
A

1
c
s
s
c
©

K

1

g
t
s
s
w
t
h
i
s
a
u
m
p
r
p
t

d

0
d

Fluid Phase Equilibria 248 (2006) 103–114

A thermodynamic model for calculating nitrogen solubility, gas phase
composition and density of the N2–H2O–NaCl system

Shide Mao, Zhenhao Duan ∗
State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China

Received 19 April 2006; received in revised form 28 July 2006; accepted 29 July 2006
Available online 3 August 2006

bstract

A thermodynamic model is presented to calculate N2 solubility in pure water (273–590 K and 1–600 bar) and aqueous NaCl solutions (273–400 K,
–600 bar and 0–6 mol kg−1) with or close to experimental accuracy. This model is based on a semi-empirical equation used to calculate gas phase
omposition of the H O–N system and a specific particle interaction theory for liquid phase. With the parameters evaluated from N –H O–NaCl
2 2 2 2

ystem and using a simple approach, the model is extended to predict the N2 solubility in seawater accurately. Liquid phase density of N2–H2O–NaCl
ystem at phase equilibrium and the homogenization pressure of fluid inclusions containing N2–H2O–NaCl can be calculated from this model. A
omputer code is developed for this model and can be downloaded from the website: www.geochem-model.org/programs.htm.

2006 Elsevier B.V. All rights reserved.
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. Introduction

N2, one of the important natural gases, has been found in
as hydrate, oil fields and fluid inclusions. Accurate predic-
ion of N2 solubility in pure water, seawater and aqueous NaCl
olutions over a wide range of temperature, pressure and ionic
trength, especially where experimental data do not exist or
here experimental data are of poor quality, is important for

he geochemical and chemical engineering applications. There
ave been many experimental studies of the solubility of N2
n pure water and some experimental studies in aqueous NaCl
olutions. However, these data are very scattered and cover only
limited temperature–pressure space, which is inconvenient to
se. Therefore, theorists have devoted extensive efforts to the
odeling of N2 solubility in aqueous solutions in order to inter-

olate between the data points or extrapolate beyond the data
ange [1–5]. However, all of the published models are found to
ossess intolerable deficiencies, which lead to the motivation of

his study.

Battino et al. [5] developed a semi-empirical equation to pre-
ict N2 solubility in water (350–590 K and 1–1000 bar) and
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laimed that the standard deviation is 5.6%. However, compar-
son with reliable experimental data [2,6,7] indicates that the
verage deviation is over 20% in the temperature range from 273
o 350 K and at 582.8 K. Li and Nghiem [4] (LN model) studied
he phase equilibrium of oil, gas and water/brine mixtures from
cubic equation of state, but the model is not reliable because

hey confused the molality with molarity of NaCl, which causes
bout 10% concentration deviation for a 4 mol NaCl solution at
24.65 K between 100 and 600 bar. Overall the LN model has
n average error increases from 6.77% in pure water to 12.94%
n aqueous NaCl solutions in comparison with their fitting data
8]. Soreide and Whitson [3] developed a model (SW model)
o calculate N2 solubility in pure water and aqueous NaCl solu-
ions, ranging from 298 to 400 K and from 14 to 1035 bar. In the
emperature range between 298 and 323 K, the model can only
redict N2 solubility below 300 bar within experimental uncer-
ainty and cause about 10% errors on average above 300 bar
ompared with their fitting data [6]. Using an equation of state
9] and Pitzer theory [10], Sun et al. [1] presented a model
SHD model) to predict the solubility of nitrogen in pure water
273–623 K and 0–600 bar) and aqueous NaCl solutions (0–4 M,

73–400 K and 0–600 bar). The model has two deficiencies: (1)
he average deviation is over 10% at 298–323 K for pressures
elow 1000 bar as compared with their fitting data [6], and (2) the
odel cannot predict the solubility of N2 in aqueous NaCl solu-
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Table 1
Parameters of Eq. (5)

Parameters Values

a1 1.86357885E−03
a2 1.17332094E−02
a3 7.82682497E−07
a4 −1.15662779E−05
a
a

f
b
y

t

y

w
a
e
t
a
t
w
v

s
t

w
o
t

ϕ

w
t
w
E

e

l

w
p
r

yN2P µN
∑ ∑
04 S. Mao, Z. Duan / Fluid Pha

ions at low pressures. For example, the average deviation from
xperimental data [11] is about 10% between 283 and 343 K.
t should be noted that the SW model and SHD model con-
used the molality with molarity of NaCl as the LN model did.
hapoy et al. [2] modeled the gas–liquid equilibrium of N2–H2O

ystem (273–373 K and pressure up to 100 bar) by using a modi-
ed Patel–Teja equation of state and density-independent mixing
ules. The calculated results are in agreement with experimental
ata in the small temperature–pressure range.

Trying to overcome the deficiencies of the previous models,
e in this article present an improved model to calculate N2

olubility in pure water (273–590 K and 1–600 bar) and aque-
us NaCl solutions (273–400 K, 1–600 bar and 0–6 mol kg−1),
iquid phase density at equilibrium and gas phase composi-
ion of the H2O–N2–NaCl system by improving the theoretical
pproach and using updated experimental data. The framework
f the model is presented in Section 2 and the experimental
ata are reviewed in Section 3. Parameterization and compar-
son with experimental data are shown in Section 4. Then in
ection 5, the model is extended to predict N2 solubility in other
omplicated systems like seawater, to calculate liquid phase den-
ity of the N2–H2O–NaCl system at phase equilibrium, and to
valuate homogenization pressure of fluid inclusions containing
2–H2O–NaCl.

. Thermodynamic model

N2 solubility in aqueous solutions depends on the balance
etween the chemical potential of N2 in the liquid phase µl

N2
nd that in the vapor phase µv

N2
. The potential can be written in

erms of fugacity in vapor phase and activity in the liquid phase:

v
N2

(T, P, y) = µ
v(0)
N2

(T ) + RT ln fN2 (T, P, y)

= µ
v(0)
N2

(T ) + RT ln yN2P + RT ln ϕN2 (T, P, yN2 )

(1)
l
N2

(T, P, m) = µ
l(0)
N2

(T, P) + RT ln aN2 (T, P, m)

= µ
l(0)
N2

(T, P) + RT ln mN2 + RT ln γN2 (T, P, m)

(2)

here µ
l(0)
N2

, the standard chemical potential of N2 in liquid, is
efined as the chemical potential in hypothetically ideal solution
f unit molality [12] and µ

v(0)
N2

, the standard chemical potential
n vapor, is the hypothetical ideal gas chemical potential when
he pressure is set to 1 bar.

At phase equilibrium µl
N2

= µv
N2

, and we obtain

n
yN2P

mN2

= µ
l(0)
N2

(T, P) − µ
v(0)
N2

(T )

RT

− ln ϕN2 (T, P, y) + ln γN2 (T, P, m) (3)

v(0)
n the parameterization, the reference value µN2
can be set to 0

or convenience, because only the difference between µ
l(0)
N2

and
v(0)
N2

is important. Since there is little water in the vapor phase,
he fugacity coefficient of N2 in gaseous mixtures differs little

l

5 −3.13619739E00

6 −1.29464029E−03

rom that of pure N2 in the studied region. Therefore, ln ϕN2 can
e approximated from the EOS of pure N2 [9] (see Appendix).
N2 , the mole fraction of N2 in the gas phase, is calculated using
he following equation:

H2O = γH2OxH2OPS
H2O

ϕH2OP
exp

(
vl

H2O(P − PS
H2O)

RT

)
(4)

here γH2O is the activity coefficient of liquid phase H2O and is
pproximated as 1 because dissolved N2 is small and has little
ffect on the activity coefficient of H2O; the same treatment is
o xH2O, the mole fraction of H2O in the liquid phase, which is
pproximated as 1 for the N2–H2O system and 1 − 2xNaCl for
he N2–H2O–NaCl system;PS

H2O, the saturation pressure (bar) of
ater, is calculated from the recent correlation of Shibue [13];

l
H2O, molar volume of liquid water (cm3/mol), approximates
aturated liquid phase volume of water and is calculated from
he equation of Wagner and Pruss [14].

The only remaining parameter of Eq. (4) for the calculation of
ater content in the gas phase, yH2O, is the fugacity coefficient
f water (ϕH2O) in the gas phase, which can be calculated from
he following semi-empirical equation:

H2O = exp

(
a1 + a2P + a3P

2 + a4PT + a5P

T
+ a6P

2

T

)
(5)

here a1–a6 (Table 1) are obtained by regressing the water con-
ent data in the gas phase for the N2–H2O system [15–19]. The
ater content in the gas phase can be accurately calculated by
qs. (4) and (5), as shown by Fig. 1.

ln γN2 is expressed as a virial expansion of excess Gibbs
nergy [10]

n γN2 =
∑

c

2λN2−cmc +
∑

a

2λN2−ama

+
∑

c

∑
a

ξN2−a−cmcma (6)

here λ and ξ are second-order and third-order interaction
arameters, respectively; c and a refer to cation and anion,
espectively. Substituting Eq. (6) into Eq. (3) yields

l(0)
n
mN2

= 2

RT
− ln ϕN2 +

c

2λN2−cmc +
a

2λN2−ama

+
∑

c

∑
a

ξN2−c−amcma (7)
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Fig. 1. Water content in the

ollowing Pitzer et al. [20], we choose the following equation
or the P–T dependence of λ, ξ′ and µ

l(0)
N2

/RT :

ar(T, P) = c1 + c2T + c3

T
+ c4T

2 + c5

T 2 + c6P + c7PT

+ c8P

T
+ c9P

2

T
(8)

qs. (7) and (8) form the basis of our model parameterization.

. Review of the N2 solubility data

The solubility of N2 in pure water and aqueous NaCl solutions
as been measured over a wide P–T–m range. The measurements
f N2 solubility and precision of every data set before 1981 can
e seen from reference [21]. After 1981, the measurements of
2 solubility in water included references [2,7,22,23] (Table 2).
ettich et al. [24] measured Henry’s law constant of N2 in water.
ecently, Emerson et al. [25], Hamme and Emerson [26] mea-

ured the solubility of nitrogen in water and seawater using mass
pectrometry methods, and the experimental results are reported
s gas ratios, which are not listed in Table 2.

The measurements of N2 solubility in water are extensive.
e find that most of the data sets are consistent with each other

xcept for those reports [27,28], whose solubility data deviate

bviously from others’ data sets by over 10%. Above 590 K, only
few data points exist. Experimental data at low pressures with
igh precision (standard deviation less than 2%) are reported by
eferences [29–37], and at high pressures experimental data with

w
a
m
3

ase of the N2–H2O system.

igh precision are those as reported in [2,6,8,22,38,39]. There-
ore, all the experimental solubility data but those of Goodman
nd Krase [27] and Pray et al. [28] listed in Table 2 are used in
he parameterization. The optimal T–P range of this model for

2–H2O system is 273–590 K and 1–600 bar. The Henry’s law
onstants of Rettich et al. [24] are not used for parameterization,
ut instead used as a test of the model prediction.

Experimental N2 solubility data in aqueous NaCl solutions
re not as extensive as those in water. The data of Smith et al. [40]
re scattered. The data of Braun [41] between 293.2 and 298.2 K
t 1 atm is inconsistent with other data sets. So all the data points
ut those of Smith et al. [40] and Braun [41] above 293.2 K are
ncluded in the parameterization with the same weight, covering
he T–P–m range (273–400 K, 1–600 bar and 0–6 mol kg−1) for
he N2–H2O–NaCl system.

. Parameterization and comparison with experimental
ata

Since measurements can only be made in electronically neu-
ral solutions, one of the parameters in Eq. (7) must be assigned
rbitrarily. λN2−Cl is set to zero and then the remaining param-
ters are fit to the experimental solubility data selected above,
here µ

l(0)
N /RT is evaluated from the N2 solubility data in pure
2
ater with a standard deviation of 2.96%; λN2−Na and ξN2–Na–Cl

re then evaluated simultaneously to the solubility measure-
ents in aqueous NaCl solutions with a standard deviation of

.85%. The optimized parameters are listed in Table 3.
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Table 2
Experimental data for N2 solubility in aqueous solutions

References Solution T (K) P (bar) Na

Winkler [48] Water 273.23–353.14 1+ 9
Braun [41] 0–2 m NaCl 278.2–298.2 1+ 65
Hufner [35] Water 293.33 1+ 1
Fox [33] Water 273.68–325.16 1+ 24
Bohr [32] Water 294.35 1+ 1
Muller [49] Water 289.35–290.35 1+ 2
Adeney and Becker [50] Water 276.7–308.3 1+ 7
Goodman and Krase [27] Water 273.15–442.15 101.3–303.9 28
Wiebe et al. [38] Water 298.15 25.33–1013.25 7
Wiebe et al. [6] Water 298.15–373.15 25.33–1013.25 32
Saddington and Krase [19] Water 338.15–513.15 101.3–304 18
VansSlyke et al. [51] 0–0.16 m NaCl 298.15–311.15 1+ 14
Hawkins and Shilling [34] Water 311.15 1+ 1
Morrison and Billett [31] Water 285.65–345.65 1+ 12
Pray et al. [28] Water 533.1–588.7 57.2–140.8 5
Eichelberger [52] Water 338 70.88–203.25 6
Mishnina et al. [11] 0–6.3 m NaCl 283.15–343.15 1+ 156
Smith et al. [40] 0–6.2 m NaCl 303.15 11–72.6 57
Farhi et al. [29] Water 276.25–310.2 1+ 6
Klots and Benson[30] Water 275.01–300.16 1+ 33
Douglas [53] Water 276.25–302.65 1+ 5
O’Sullivan and Smith [39] 0–1 m NaCl 324.65–375.65 101.3–607.9 18
Murray et al. [37] Water 273.73–303.86 1+ 10
O’Sullivan and Smith [8] 0–4.6 m NaCl 324.65–398.15 101.3–616.1 50
Power and Stegall [54] Water 310.15 1+ 1
Wilcock and Battino [55] Water 298.15 1+ 2
Cosgrove and Walkley [56] Water 278.15–313.15 1+ 8
Alvarez et al. [22] Water 336.3–636.5 5.34–256 31
Kennan and Pollack [23] Water 298.15 45.17–117.37 7
Alvarez and Fernandez-Prini [7] Water 582.8–612.7 172.2–545.4 12
Chapoy et al. [2] Water 274.19–363.02 9.71–70.43 52
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ote: “1+” denotes that partial pressure of nitrogen is 1 atm.
a N: number of measurements.

With these parameters, the N2 solubility in pure water
Table 4) and aqueous NaCl solutions (Tables 5–7) can be cal-
ulated. It should be noted that the lower left blank region
f Tables 4–7 is the N2-hydrate region where there is no
apor–liquid equilibria and the upper right blank region of
ables 4–7 is due to total pressure below vapor pressure of the

olutions. Table 8 shows the deviation of our model from each
ata set for the N2 solubility in water and aqueous NaCl solu-
ions. Other competitive models (SWD, SW, and LN model) are
lso compared with experimental data. Figs. 2 and 3 show the

a
t
e
t

able 3
nteraction parameters for Eq. (7)

–P coefficient µ
l(0)
N2

/RT

1 −0.23093813E+02

2 0.56048525E−01

3 0.98808898E+04

4 −0.51091621E−04

5 −0.13220298E+07

6 −0.49542866E−03

7 0.12698747E−05

8 0.51411144E+00

9 −0.64733978E−04
omparisons between the experimental results and the model
redictions.

Fig. 2a–f shows the experimental N2 solubility in water com-
ared with the competitive models. It can be seen that this
odel is better than other previous models. SWD model and
W model cannot be applied in the region (298.15–323.15 K

nd 300–1000 bar) (Fig. 2c and d). From Fig. 2f, it can be seen
hat both SWD model and SW model deviate largely from the
xperimental data [7] at 582.8 K. From Fig. 3a–f, we can see
hat the present model is much more accurate than other mod-

λN2–Na ξN2–Na–Cl

−0.24434074E+01 −0.58071053E−02
0.36351795E−02
0.44747364E+03

−0.13711527E−04

0.71037217E−05
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Table 4
Calculated N2 solubility (mol kg−1) in pure water

P (bar) T (K)

273.15 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15 543.15 573.15

1 0.001042 0.000578 0.000378 0.000134
10 0.010275 0.005923 0.004575 0.004132 0.003867 0.003024
50 0.047332 0.027874 0.022079 0.020985 0.022326 0.025285 0.028988 0.031016 0.023927

100 0.085979 0.051729 0.041631 0.040160 0.043595 0.051150 0.062889 0.078466 0.094482 0.096686 0.036187
150 0.118105 0.072390 0.059029 0.057539 0.063111 0.075071 0.094386 0.122628 0.160087 0.199563 0.205717
200 0.090563 0.074675 0.073406 0.081111 0.097275 0.123717 0.163773 0.221074 0.294705 0.361085
250 0.106830 0.088908 0.088009 0.097805 0.117962 0.151091 0.202137 0.277729 0.382458 0.502688
300 0.121644 0.102011 0.101561 0.113377 0.137309 0.176695 0.237929 0.330290 0.463089 0.630759
350 0.135353 0.114213 0.114239 0.127987 0.155472 0.200690 0.271323 0.378943 0.536772 0.745349
400 0.148219 0.125696 0.126193 0.141768 0.172580 0.223209 0.302456 0.423817 0.603576 0.846292
450 0.160443 0.136606 0.137544 0.154832 0.188742 0.244358 0.331426 0.464976 0.663449 0.933170
500 0.172177 0.147056 0.148390 0.167268 0.204042 0.264211 0.358282 0.502403 0.716188 1.005256
550 0.183537 0.157137 0.158806 0.179144 0.218535 0.282807 0.383022 0.535989 0.761416 1.061450
600 0.194616 0.166918 0.168850 0.190503 0.232253 0.300145 0.405575 0.565511 0.798533 1.100193

Table 5
Calculated N2 solubility (mol kg−1) in 2 mol kg−1 NaCl solutions

P (bar) T (K)

273.15 293.15 313.15 333.15 353.15 373.15 393.15 413.15 433.15 453.15 473.15

1 0.000504 0.000385 0.000316 0.000257 0.000177 0.000038
10 0.004966 0.003861 0.003311 0.003017 0.002839 0.002692 0.002496 0.002159 0.001550 0.000479
50 0.022919 0.018077 0.015712 0.014553 0.014052 0.013937 0.014040 0.014235 0.014391 0.014343 0.013851

100 0.041714 0.033404 0.029383 0.027489 0.026794 0.026846 0.027398 0.028294 0.029409 0.030609 0.031712
150 0.057383 0.046562 0.041384 0.039040 0.038321 0.038643 0.039701 0.041319 0.043382 0.045788 0.048408
200 0.058046 0.052046 0.049448 0.048822 0.049483 0.051080 0.053425 0.056413 0.059975 0.064029
250 0.068251 0.061647 0.058921 0.058463 0.059502 0.061650 0.064712 0.068594 0.073253 0.078652
300 0.077483 0.070410 0.067632 0.067382 0.068816 0.071514 0.075272 0.080006 0.085698 0.092348
350 0.085967 0.078506 0.075720 0.075698 0.077528 0.080760 0.085183 0.090721 0.097374 0.105174
400 0.093869 0.086071 0.083297 0.083506 0.085721 0.089464 0.094513 0.100799 0.108336 0.117181
450 0.101310 0.093203 0.090450 0.090883 0.093465 0.097686 0.103318 0.110290 0.118627 0.128402
500 0.108380 0.099981 0.097247 0.097890 0.100813 0.105477 0.111640 0.119231 0.128278 0.138861
550 0.115146 0.106463 0.103740 0.104574 0.107808 0.112873 0.119512 0.127647 0.137305 0.148562
600 0.121661 0.112694 0.109970 0.110970 0.114480 0.119898 0.126950 0.135546 0.145706 0.157490

Table 6
Calculated N2 solubility (mol kg−1) in 4 mol kg−1 NaCl solutions

P (bar) T (K)

273.15 293.15 313.15 333.15 353.15 373.15 393.15 413.15 433.15 453.15 473.15

1 0.000255 0.000228 0.000209 0.000182 0.000136 0.000051
10 0.002514 0.002286 0.002166 0.002083 0.001994 0.001869 0.001680 0.001401 0.001004 0.000462
50 0.011625 0.010721 0.010291 0.010047 0.009841 0.009589 0.009243 0.008775 0.008166 0.007399 0.006457

100 0.021200 0.019850 0.019283 0.019014 0.018793 0.018487 0.018031 0.017396 0.016577 0.015574 0.014390
150 0.029206 0.027712 0.027202 0.027047 0.026920 0.026649 0.026156 0.025415 0.024435 0.023237 0.021840
200 0.034582 0.034249 0.034299 0.034340 0.034167 0.033690 0.032890 0.031788 0.030424 0.028837
250 0.040685 0.040596 0.040904 0.041158 0.041123 0.040700 0.039873 0.038677 0.037169 0.035409
300 0.046191 0.046378 0.046970 0.047462 0.047590 0.047244 0.046411 0.045139 0.043503 0.041579
350 0.051229 0.051701 0.052586 0.053327 0.053630 0.053373 0.052547 0.051209 0.049451 0.047368
400 0.055888 0.056646 0.057823 0.058813 0.059294 0.059130 0.058314 0.056915 0.055037 0.052792
450 0.060236 0.061272 0.062735 0.063968 0.064622 0.064550 0.063742 0.062279 0.060278 0.057865
500 0.064320 0.065627 0.067364 0.068831 0.069649 0.069660 0.068854 0.067319 0.065186 0.062593
550 0.068177 0.069743 0.071742 0.073429 0.074400 0.074481 0.073666 0.072047 0.069767 0.066978
600 0.071832 0.073646 0.075892 0.077784 0.078891 0.079027 0.078186 0.076465 0.074020 0.071014
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Table 7
Calculated N2 solubility (mol kg−1) in 6 mol kg−1 NaCl solutions

P (bar) T (K)

273.15 293.15 313.15 333.15 353.15 373.15 393.15 413.15 433.15 453.15 473.15

1 0.000135 0.000142 0.000144 0.000134 0.000106 0.000052
10 0.001333 0.001418 0.001484 0.001505 0.001465 0.001355 0.001177 0.000938 0.000652 0.000335 0.000005
50 0.006177 0.006660 0.007061 0.007266 0.007217 0.006907 0.006367 0.005655 0.004835 0.003971 0.003115

100 0.011287 0.012357 0.013257 0.013777 0.013806 0.013333 0.012424 0.011193 0.009770 0.008275 0.006805
150 0.015572 0.017277 0.018730 0.019628 0.019808 0.019247 0.018043 0.016364 0.014399 0.012327 0.010286
200 0.021582 0.023610 0.024922 0.025300 0.024708 0.023269 0.021198 0.018744 0.016139 0.013569
250 0.025405 0.028004 0.029745 0.030350 0.029768 0.028138 0.025722 0.022824 0.019727 0.016660
300 0.028846 0.032001 0.034170 0.035017 0.034471 0.032685 0.029962 0.026656 0.023101 0.019569
350 0.031979 0.035666 0.038255 0.039350 0.038856 0.036940 0.033938 0.030255 0.026273 0.022302
400 0.034857 0.039052 0.042046 0.043387 0.042956 0.040927 0.037671 0.033636 0.029251 0.024865
450 0.037517 0.042195 0.045579 0.047161 0.046796 0.044667 0.041174 0.036808 0.032042 0.027262
500 0.039987 0.045124 0.048880 0.050694 0.050397 0.048175 0.044459 0.039780 0.034651 0.029495
5 5
6 6

e
d
r
L
o

t

T
T

R

W
B
H
F
B
M
A
W
W
S
V
H
M
E
M
F
K
D
D
O
M

O
P
W
C
A
K
A
C

A
n

50 0.042286 0.047859 0.051969 0.05400
00 0.044428 0.050415 0.054860 0.05710

ls for N2 solubility in aqueous NaCl solutions. SWD model

eviates apparently from experimental data at low-pressure
egion (Fig. 3a and c). At high temperature region (Fig. 3f),
N model deviates substantially from experimental data with
ver 12% errors on average. As can be seen from these figures,

w
m

(

able 8
he model deviations from experimental data

eferences System T (K)

inkler [48] Water 273.23–353.14
raun [41] 0–2 m NaCl 278.2–288.2
ufner [35] Water 293.33
ox [33] Water 273.68–325.16
ohr [32] Water 294.35
uller [49] Water 289.35–290.35
deney and Becker [50] Water 276.7–308.3
iebe et al. [38] Water 298.15
iebe et al. [6] Water 298.15–373.15

addington and Krase [19] Water 338.15–513.15
ansSlyke et al. [51] 0–0.16 m NaCl 298.15–311.15
awkins and Shilling [34] Water 311.15
orrison and Billett [31] Water 285.65–345.65

ichelberger [52] Water 338
ishnina et al. [11] 0–6.3 m NaCl 283.15–343.15

arhi et al. [29] Water 276.25–310.2
lots and Benson [30] Water 275.01–300.16
ouglas [53] Water 276.25–302.65
ouglas [45] Seawater 275.25–303.14
’Sullivan and Smith [39] 0–1 m NaCl 324.65–375.65
urray et al. [37] Water 273.73–303.86

Seawater 273.73–303.86
’Sullivan and Smith [8] 0–4.6 m NaCl 324.65–398.15
ower and Stegall [54] Water 310.15
ilcock and Battino [55] Water 298.15
osgrove and Walkley [56] Water 278.15–313.15
lvarez et al. [22] Water 336.3–589.3
ennan and Pollack [23] Water 298.15
lvarez and Fernandez-Prini [7] Water 582.8
hapoy et al. [2] Water 274.19–363.02

AD: average absolute deviations calculated from this model; MAD: maximal absol
itrogen is 1 atm.
a N: number of data points.
0.053773 0.051464 0.047535 0.042556 0.037080 0.031563
0.056934 0.054541 0.050406 0.045138 0.039328 0.033463

he experimental data are accurately reproduced by this model,

hich demonstrates the substantial improvements over previous
odels.
The partial molar volume (V N2(l)) and Henry’s constant

kH) of N2 in aqueous NaCl solutions can be derived form our

P (bar) Na AAD (%) MAD (%)

1+ 9 2.62 3.74
1+ 39 3.78 14.38
1+ 1 0.44 0.44
1+ 24 1.11 2.46
1+ 1 0.84 0.84
1+ 2 1.32 1.97
1+ 7 2.32 5.19
25.33–1013.25 7 6.82 13.2
25.33–1013.25 32 5.84 13.2
101.3–304 15 6.23 14.13
1+ 14 1.01 2.12
1+ 1 2.05 2.05
1+ 12 1.76 4.66
70.88–203.25 6 4.69 6.02
1+ 156 1.89 8.92
1+ 6 0.62 1.01
1+ 33 0.47 1.22
1+ 5 1.01 1.38
1+ 21 3.79 5.01
101.3–607.9 18 4.78 10.09
1+ 10 0.77 1.54
1+ 51 2.10 5.24
101.3–616.1 50 3.79 10.49
1+ 1 0.04 0.04
1+ 2 0.94 0.94
1+ 8 0.84 2.17
5.34–256 25 3.69 8.44
45.17–117.37 7 1.08 1.46
172.2–545.4 6 4.03 9.25
9.71–70.43 52 2.55 4.51

ute deviations calculated from this model; “1+” denotes that partial pressure of
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Fig. 2. N2 solubility in pure water (m

olubility model of this study:

V N2(l)

RT
= ∂

∂P

(
µl(0)

RT

)
T,m

+
(

∂ ln γN2

∂P

)
T,m

= ∂

∂P

(
µl(0)

RT

)
T,m

+
∑

c

2mc

(
∂λN2−c

∂P

)
T,m

+
∑

a

2ma

(
∂λN2−a

∂P

)
T,m

+
∑∑

mcma

(
∂λN2−c−a

∂P

)
(9)
c a T,m

H(T ) = yN2ϕN2P

xN2

exp

(
−V N2(l)(P − P s

H2O)

RT

)
(10) s

B

predictions vs. experimental data).

∂ Par(T, P)

∂P

)
T,m

= c6 + c7T + c8

T
+ 2c9P

T
(11)

he predicted partial volume of N2 in aqueous NaCl solutions
Table 9) and Henry’s constant of N2 in water (Table 10) are
ompared with those calculated from the reliable models or
xperimental data [24,42], which exhibit a good agreement.
hese, from another point, prove the reliability of this model.

. Applications of this model

.1. Calculating N2 solubility in seawater
This model can be extrapolated to more complex aqueous
olutions containing Na+, K+, Mg2+, Ca2+, Cl− and SO4

2−.
ecause of the data limitations for aqueous solutions with salts
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Fig. 3. N2 solubility in aqueous NaCl solutions (model predictions vs. experimental data).

o
t
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T
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T

s

l

ther than NaCl, it is impossible to fit directly to experimen-
al measurements. We therefore take a predictive approach to
his problem. According to Duan et al. [43] and Duan and

ao [44], CH4–monovalent-cation interaction parameters have
oughly the same value, and CH4–bivalent cation interaction
arameters are about twice as much as the CH4–monovalent
nteraction parameters at various temperatures and pressures.
he CH4–anion interaction parameters are relatively small and

ontribute little to the activities. Using the similar approach, we
pproximate all N2–monovalent-cation and N2–bivalent-cation
nteraction parameters as λN2–Na+ and 2λN2–Na+ , respectively.
he same treatment applies to the ternary parameters. With this

w
w
m

implification, Eq. (7) becomes

n mN2 = ln (yN2ϕN2P) − µ
l(0)
N2

RT
− 2λN2–Na+ (mNa+ + mK+

+ 2mCa2+ + 2mMg2+ ) − ξN2–Na+–Cl− (mNa+ + mK+

+ 2mCa2+ + 2mMg2+ )(mCl− + 2mSO4
2− )

− 4λ 2−m 2− (12)
N2−SO4 SO4

here λN2–SO4
2− = 0.0371. In order to test this approximation,

e compare the calculated results from Eq. (12) with experi-
ental data of N2 solubility in seawater [37,45] (Table 8 and
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Table 9
The partial volume of N2 (V N2(l)) in aqueous NaCl solutions

T (K) P (atm) MNaCl (mol dm−1) V N2(l)
a (cm3 mol−1) V N2(l)

b (cm3 mol−1)

375.65 200 0 37.7 39.99
1 40.3 39.60
4 41.2 38.27

400 0 37.7 37.81
1 37.9 37.91
4 39.6 38.26

600 0 37.7 35.63
1 35.5 36.23
4 38.0 38.22

398.15 200 0 43.1 40.90
1 50.5 40.44
4 62.7 38.92

400 0 38.9 38.72
1 41.9 38.77
4 46.7 38.95

600 0 34.6 36.54
1 33.2 37.10

F
a
h
s
f

5
s

l
c

T
H

T

2
2
2
2
2
2
3
3
3
3
3
3
4
4
5
5

k
R

s
H
d
(
w
r
p
p

4

a O’Sullivan and Smith [8].
b This study.

ig. 4). It can be seen that the agreement between this approach
nd the experimental measurements is good. Since the model is
ighly accurate for aqueous NaCl solution up to 4.5 m in ionic
trength, Eq. (12) should be reliable up to the same ionic strength
or brines containing other salts than NaCl.

.2. Calculating liquid phase density of N2–H2O–NaCl
ystem at equilibrium
Liquid phase density of the N2–H2O–NaCl system at equi-
ibrium can also be calculated from this model. In order to
alculate the density, an accurate density model for H2O–NaCl

able 10
enry’s constants (kH) of N2 in water

(K) kH1 (bar) kH2 (bar) kH3 (bar)

73 52651 54005
78 59415 60440 59380
83 66399 66891 66389
88 73095 73265 73139
93 79612 79472 79829
98 85681 85426 86012
03 91776 91051 91838
08 97284 96281 97291
13 102335 101059 102277
18 106888 105342 106719
23 110914 109096 110485
50 123082 119769
00 110216 104953
50 76027 72685
00 43411 44113
50 21127 24374

H1: calculated from this model; kH2: from Fernandez-Prini et al. [42]; kH3: from
ettich et al. [24].

m

V

ρ

30.8 38.94

ystem is required. There are two good density models for the
2O–NaCl system covering a large T–P–m range. One was
eveloped by Spivey et al. [46] with a valid T–P–m region
273–548 K, 1–2000 bar and 0–6 mol kg−1) and the other one
as presented by Rogers and Pitzer [47] with a valid T–P–m

ange (273–573 K, 1–1000 bar and 0–6 mol kg−1). Here we
resent a simple but reliable approach to calculate the liquid
hase density of N2–H2O–NaCl system at phase equilibrium:

sol = 1000 + mNaClMNaCl + mN2MN2 (13)

sol = 1000 + mNaClMNaCl + mN V N (l) (14)

ρH2O–NaCl

2 2

sol = msol

Vsol
(15)

Fig. 4. The prediction of N2 solubility in seawater.
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Table 11
Liquid phase density of N2–H2O–NaCl system calculated from this model

T (K) P (bar) mNaCl (mol kg−1) mN2 (mol kg−1) ρH2O–NaCl (g cm−3) ρN2–H2O–NaCl (g cm−3)

273.15 1 0 0.000625 0.99702 0.99701
10 1 0.004805 1.03660 1.03654
50 2 0.017323 1.07413 1.07392
75 3 0.019439 1.10846 1.10821

100 4 0.019660 1.14058 1.14032
125 5 0.018898 1.17070 1.17045
150 6 0.017678 1.19899 1.19874

323.15 50 0 0.023282 0.99016 0.98990
100 1 0.034922 1.02998 1.02958
200 2 0.050436 1.06856 1.06796
300 3 0.056259 1.10447 1.10378
400 4 0.057228 1.13809 1.13735
500 5 0.055711 1.16965 1.16886
600 6 0.052881 1.19931 1.19848

373.15 50 0 0.021213 0.96064 0.96040
100 1 0.032917 1.00041 1.00003
200 2 0.049483 1.03900 1.03842
300 3 0.056892 1.07490 1.07421
400 4 0.059294 1.10847 1.10771
500 5 0.058911 1.13993 1.13912
600 6 0.056934 1.16945 1.16858

423.15 50 0 0.025285 0.91957 0.91929
100 1 0.038183 0.96155 0.96110
200 2 0.054843 1.00202 1.00138
300 3 0.059239 1.03933 1.03861
400 4 0.057681 1.07396 1.07322
500 5 0.053353 1.10617 1.10544
600 6 0.047875 1.13617 1.13544

473.15 50 0 0.030818 0.86729 0.86697
100 1 0.047836 0.91395 0.91341
200 2 0.064029 0.95828 0.95753
300 3 0.061550 0.99844 0.99769
400 4 0.052792 1.03520 1.03451

42770
33463

N ivey e

w
o
M
2
H
f
N
m

5
i

f
p
c
t
c
m
t

500 5 0.0
600 6 0.0

ote: mN2 is the calculated solubility data from this model; ρH2O–NaCl from Sp

here the partial molar volume of N2, V N2(l), can be
btained from Eqs. (9) and (11), the molar mass of NaCl
NaCl = 58.4428 g mol−1 and the molar mass of N2 MN2 =

8.0134 g mol−1. ρH2O–NaCl is the liquid phase density of the
2O–NaCl system, either calculated from the Spivey model or

rom Roger–Pitzer model. The calculated liquid phase density of
2–H2O–NaCl system at phase equilibrium based on the Spivey
odel is compiled in Table 11.

.3. Calculating homogenization pressure of fluid
nclusions with N2–H2O–NaCl

Fluid inclusions provide the most direct information on the
ormation conditions (such as temperature, pressure and com-
osition) of geological bodies. With the model of this study, we
an calculate the homogenization pressure of inclusions con-

aining N2–H2O–NaCl if the homogenization temperature and
ompositions of the fluid inclusions are known from microther-
ometric and spectroscopic techniques. At a given temperature,

he uncertainty of pressure increases with molality of N2 and F
1.06896 1.06837
1.10002 1.09951

t al. (273–528 K and 1–2000 bar) [46].
ig. 5. The uncertainty of pressure vs. molality of N2 at a given temperature.
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aCl (Fig. 5) and the average uncertainty of pressure in the
tudied region is about 4.15%.

. Conclusions

Based on a simple semi-empirical equation and a highly
ccurate EOS [9] for gas phase, and the electrolyte solution
heory of [10] for liquid phase, an accurate model is presented to
alculate N2 solubility in pure water (273–590 K and 1–600 bar)
nd in aqueous NaCl solutions (273–400 K, 1–600 bar and
–6 mol kg−1). From this model, liquid phase density of
2–H2O–NaCl system at phase equilibrium can also be accu-

ately calculated with experimental accuracy. With a simple
pproach, this model is extrapolated to predict the N2 solubility
n other aqueous solutions containing Na+, K+, Mg2+, Ca2+, Cl−
nd SO4

2− like seawater within experimental uncertainty. In
ddition, this model can be used to calculate the homogenization
ressure of fluid inclusions (N2–H2O–NaCl). A FORTRAN
ode is developed for this model and can be downloaded from
he website: www.geochem-model.org/programs.htm.

ist of symbols
i molality (mol kg−1) of component i in liquid phase

total pressure, that is PN2 + PH2O in bar
ar parameter

universal gas constant (83.14472 bar cm3 mol−1 K−1)
absolute temperature (K)

i mole fraction of component i in liquid phase
i mole fraction of component i in gas phase

reek letters
activity
fugacity coefficient
activity coefficient
chemical potential
density

N2–ion interaction parameter
N2–cation–anion interaction parameter

ubscripts
anion
cation

ol solution

uperscripts
liquid
vapor

0) standard state

cknowledgements

We thank the two anonymous reviewers and Dr. Peter Cum-

ings for their constructive suggestions. This work is supported

y Zhenhao Duan’s “key Project” funds (40537032) and his
utstanding young scientist funds (#40225008) awarded by
ational Natural Science Foundation of China.
ilibria 248 (2006) 103–114 113

ppendix. The equation of state for supercritical N2

= PmVm

RTm

= 1 + a1 + (a2/T 2
m) + (a3/T 3

m)

Vm

+ a4 + (a5/T 2
m) + (a6/T 3

m)

V 2
m

+ a7 + (a8/T 2
m) + (a9/T 3

m)

V 4
m

+ a10 + (a11/T 2
m) + (a12/T 3

m)

V 5
m

+ a13

T 3
mV 2

m

(
1 + a14

V 2
m

)
exp

(
−a14

V 2
m

)
(A1)

m = 3.0626σ3P

ε
(A2)

m = 154T

ε
(A3)

= 1000Vm

( σ

3.691

)3
(A4)

here Pm is in bar, Tm in K, Vm in dm3, and V is
n cm3; R = 0.08314467 bar dm3 K−1 mol−1, σ = 3.63 A
nd ε = 101.0 K. The parameters a1–a14 are as follows:
1 = 3.75504388E−02, a2 = −1.08730273E+04, a3 =
.10964861E+06, a4 = 5.41589372E−04, a5 = 1.12094559E+
2, a6 = −5.92191393E+03, a7 = 4.37200027E−06, a8 =
.95790731E−01, a9 = −1.64902948E+02, a10 =
7.07442825E−08, a11 = 9.65727297E−03, a12 =

.87945175E−01, a13 = 1.62257402E+04 and a14 =

.99000000E−03. The fugacity coefficient of N2 can be
erived from Eq. (A1):

n ϕ(T, P) = Z − 1 − ln Z + a1 + (a2/T 2
m) + (a3/T 3

m)

Vm

+ a4 + (a5/T 2
m) + (a6/T 3

m)

2V 2
m

+ a7 + (a8/T 2
m) + (a9/T 3

m)

4V 4
m

+ a10 + (a11/T 2
m) + (a12/T 3

m)

5V 5
m

+ a13

2T 3
ma14

×
[

2 −
(

2 + a14

V 2
m

)
× exp

(
−a14

V 2
m

)]
(A5)
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