFT correlation.

Figure 6. Water content of pure nitrogen as a function of temperature and pressure.

(a): experimental data by Mohammadi et al.63 (all colors); (b): experimental data by Rigby and Prausnitz48; (c): experimental data

by Tabasinejad et al.64; (2): PC-SAFT predictions. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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yH2Ousat
H2Op5 12xAGð Þf T; pð Þ; pure

H2O (1)

where yH2O is the mole fraction of water in the gas rich phase,
usat

H2O is the fugacity coefficient of water in the gas rich phase
evaluated using PC-SAFT, p is the total pressure, xAG is the
gas mole fraction in the water rich phase, and f

T;pð Þ; pure
H2O is the

fugacity of pure liquid water evaluated at temperature T and
pressure p. Using the fact that the aqueous phase is predomi-
nantly water, the activity coefficient of water is assumed to be
unity.

Equating the fugacity of the gas component between the
vapor and the aqueous phase gives

yAGusat
AGp5xAGHAG;H2O T; pð Þ (2)

where usat
AG is the fugacity coefficient of the gas in the vapor

phase evaluated using PC-SAFT. HAG; H2O is the Henry’s law
constant of the gas in the liquid water phase at temperature T
and system pressure p, yAG and xAG are the mole fractions of
the gas in the vapor and liquid phases, respectively. HAG;H2O

T; pð Þ is the Henry’s law constant for the gas in water at tem-
perature T and pressure p. Pressure and temperature dependent
Henry’s constant for acid/inert gases considered in this work
are calculated using the Krichevsky-Kasarnovsky equation49

ln HAG; H2O T; pð Þ5ln HAG;01
V1AG;H2O

RT
ðp2psat

H2OÞ (3)

where HAG;0 is the Henry’s law constant for the gaseous spe-
cies in water at temperature T and water saturation pressure,
and V1AG;H2O is the partial molar volume of the gaseous species
in water at infinite dilution. HAG;0 for CO2, H2S, N2 and Ar is
calculated using a method developed by Harvey50 while that
for N2O using the correlation by Versteeg and van Swaalj.51

V1AG; H2O for CO2, N2O, N2, and Ar is calculated using the cor-
responding states method of Lyckman et al.52 and for H2S
using an improved Lyckman type model developed by Yarri-
son.25,26 Detailed explanation of the model used can be found
in our previous publication.26,44

PC-SAFT parameters for pure water, based on the two elec-
tron donor and the two electron acceptor association scheme
(also called the 4C association scheme), as well as for pure
nonassociating CH4, CO2, H2S, NO2, N2, and Ar components
are illustrated in Table 1.

Interactions in both CO2-water and H2S-water systems have
been extensively studied experimentally and theoretically
through ab initio calculations. Results indicated that the inter-
actions between acid gases and water molecules are domi-
nantly of a Lewis acid-base nature along with weaker
hydrogen bonding interactions. Danten et al.54 claim that the
carbon atom in carbon dioxide acts as an electron acceptor
while oxygen atom in water acts as an electron donor. On the
other hand, quantum calculations55–57 performed by different
researchers suggest that the most stable interaction existing
between water and hydrogen sulfide occurs when the latter
acts as an electron donor while water acts as an electron
acceptor.

Following the approach taken previously by Tsivintzelis
et al.34,35 in modeling water content of acid gases using the
CPA equation of state, cross association between H2S-water
and CO2-water were taken into consideration, in this work,
through modeling H2S with two negative association sites and
CO2 with two positive association sites. Self-association
between H2S molecules are known to be weak, and hence
neglected. In order to reduce the number of fitting parameters,
cross association energies eAiBj=kð Þ were fixed to values deter-
mined through calorimetric37 and IR spectroscopic38 experi-
ments. The work by Tsivintzelis et al.34,35 required large
binary interaction parameters (kijÞ between CO2, H2S, and
water as a second fitting parameter. On the other hand, all kij

values were set to zero throughout this work. As a result, the
only remaining parameter to be fit to experimental data is the
cross association volume (jAiBj ). Assuming jAiBj to be temper-
ature independent, corresponding parameters for CO2-water
and H2S-water were fitted to single temperature water content

Figure 7. Water content of argon gas as a function of
temperature and pressure.

(o): experimental data by Rigby and Prausnitz48; (2):

PC-SAFT predictions.

Figure 8. Water content of nitrous oxide gas as a func-
tion of temperature and pressure.

(o): experimental data by Coan and King58; (2): PC-

SAFT predictions.
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data at 304.21 K (87.98F) and 366.48 K (2008F), respectively.
In this way, the model predictive power in calculating water
mole fractions at different conditions can be better examined.
Table 2 illustrates the cross association parameters used in this
work.

Results and Discussion

Measured water content of CO2 containing natural gas
mixtures

Water content of CO2 containing natural gas mixtures are
reported in Table 3 based on the approach described in the
experimental setup section.

Water content of pure carbon dioxide

VLE of water-carbon dioxide system was modeled using
Eqs. 1–3. Experimental data by Gillespie and Wilson as well
as Song and Kobayashi on the solubility of water in carbon
dioxide at 304.21 K (87.98F) was used to fit the cross associa-
tion volume (jAiBj ) parameter as shown in Table 2. An average
absolute deviation (AAD) of 7.82% was calculated from the
optimization algorithm. Figures 3a–f exhibits results obtained
at different temperatures while setting the binary interaction
parameter as zero.

The model predictions appear to be in good agreement with
the existing experimental data up to high temperatures and
pressures. In reference to Figures 3a–d, it can be observed that
water content tends to decrease up to intermediate pressures
followed by a sudden jump in water mole fraction caused by
CO2 phase transition from vapor to liquid. This phenomena
can no longer be observed above pure CO2 critical point as
shown in Figures 3e,f. In general, the solubility of water in
CO2 vapor phase can be captured using an inert CO2 scheme

as proposed by Gross and Sadowski.41 However, once the
mixture dew point pressure is reached, hydrogen bonding
becomes more significant with the density increase. As a
result, the sudden increase in water content can only be cap-
tured through considering cross association between CO2 and
water. The theory confirms experimental observations suggest-
ing a weak dependence on pressure for water mole fraction in
the liquid CO2 phase.

Water content of pure hydrogen sulfide

Experimental data on water content of hydrogen sulfide is
limited. Among these data points found in the literature, are
smoothed values published by Selleck et al.10 based on the
scattered experimental data measured by Gillespie et al.11 The
model cross association volume, jAiBj , was fitted to experi-
mental data by Gillespie et al.11 at a temperature of 366.48 K
(2008F). An AAD of 13.8% was calculated from the optimiza-
tion algorithm. The fitted value was then used to predict water
solubility at different temperatures as shown in Figures 4a–e.

In reference to Figure 4b, the model over predicts water sol-
ubility in liquid H2S phase at 344.26 K (1608F) in comparison
to the experimental values by Gillespie et al.11 The same trend
was obtained by Carroll17,22 using AQUAlibrium software
package which uses a PR equation of state in modeling the
nonaqueous phase. Moreover, another set of smoothed data
from Selleck et al.10 does not show a three phase point at tem-
perature of 377.59 K (2208F), which is above pure H2S critical
point. However, the model in Figure 4d predicts the existence
of a three phase point which is in agreement with what has
been shown previously by Carroll and Mather.61 In general,
the agreement between the model predictions and literature
values is reasonable considering the scatter found in the origi-
nal experimental data.

Water content of pure nitrogen, argon and nitrous oxide

Modeling phase behavior of water-nitrogen and water-argon
binary systems is simpler than that of CO2, H2S, and N2O
since no liquid-liquid equilibrium (LLE) is formed at condi-
tions under consideration. Coan and King58 argue that N2O
hydration occurs in the vapor phase as a result of Lewis acid-

Figure 9. (a) Vapor-liquid equilibrium of methane 1 carbon dioxide mixture at 270 K. (b) Vapor-liquid equilibrium of
methane 1 hydrogen sulfide mixture at 310.9 K.

(o): experimental data71,72; (2) PC-SAFT predictions with kij 5 0; (2 2) PC-SAFT predictions with a kij 5 0.046 for Figure 9a and

a kij 5 0.055 for Figure 9b.

Table 4. Fitted Binary Interaction Parameters

System kij %AAD pbubb %AAD y Ref.

CH4-CO2 0.046 2.163 6.939 71

CH4-H2S 0.055 2.681 2.712 72

CO2-H2S 0.062 2.481 2.509 73
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Figure 10. Water content of methane 1 carbon dioxide mixture as a function of temperature and pressure.

(o, w, D): experimental data; (2): PC-SAFT predictions. (a): experimental data by this work for gaseous mixture of 90 mol %

CH4 and 10 mol % CO2; (b): experimental data by Sharma13 for gaseous mixture of 88.69 mol % CH4 and 11.31 mol % CO2;

(c): experimental data by Sharma13 for gaseous mixture of 79.78 mol % CH4 and 20.22 mol % CO2; (d): experimental data by

this work for gaseous mixture of 30 mol % CH4 and 70 mol % CO2; (e): experimental data by Song and Kobayashi9 for gaseous

mixture of 5.31 mol % CH4 and 94.69 mol % CO2; (f): water content of methane 1 carbon dioxide mixture as a function of com-

position and pressure at 298.15 K. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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base type of interactions. Since, no LLE data is found in the
literature for N2O-water system and hydration is expected to
be weak in the vapor phase, cross association between N2O
and water was neglected in this work. Moreover, parameters
for N2O were obtained through fitting pure saturated liquid
densities and vapor pressures as shown in Figures 5a,b and
Table 1.

Experimental data48,63–70 found in the literature for nitrogen
systems cover a wide range of conditions from 273 to 623 K
(32–6628F) and up to 135 MPa (19,580 psia). On the other
hand, the only data available on water content of compressed
argon48 and nitrous oxide58 cover a narrower range of temper-
ature from 298.15 to 373.15 K (77–2128F) and pressures up to

9.27 MPa (1345 psia) and 5.00 MPa (725 psia), respectively.
Again, the kij parameters were set to zero as followed in the
case of water-alkane and water-CO2/H2S systems. As evident
in Figures 6–8, there is good agreement between the model
predictions and the experimental data.

Water content in methane-CO2 and methane-H2S
mixtures

Natural gas streams entering a glycol dehydration unit in a
gas plant is usually a mixture of light hydrocarbons, mostly
comprised of methane, water, small percentages of carbon
dioxide, and traces of hydrogen sulfide. Therefore, modeling

Figure 11. Water content of methane 1 hydrogen sulfide mixture as a function of pressure at 327.59 K.

(a): gaseous mixture is 91.7 mol % CH4 and 8.3 mol % H2S. (b): gaseous mixture is 82.17 mol % CH4 and 17.83 mol % H2S.

(o): experimental data by Sharma13. (2): PC-SAFT predictions.

Table 5. Comparison of Models in Predicting Water Content Data by Lukacs
74

Conditions Water Content, lb/MMCF

Temp. (K) Pressure (MPa) H2S Conc. (mol %) Exper. McKetta AQUA. Wichert B-M PC-SAFT

344.26 9.62 16 226 220 235 231 260 204
344.26 6.96 17 292 280 294 294 322 260
344.26 4.21 19 442 410 435 418 467 399
344.26 2.47 21 712 700 692 707 723 652
344.26 9.60 27.5 247 220 255 264 297 211
344.26 6.38 29 328 300 329 330 375 284

Table 6. Comparison of Models in Predicting Water Content Data from the GPSA Engineering Data Book
19

Conditions Water Content, lb/MMCF

Mixture Temp. (K) Pressure (MPa) Exper. AQUA. B-M PC-SAFT

20% CO2/80% C1 310.93 13.79 40.6 46 40.7 38.2
20% CO2/80% C1 344.26 6.89 282 293 295 261.3
11% CO2/89% C1 310.93 13.79 40.6 42 39.4 35.8
11% CO2/89% C1 344.26 6.89 286 284 287 258.6

5.31% C1/94.69% CO2 298.15 10.34 109.2 126.3 27.2 126.4
5.31% C1/94.69% CO2 323.15 13.79 164.6 235.6 100 163.3

27.5% H2S/72.5% C1 344.26 9.43 247 258 300 213.8
17% H2S/83% C1 344.26 6.89 292 296 325 262.5
8% H2S/92% C1 327.59 10.34 111 105 113 92.3
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the effect of acid gases on water content of methane is essen-
tial for industrial applications. To do so, binary mixtures of
methane-carbon dioxide and methane-hydrogen sulfide needs
to be first modeled using PC-SAFT. Figures 9a,b depicts the
phase behavior of methane-carbon dioxide and methane-
hydrogen sulfide, respectively.

Fitted binary interaction parameters along with the absolute
average deviations from experiment are shown in Table 4 for
methane-carbon dioxide and methane-hydrogen sulfide sys-
tems. The binary interaction parameter tabulated for carbon
dioxide-hydrogen sulfide system will be used later in the next
section of this work. Although adding a kij value to each of
these systems has been proved to substantially reduce the error

in the liquid phase, we decided to keep the model predictive
and neglect them while modeling the ternary systems. Figures
10a–f demonstrates the effect of adding CO2 at different con-
centrations on the solubility of water in the methane-rich
phase.

The agreement between the model predictions and the
experimental values for Figures 10a–e is satisfactory. Now,
the model was used to predict water content at conditions
where experimental data are absent. Figure 10f shows water
solubility in methane-carbon dioxide mixture as a function of
pressure and composition at 298.15 K (778F). An increase in
the pressure from 1.38 to 5.52 MPa (200–800 psia) leads to a
reduction in the solubility of water in the vapor phase. At a
constant pressure, it is demonstrated that water content
decreases linearly with increasing methane concentration.
However, a pressure point is reached where liquid CO2 starts
forming and a jump in water content of pure CO2 occurs. PC-
SAFT calculated that dew point pressure, at 298 K (778F), to
be about 6.24 MPa (905 psia). The sudden decrease in water
content at 6.55 MPa (950 psia) is due to the phase transition
from liquid to vapor once methane is added to the system. Fur-
ther increase in pressure from 13.79 to 20.68 MPa (2000–3000
psia) resulted in an increase in the water content of the super-
critical natural gas fluid. However, now water mole fraction
decreases exponentially with increasing methane concentra-
tion at a constant pressure. Figures 11a,b depicts the solubility
of water in two different gas mixtures of methane-hydrogen
sulfide at 327.59 K (1308F).

As expected, the effect of H2S composition the on water
content of the methane-rich vapor phase was weak. Tables 5
and 6 compare the model performance against predictions
done by Carroll21 using McKetta-Wehe chart, Wichert correc-
tion, AQUAlibrium software package (AQUA.) and Bukacek-
Maddox method (B-M).

Although the binary interaction parameters for PC-SAFT
have been set to zero, results show that PC-SAFT performs as
well as Bukacek-Maddox method in predicting water content
of H2S systems and performs similar to AQUAlibrium soft-
ware package in predicting water content of CO2 systems. Bet-
ter predictions for the water content of H2S can be achieved

Figure 12. Vapor-liquid equilibrium of carbon dioxi-
de 1 hydrogen sulfide system at 313.02 K.

(o): experimental data73; (2) PC-SAFT predictions

with a kij 5 0; (2 2) PC-SAFT predictions with a

kij 5 0.062.

Figure 13. Water content of carbon dioxide 1 hydrogen sulfide mixture as a function of pressure at 333.15 K and
363.15 K.

(a): gaseous mixture is 80 mol % CO2 and 20 mol % H2S. (b): gaseous mixture is 50 mol % CO2 and 50 mol % H2S. (o, w):

experimental data by Clark8; (2) PC-SAFT predictions.
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using McKetta-Wehe chart, Wichert correction and AQUAli-
brium software package. Predictions for H2S systems using
PC-SAFT might be improved by tuning the jAiBj .

Water content of sour natural gas mixtures

Application of the water model in modeling a typical sour
natural gas mixture is important for industrial processes.
Accurate determination of water content is essential for pre-
venting hydrate formation in pipelines. Also, designing injec-
tion schemes for EOR applications require a strong
understanding of the phase behavior of wet acid gas systems.
PC-SAFT predictive power was examined through modeling a
quaternary mixture of methane, carbon dioxide, hydrogen sul-
fide, and water at industrial pipeline conditions. First, the abil-
ity of the equation of state in describing CO2-H2S binary
system phase behavior was tested. In reference to Figure 12, it
is interesting to observe as how adding a kij value causes a

change in the shape of the binary mixture phase envelope. The
fitted kij is listed in Table 4.

Second, an attempt was made to predict water content of
mixed CO2-H2S gas mixture. Setting all kij values as zero, PC-
SAFT was able to adequately predict water content of the mix-
ture at two different compositions as shown in Figures 13a,b.
Now the model can be used confidently to model the quater-
nary mixture at industrial conditions.

Finally, water content of two quaternary mixtures was pre-
dicted and is shown in Table 7and Figure 14.

Generally, the error increases with increase in system tem-
perature and pressure. The same observation can also be seen
in Figure 3f at a high temperature of 477.59 K (4008F). It is
worth noting that Clark8 attempted to model Huang et al.75

data using AQUAlibrium software package and performed
almost equal to PC-SAFT. Although, the absolute deviations
are within 630% of the experimental data, setting kij values as
zero might have contributed in increasing the absolute average
deviations.

Conclusion

Water content of three CO2 containing natural gas mixtures
was measured up to high temperatures and pressures and as a
function of carbon dioxide concentration using a dynamic sat-
uration method. A water model developed based on water con-
tent data in n-alkanes was used to predict water content of
pure acid, inert and noble gases, as well as acid gas mixtures
containing methane. To do so, cross association between
water-CO2 and water-H2S was taken into account. Association
energies were fixed to experimentally determined values,
while association volumes were fitted to VLE and LLE data.
Interaction parameters were set to zero throughout the work.
The agreement between the model predictions and experimen-
tal data for pure acid, inert and noble gases was good up to
high temperatures and pressures. Moreover, the effect of acid
gas composition on water content of the methane rich phase
was examined. Water mole fraction showed a weak depend-
ence on acid gas composition at VLE conditions while a
strong dependence was shown at supercritical conditions.
Finally, an attempt was made to predict water content of a typ-
ical natural gas stream at industrial conditions. Errors were rel-
atively high but were still within 630% of the experimental
data. SAFT is a general model applicable to a wide range of
systems; yet the results are competitive with the best models

Table 7. Model Performance in Predicting Water Content of a Natural Gas Quaternary System

CH4 H2O CO2 H2S T (K) p (MPa) yexp
75 %AD

0.15 0.50 0.30 0.05 310.95 4.82 0.00191 9.92
0.15 0.50 0.30 0.05 310.95 7.6 0.00171 21.57
0.15 0.50 0.30 0.05 310.95 12.52 0.00187 13.65
0.15 0.50 0.30 0.05 310.95 16.93 0.00199 9.94
0.15 0.50 0.30 0.05 380.35 8.36 0.0225 16.81
0.15 0.50 0.30 0.05 380.35 12.93 0.0196 28.27
0.15 0.50 0.30 0.05 380.35 17.17 0.0179 30.28
0.15 0.50 0.30 0.05 449.85 11.8 0.095 2.24
0.15 0.50 0.30 0.05 449.85 17.31 0.0848 12.80
0.05 0.49 0.05 0.41 380.35 7.56 0.0253 16.73
0.05 0.49 0.05 0.41 380.35 12.27 0.0264 28.39
0.05 0.49 0.05 0.41 380.35 16.92 0.0295 11.00
0.05 0.49 0.05 0.41 449.85 11 0.0938 12.06
0.05 0.49 0.05 0.41 449.85 18.17 0.113 27.67
%AAD 17.24

Figure 14. Phase boundaries and pressure-temperature
conditions for natural gas mixture.

(D): VLE dew point of the mixture; (w): VLLE dew

point of the mixture; (o): VLLE bubble point of the

mixture; experimental data by Huang et al.75; (2) PC-

SAFT predictions.
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created for the specific case of water content in acid gas
systems.
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