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Experimental data and thermodynamic modeling of water solubility in nitrogen are reported herein.
Equilibrium data were measured in the (282.86 to 363.08) K temperature range at pressures up to about
5 MPa using a static-analytic technique taking advantage of a Rolsi sampling device. Two different
thermodynamic approaches have been used to represent the new experimental data. The first approach
employs the Peng-Robinson equation of state with classical mixing rules and a Henry’s law treatment
for calculating the fugacities in the vapor and aqueous phases, respectively. The second approach uses
the Valderrama modification of the Patel-Teja equation of state with non-density-dependent mixing rules
for modeling the fluid phases. The new experimental data are in good agreement with the predictions of
the models and some selected experimental data from the literature, demonstrating the reliability of the
experimental technique and predictive methods used in this work.

1. Introduction

Natural gases are normally saturated with water in
reservoirs. During production, transportation, and process-
ing, the dissolved water in the natural gas may form a
condensate, which leads to corrosion or gas hydrates/ice
formation. To predict and avoid such problems and also to
design and select operating conditions in natural gas and
gas injection facilities, accurate knowledge of phase be-
havior for natural gas main components and water systems
over wide temperature and pressure ranges is necessary.

Therefore, experimental data are crucial for successfully
developing and validating models capable of predicting the
phase behavior of these systems over a wide temperature
range.

A preliminary study on the water content of natural gas
main components shows a need for generating novel data
over a broad range of conditions.1

In this work, new water content measurements in the
vapor (or gas) phase of the nitrogen + water system have
been generated in the (282.86 to 363.08) K temperature
range for pressures up to about 5 MPa. The different
isotherms presented herein were obtained using an ap-
paratus based on a static-analytic method taking advan-
tage of a new kind of Rolsi electromagnetic capillary
sampler.2 The vapor-phase compositions were measured by
a gas chromatography (GC) method.

Two thermodynamic models based on the equality of
fugacities of each component throughout all phases are
employed to model the phase equilibria. The first thermo-
dynamic approach is based on the Peng-Robinson equation
of state (PR-EoS)3 including the classical mixing rules (or
van der Waals one-fluid mixing rules) for the vapor phase
and a Henry’s law approach to treat the aqueous phase
using binary interaction parameters (BIPs) adjusted on

previously reported solubility data.4 The Valderrama modi-
fication of the Patel-Teja equation of state (VPT-EoS)5

with the non-density-dependent (NDD)6 mixing rules is
used in the second approach for predicting the fugacity of
components in fluid phases using previously reported
BIPs.4 To evaluate the consistency of the new data further,
the experimental results are compared with other experi-
mental data from the literature. The results are in good
agreement, demonstrating the capability of techniques and
models used in this work.

2. Experimental Section
2.1. Materials. Helium from Air Liquide was pure grade

with traces of water (3 ppm) and hydrocarbons (0.5 ppm).
Nitrogen was purchased from Air Liquide with a certified
purity of 99.9999 vol %. Deionized water was used after
degassing.

2.2. Apparatus. The apparatus used in this work is
based on a static-analytic method with vapor-phase sam-
pling, which is similar to that previously described by
Chapoy et al.2 Measurement uncertainties are estimated
to be not higher than (0.02 K in the (273.15 to 393.15) K
range for temperature and within (1 kPa in the (0.2 to 5)
MPa range for pressure.

The analytical work was carried out using a gas chro-
matograph (Varian model CP-3800) equipped with a ther-
mal conductivity detector (TCD) connected to a data
acquisition system fitted with Borwin software (version 1.5,
from JMBS, Le Fontanil, France). The analytical column
is a Hayesep T 100/120 mesh column (silcosteel tube, length
1.5 m, diameter 1/8 in. from Resteck).

The TCD was utilized to detect both compounds. For
nitrogen, it was repeatedly calibrated by introducing known
amounts of nitrogen through a gas syringe in the injector
of the gas chromatograph. The uncertainties of the calcu-
lated moles of nitrogen are estimated to be within (0.9%
in the (4.1 × 10-6 to 2.1 × 10-5) mol range. Because the
water concentration is very low, calibrating the detectors
is very difficult. It is indeed impossible to correctly inject
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such a small quantity in the chromatograph using syringes.
For calibration purposes, a dilutor apparatus is used with
a specific calibration circuit. The calibration procedure has
been previously described in Chapoy et al.7,8 and Moham-
madi et al.1,9 The cell of the dilutor is immersed inside a
liquid thermoregulated bath. Helium is bubbled through
the dilutor cell filled with water to be saturated before
entering the chromatograph through an external loop
injection valve. In using the dilutor and a loop injection
valve, a well-defined amount of water can be injected into
the chromatograph. The calculation of the amount of water,
n2, is carried out using an equilibrium and mass balance
relation1,7,8

where γ2
L is the activity coefficient of water in the aqueous

phase, x2
L is the mole fraction of water in the liquid

aqueous phase of the dilutor, P2
sat stands for the vapor

pressure of water at temperature T, Pdilutor represents the
pressure in the dilutor, æ2

sat is the vapor-fugacity coef-
ficient of saturated pure water, æ2

V is the vapor-fugacity
coefficient of water, P, V, Z, and R are the pressure, volume,
compressibility factor, and gas constant, the superscript
loop stands for loop properties, and v2

L is the molar volume
of liquid water at T.

It is of essential interest to know the volume and the
dead volume of the sampling valve (loop volume + dead
volume) Vloop) precisely. First, the volume of the external
loop is roughly calculated (around 40 µL), and then a
calibration with methane (purchased from Messer Griesheim
with a certified purity greater than 99.995 vol %) as a
reference gas using a 50-µL gas syringe is done around the
value of the rough estimation. After this careful methane
calibration, methane is passed through the sampling valve
and injected into the GC. Knowing the number of moles of
methane swept into the GC through the previous calibra-
tion, we estimate the volume and the dead volume of the
loop to be 35.50 µL ( 0.09 µL. The experimental accuracy
of the TCD water calibration (from 7.5 × 10-9 to 3.4 × 10-7

mol) is estimated in the worst case to (4%
2.3. Sampling Devices. The sampling is carried out

using a new Rolsi capillary sampler injector. The sampler-
injector is connected to the cell through 0.1-mm internal
diameter capillary tubing. The withdrawn samples are
swept into a Varian 3800 gas chromatograph for analysis.
The capillary inlet of the sampler is directly in contact with
the vapor phase, and the outlet of the capillary is closed
by a movable microstem operated by an electromagnet.
When the electromagnet is activated, the outlet of the
capillary is opened so that a sample can flow and is mixed
with the carrier gas through the expansion room. This
expansion room is crossed by the carrier gas, which sweeps
the sample to be analyzed into the GC column. The sampler
allows direct sampling at the working pressure without
disturbing the cell equilibrium because of the relatively
small size of the sample. The sample mass can be adjusted
continuously from 0.01 to several milligrams thanks to an
electronic timer. The expansion room of the sampler is
heated independently from the equilibrium cell to allow the
samples to remain in the vapor state and eventually
vaporize a liquid sample.

2.4. Experimental Procedure. The equilibrium cell and
its loading lines are evacuated down to 0.1 Pa prior to
introduction of about 5 cm3 of degassed water. Then,

nitrogen is introduced into the cell directly from the com-
mercial cylinder (through preliminary evacuated transfer
lines) to a pressure level corresponding to the pressure of
the first measurement. More gas is introduced after each
sampling and analysis steps up to given pressures. After
each introduction of gas into the cell, efficient stirring is
started, and pressure is stabilized within a few minutes;
measurements are performed only when pressure is con-
stant within experimental uncertainty. (Furthermore, pres-
sure is verified to be constant all along the sample
analyzes.)

For each equilibrium condition, at least 10 samples are
withdrawn from the vapor phase using the sampler and
analyzed to check for measurement repeatability. Because
the volume of the withdrawn samples is very small (typi-
cally less than 1 mg) compared to the total mass inside
the equilibrium cell (more than 5 g), it is possible to
withdraw many samples without significantly disturbing
the studied phase equilibrium.

3. Thermodynamic Model

3.1. Pure-Compound Properties. The critical temper-
ature (Tc), critical pressure (Pc), critical volume (vc), and
acentric factor (ω) for each of the pure compounds are
provided elsewhere.4,10 In this paper, nitrogen and water
are labeled as components 1 and 2, respectively.

3.2. First Model. In this approach, an activity coefficient
model is used for the condensed aqueous phase, and an
equation of state is employed for the vapor phase. At
equilibrium, the fugacity of each component must be equal
in both phases. The PR-EoS combined with the van der
Waals one-fluid mixing rules is employed to calculate
fugacities in the vapor phase. The PR-EoS is selected
because of its simplicity and its widespread use in chemical/
petroleum engineering. The expression of the PR-EoS for
a pure compound is

where v is the molar volume of the system. Parameters b
and a(T) are given by

where

and subscript c denotes critical conditions. In this work,
we have chosen the generalized alpha function, R(T),
proposed by Coquelet et al.11 to have an accurate repre-
sentation of the vapor pressures of pure compounds:

where c1, c2, and c3 are correlated to acentric factor ω

n2 ) γ2
Lx2

L P2
sat

Pdilutor

æ2
sat

æ2
V ( PV

ZRT)loop

exp(( υ2
L

RT)(Pdilutor - P2
sat))

(1)

P ) RT
v - b

-
a(T)

v(v + b) + b(v - b)
(2)

b ) 0.07780
RTc

Pc
(3)

a(T) ) acR(T) (4)

ac ) 0.45724
(RTc)

2

Pc
(5)

for T < Tc, R(T) )

exp[c1(1 - T
Tc

)][1 + c2(1 - xT
Tc

)2

+ c3(1 - xT
Tc

)3]2

(6)

for T g Tc, R(T) ) exp[c1(1 - T
Tc

)] (7)
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For mixtures, the van der Waals one-fluid mixing rules are
applied with classical binary interaction parameters kij.
The expressions for parameters a and b become

where

xi and xj are the mole fractions of components i and j,
respectively. At thermodynamic equilibrium, the fugacities
fi of each component i must be equal in the vapor and liquid
phases.

where superscripts L and V stand for liquid and vapor
phases, respectively.

The vapor fugacity comes from

where æi
V and yi are the fugacity coefficient and mole

fraction of component i in the vapor phase, respectively.
For the aqueous phase, a Henry’s law approach is used to
calculate the solubility of gaseous components in water.
Fugacities f1

L and f2
L of nitrogen and water in the liquid

phase at pressure P and temperature T are given by

where H1,2
L is the Henry’s law constant of nitrogen in the

liquid aqueous phase at temperature T, x1
L and x2

L are the
mole fractions of nitrogen and water in the liquid aqueous
phase, v1

∞ is the partial molar volume of nitrogen at T and
infinite dilution, and v2

sat is the molar volume of saturated
pure liquid water at T. Because nitrogen is at infinite
dilution, the asymmetric convention (γ1

Lf 1 when x1
Lf 0)

is used to express Henry’s law for the gas (eq 16), whereas
the symmetric convention (γ2

Lf 1 when x2
Lf 1) is used for

water (eq 17). By combining eqs 15 and 16, we get the
nitrogen mole fraction x1

L as

The fugacity coefficients in the vapor phase are calculated
by using the PR-EoS. In this paper, the partial molar
volume v1

∞ is calculated with a general correlation based

on the work of Lyckman et al.12 and reported by Heide-
mann and Prausnitz13 in the following form:

where Pc,i and Tc,i are the critical pressure and critical
temperature of gas i, respectively, and c′2 is the cohesive
energy density of water

where ∆U2
vap and ∆H2

vap are the molar internal energy and
the molar enthalpy of vaporization of pure water at T,

c1 ) 1.3569ω2 + 0.9957ω + 0.4077 (8)

c2 ) -11.2986ω2 + 3.5590ω - 0.1146 (9)

c3 ) 11.7802ω2 - 3.8901ω + 0.5033 (10)

a ) ∑
i
∑

j

xixjaij (11)

b ) ∑
i

xibi (12)

aij ) xaiaj(1 - kij) (13)

fi
L ) fi

V (14)

fi
V ) æi

VPyi (15)

f1
L ) H1,2

L x1
L exp[ v1

∞

RT
(P - P2

sat)] (16)

f2
L ) γ2

L
φ2

satP2
satx2

L exp[v2
sat

RT
(P - P2

sat)] (17)

x1
L )

Pæ1
Vy1

H1,2
L exp[ v1

∞

RT
(P - P2

sat)]
(18)

Table 1. BIPs for the VPT-EoS and NDD Mixing
Rules4

system k2-1
a l2-1

0 b l2-1
1 × 104b

nitrogen + water 0.4788 2.6576 65.1018

a k2-1: BIP for the classical mixing rules. b l2-1
0 and l2-1

1:
constants for the BIP for the asymmetric term.

Table 2. Experimental (y2exptl) and Predicted (y2prd)
Water Contents (Mole Fraction) in the Nitrogen (1) +
Water (2) System

model 1 model 2

T/K P/MPa
y2exptl
× 104

y2prd
× 104 AD %

y2prd
× 104 AD %a

282.86 0.607 20.40 20.20 1.0 20.30 0.5
282.99 1.799 7.14 7.23 1.3 7.24 1.4
282.99 3.036 4.46 4.51 1.1 4.50 0.9
283.03 4.408 3.17 3.29 3.8 3.27 3.2

293.10 0.558 42.50 42.00 1.2 42.60 0.2
293.19 1.828 13.60 13.60 0.0 13.70 0.7
293.10 2.991 8.44 8.61 2.0 8.66 2.6
293.10 4.810 5.58 5.72 2.5 5.73 2.7

304.02 0.578 79.30 77.10 2.8 78.70 0.8
304.36 1.257 37.00 37.00 0.0 37.70 1.9
304.51 2.539 18.80 19.30 2.7 19.60 4.3
304.61 4.638 11.20 11.40 1.8 11.50 2.7

313.30 0.498 153.00 148.00 3.3 152.00 0.7
313.15 1.246 60.90 60.20 1.1 61.60 1.1
313.26 2.836 27.80 28.00 0.7 28.50 2.5
313.16 4.781 17.50 17.50 0.0 17.80 1.7

322.88 0.499 240.00 241.00 0.4 248.00 3.3
323.10 1.420 87.20 88.20 1.1 90.40 3.7
322.93 3.397 39.60 38.70 2.3 39.50 0.3
322.93 4.841 29.20 28.30 3.1 28.80 1.4

332.52 0.461 427.00 414.00 3.0 426.00 0.2
332.45 1.448 134.00 135.00 0.7 139.00 3.7
332.52 2.454 85.50 82.10 4.0 84.30 1.4
332.52 4.358 48.80 48.60 0.4 49.80 2.0

342.31 0.425 719.00 696.00 3.2 718.00 0.1
342.31 0.462 658.00 641.00 2.6 661.00 0.5
342.39 1.466 219.00 208.00 5.0 214.00 2.3
342.42 2.899 103.00 109.00 5.8 112.00 8.7
342.31 4.962 66.60 66.70 0.2 68.40 2.7

351.87 0.540 849.00 822.00 3.2 848.00 0.1
352.12 1.480 335.00 310.00 7.5 320.00 4.5
351.92 2.957 162.00 159.00 1.9 164.00 1.2
351.95 4.797 111.00 102.00 8.1 105.00 5.4

363.00 0.555 1260.00 1240.00 1.6 1280.00 1.6
363.08 4.874 161.00 155.00 3.7 160.00 0.6

a Absolute deviation AD ) |(y2exptl - y2prd)/y2exptl|.

(Pc,ivi
∞

RTc,i
) ) 0.095 + 2.35

TPc,i

c′2Tc,i
(19)

c′2 )
∆U2

vap

v2
sat

with ∆U2
vap ) ∆H2

vap - RT (20)

Journal of Chemical and Engineering Data, Vol. 50, No. 2, 2005 543



respectively. For a better representation of vi
∞ at high

temperatures, we use the following correction

where [vi
∞]Lyckman et al. is the partial molar volume of gas

(nitrogen) at infinite dilution obtained from eq 19 and T is
in K. The Henry’s law constants for nitrogen are taken from
the literature14 and are calculated using the following
correlation:

where H1,2
L and T are in atm and K, respectively. The

NRTL model15 is used to calculate water activity coefficient
γ2

L appearing in eq 17.

The BIPs of the first model are adjusted directly to
vapor-liquid equilibrium data reported previously.4 Ad-
justments performed on each isotherm independently
revealed that BIPs are temperature-independent in the
considered temperature range:

where k21 and k12 are the BIPs for the van der Waals one-
fluid mixing rules. To calculate the water activity through
the NRTL model, it is recommended that τ1,2 ) 2880
J‚mol-1 and τ2,1 ) 2560 J‚mol-1, and Rj,i ) 0.3 be used
(adjustment realized on the previously reported solubility
data4), where τ1,2, τ2,1, and Rj,i represent parameters of the
NRTL model.

3.3. Second Model. A thermodynamic model based on
the same equation of state for fluid phases that can be used
to write the equality of the fugacities of each component
throughout the phases16,17 is used to model the phase
equilibrium. A detailed description of the model for predict-

Figure 1. Water content (mole fraction), y2, in the vapor phase of the nitrogen + water system: ], 283.0 K; b, 293.1 K; 4, 304.4 K; 9,
313.2 K; O, 323.0 K; 2, 332.5 K; *, 342.3 K; [, 352.0 K; 0, 363.0 K. Solid lines, water content predicted at experimental temperatures
with model 1.

Figure 2. Water content (mole fraction), y2, in the vapor phase of the nitrogen + water system: b, 278.15 K from Althaus;20 ], 283.15
K from Althaus;20 2, 293.15 K from Althaus20; [, 298.15 K from Maslennikova et al.21; 4, 323.15 K from Maslennikova et al.21; 0, 373.15
K from Maslennikova et al.21; *, 373.15 K from Sidorov et al.;22 O, this work. Solid lines, water content calculated at 278.15, 283.15,
293.15, 298.15, 303.15, 313.15, 323.15, 333.15, 343.15, 353.15, 363.15, and 373.15 K with model 1.

vi
∞ ) [vi

∞]Lyckman et al. + (dv2

dT)sat

(T - 298.15) (21)

log10(H1,2
L (T)) ) 78.8622 - 3.74498 × 103

T
- 24.7981 ×

log10(T) (22)

k21 ) k12 ) 0.484
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ing the water content of gases is given elsewhere.1 Briefly,
the VPT-EoS with the NDD mixing rules is employed for
these purposes. This EoS-mixing rules combination has
proven to be a strong tool in modeling systems with polar
and/or nonpolar compounds6 and in modeling phase be-
havior in water-natural gas components system.1,2,4,9,18,19

The BIPs between nitrogen-water are set to those reported
previously4 and are listed in Table 1.

4. Results and Discussion

The new experimental water content data are reported
in Table 2 and are plotted in Figure 1. Our isothermal P,
y data sets are well represented by the first approach. The
agreement between the experimental (exptl) and predicted
(prd) data is good, with typical AD (absolute deviation AD
) |(y2exptl - y2prd)/y2exptl|) values between 0.0 and 8.1%.

These data are also compared with the predictions of the
second thermodynamic model. The agreement between the
experimental and predicted data is good, with typical AD
values between 0.1 and 8.7%. The AAD (average absolute
deviation AAD ) (1/N)∑N|(y2exptl - y2prd)/y2exptl|), where N
is the number of experimental points, among all of the
experimental and predicted data is 2.4% for the first model
and 2.0% for the second model. For further evaluation, a
comparison is also made between the new data and some
selected data from the literature. The results for all
conditions are consistent with those of all the authors, as
illustrated in Figure 2. The agreement between the new
experimental data, predictions of both thermodynamic
models, and the selected literature data demonstrates the
reliability of the experimental data, technique, and predic-
tive methods used in this work.

5. Conclusions

New experimental data on the water content of the
nitrogen + water system were generated in the (282.86 to
363.08) K temperature range and for pressures up to about
5 MPa using a static-analytic apparatus, taking advantage
of a high-pressure capillary sampler. The new experimental
data were compared with predictions of two previously
reported thermodynamic models and some selected experi-
mental data from the literature. Good agreement was
achieved, demonstrating the reliability of the experimental
data and technique and the predictive methods used in this
work.
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