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Abstract— A novel approach is proposed for modeling vapor-liquid equilibria in systems containing
aqueous NaCl and supercritical gases. The Peng-Robinson equation of state is used for all species,
with the salt treated as a hypothetical liquid component. To correctly model the highly non-ideal
liquid solution, a two-fluid model is used for the mixing rules in the equation of state. Effective
pure-component parameters are reported for NaCl as well as binary interaction parameters for all
possible binaries. Representation of high-pressure phase equilibria data show good agreement with
experimental data. The principal advantage of this approach is the ability to treat high pressure
systems containing non-volatile salts, while maintaining the simplicity of a cubic equation of state.

INTRODUCTION

The description of phase equilibria in aqueous elec-
trolyte solution is necessary to design of a number
of industrially important processes such as desalina-
tion, evaporation and distillation of solutions contain-
ing salts. Similarly, water containing dissolved salts
is always found in gas reservoirs. The effects of these
salts must be correlated or estimated to correctly mod-
el gas production and to properly design surface sep-
aration facilities. The nonidealities of aqueous salt so-
lutions can often be described by activity coefficient
models. Examples of such efforts include those of
Meissner and Tester [1J, Bromley [2], Pitzer [3],
Kusik and Meissner [4], Cruz and Renon [5], Chen
et al. [6], and Anil Kumar and Patwardhan [7]. An
extensive review of these works is given by Zemaitis
et al. [8].

Although based on molecular thermodynamics, all
of the activity coefficient mouels tend to have an exces-
sive number of empirical parameters. They tend to
be difficult to extend to mixed solvents and often
break down at high electrolyte concentrations. Their
most serious limitation, however, is that they cannot
easily be extended to high pressure systems, particu-
larly to systems which include supercritical gases
(Prausnitz et al. [9]).

A more consistent description of high pressure
phase equilibria can be obtained using a single equa-
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tion of state. Such equations are commonly used in
the petroleum and petrochemical fields. One of the
most widely used equations of state is the Peng-Robin-
son equation (Peng and Robinson [10]). The problem
with using this equation or any equation of state with
salts is how to correctly represent the salt properties.

There have been recent efforts to apply equations
of state to electrolyte systems. These include the works
of Copeman and Stein [11], Jin and Donohue [12],
Harvey and Prausnitz [13], and Whitson and Soreide
[14]. The unique feature of this work is that rather
than trying to impose the electrolyte phenomena on
the equation of state, we merely consider salt as a
unique (nonvolatile) species. The key to applying this
method to the Peng-Robinson equation of state (or
any other equation of state) is to use sufficiently rig-
orous mixing rules which can adequately represent
very nonideal solution properties.

MODEL DESCRIPTION

The fundamental form of the Peng-Robinson equa-
tion is given in the Appendix. Two important modifi-
cations are necessary. First, to accurately represent
the pure-component vapor pressures of all of the non-
salt species, the temperature dependence proposed
by Khalil and Anderson [15] is used for attractive
term in the equation. As shown in the Appendix, the
temperature dependence given by this equation is hy-
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Table 1. Optimal values of the adjustable parameters

Pure component 7 A

"Carbon _dioxide 229858 042563
Nitrogen 1.78215 0.07286
Methane 1.62405 —0.06483
Water 2.44552 —{.84982

perbolic in form. As shown by Khalil and Anderson,
this simple equation provides a remarkably good rep-
resentation of pure-component vapor pressure while
giving bounded values for the attractive parameter a
at the limits of very high and very low reduced tem-
peratures.

Second, to correctly model the extremely nonideal,
dense-fluid behavior, better mixing rules must be
used. In this work the mixing rules based on two-fluid
theory are used for the attractive term, as originally
proposed by Vachhani and Anderson [16]. Note that
this form is not density dependent. Although not strict-
ly correct in the low pressure limit, this form has
the features necessary to account for highly nonideal
dense fluid behavior, without introducing the addition-
al complexity of density dependence. The convention-
al mixing rule is retained for the repulsive constant. b.

The constants a, b, and a for all volatile components
are determined in the usual manner. For a salt species
a is set to one. The values of a and b for the salt
are constants and correspond to it's hypothetical liquid
state. They do not depend on the particular solvent
in which the salt is dissolved. Note that this analysis
effectively ignores the fact that the salt dissociates
in solution, and treats the salt as a single hypothetical
component in solution; i.e. the microscopic properties
are ignored in an attempt to correctly model the mac-
roscopic properties of the solution. Such an analysis
not unusual; e.g. it is possible to represent the vapor-
liquid equilibria of NaCl and water by treating this
as a binary system. The unique feature of this ap-
proach is that it allows us to treat all the components
in a simple consistent manner.

Since the phase-equilibrium predictions do not ap-
pear to be especially sensitive to the value of b, it's
values is calculated from the van der Waals radius
of a single “molecular” crystal. Phase equilibria prop-
erties are, however, sensitive to the constant a. For
NaCl the value of a was determined by examining
several different ternary systems of water, NaCl and
a supercritical gas. For NaCl the values of a and b
are 30.0 bar-(//mol)* and 0.0384 //mol, respectively.

Vapor-liquid equilibria calculations are based on the
requirement that a component’s fugacity must be the
same in all of the phases in which it is distributed.

System k, expression (T:Kelvin)
o (deg. C)
H,0-NaCl 033295 80.0-300.0
H.0-CO, —0.26706+6.6137X10 +XT 150.0-300.0
H.O-N, —1.85920+4.2313X 10 *XT 102.5-125.0
H,O-CH, —1.06800+2.5961x 10 *XT 102.5-125.0
NaCl-CO, —1.78445+6.0369X 10 *XT 150.0-300.0
NaCI-N, —3.01890+0.010074 X T 102.5-125.0

NaCl-CH,  —244529+7.7129X 10 *XT

T244529+7.7129X10 “XT  1025-125.0

This requirement applies to all the components which
distributes. NaCl is not assumed to be present in the
vapor phase. only the liquid phase. Their vapor mole
fractions are always set to zero. In the calculations
salts are identified by a value of a equal to one.
In this work, the temperature dependence of the
attractive parameter of the Peng-Robinson EOS is rep-
resented by a hyperbolic function with two adjustable
parameter ~/; and .#;. By requiring the function to be-
come unity at the critical point, the value of the param-
eter 7, i1s constrained to /,=-/ + 4, — 1 where -/, and

-#, are characteristic of each pure component. The pa-

rameters are fitted to vapor pressure data each of the
pure components. The results are shown in Table 1.

To determine the fugacities of the distributing spe-
cies, the fugacity coefficients are calculated. The alge-
braic expressions for the fugacity coefficients are also
given in the Appendix for the mixing rule described
above. Calculations of phase equilibrium properties fol-
low conventional procedures, e.g. Smith and Van Ness

[17].
RESULT AND DISCUSSION

Data for the systems H,O-NaCl, H,O-CO., H,O-N,,
and H,O-CH, was first used to determine the binary
parameters for each of these systems. Although initial-
ly it was hoped that the binary parameters would
be temperature independent, this proved to be true
only for the H.O-NaCl system, where a very good fit
was obtained from 80C to 300C. The three remaining
binary systems were well represented with unique
values of AU, and a linear variation of &, with respect
to temperature. The parameters and expressions for
k; for each water binary system are shown in Table 2.
The correlation of the binary data is shown in Figure
1-8 and corresponds to the conditions of no salt.

Ternary data for each of the gaseous systems con-
taining N,, CO,, and CH; were then used to obtain
the optimum parameters for NaCl-N,, NaCl-CO,, and
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Fig. 1. Comparison of experiment data (Takenouchi and
Kennedy [18]; @: no salt, ao: 6 wt% NaCl, H:
20 wt% NaCl) with calculated value (—-: no salt,
—-—: 6 wt% NaCl, ---: 20 wt% NaCl) at 150°C.
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Fig. 2. Comparison of experiment data (Takenouchi and
Kennedy [18]; @: no salt, a: 6 wt% NaCl) with
calculated value (—: no salt, —-—: 6 wt% NaCl)
at 200°C.

NaCi-CH,, systems. These parameters are also report-
ed in Table 2. The corresponding fit to the ternary
data is illustrated in Figures 1-8.

Figures 14 illustrate the “salting out” of carbon
dioxide by sodium chloride. Very good results are
found at 150C and 200C. The experimental data were
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Fig. 3. Comparison of experiment data (Takenouchi and
Kennedy [18]; @: no salt, a: 6 wt% NaCl, m:
20 wt% NaCl) with calculated value (—: no salt,
~-=: 6 wt% NaCl, -~ -: 20 wt% NaCl) at 250°C.
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Fig. 4. Comparison of experiment data (Takenouchi and
Kennedy [18]: @: no salt, a: 6 wt% NaCl) with
calculated value (—: no salt, — —: 6 wt% NaCl)
at 300°C.

reported by Takenouchi and Kennedy [18]. The total
pressures at 250T and 300C tend to be slightly under-
predicted.

Data for the system H.O-NaCl-N, are shown in
Figures 5 and 6. The experimental data for this sys-
tem were reported by O'Sullivan and Smith. Here,
the temperature range is smaller, but the calculations
with the proposed model are quite good. Data for the
system H,0-NaCl-CH, are shown in Figures 7 and
8. These data were also reported by O'Sullivan and
Smith. Again the temperature range is not great, how-
ever, the agreement with the experimental data is
very good.
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Fig. 5. Comparison of experiment data (O’Sullivan and
Smith [19]; @: no salt, a: 1 m NaCl, B: 4 m

NaCl) with calculated value (—: no salt, —-~: 1
m NaCl, ---: 4 m NaCl) at 102.5°C.
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Fig. 6. Comparison of experiment data (O’Sullivan and
Smith [19]; @: no salt, a: 1 m NaCl, &#: 4 m’
NaCl) with calculated value (—: no salt, —-—: 1
m NaCl, ---: 4 m NaCl) at 125°C.

The results presented above indicate that the pro-
posed model can conveniently describe vapor-liquid
of gases in aqueous solutions of NaCl. The values giv-
en are suitable for the systems here; however, it is
likely that if additional data sets were examined, bet-
ter values could be obtained, which may cover even
wider ranges of temperature and pressure.

In this method, some 300 bar was available, but
more than 300 bar has been shown considerably a
range of error, with its clearly tendency.

The model proposed here potentially may be extend-
ed to systems of solvents, i.e. methanol-water-NaCl
with a supercritical gas. It may also be possible to
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Fig. 7. Comparison of experiment data (O’Sullivan and
Smith [19]; @: no salt, a: 1 m NaCl, m: 4 m

NaCl) with calculated value (—: no salt, —-~: 1
m NaCl, ---: 4 m NaCl) at 102.5°C.
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Fig. 8. Comparison of experiment data (O’Sullivan and
Smith [19]; @: no salt, a: 1 m NaCl, B: 4 m
NaCl) with calculated value (—: no salt, --—: 1
m NaCl, ---: 4 m NaCl) at 125°C.

treat systems of mixed electrolytes. This will be the
subject of future research.

CONCLUSIONS

A new approach is proposed for calculating va-
por-liquid equilibria in systems containing aqueous

Korean J. Ch. E.(Vol. 8, No. 2)




92 C.Kwak and T.F. Anderson

NaCl and supercritical gases at high pressure. In this
method the salt is treated as a hypothetical liquid com-
ponent. In the presented systems, the effective pure-
component parameters for NaCl are 30.0 bar-(//mol)’
for a and 0.0384 //mol for b. Representation of high-
pressure phase equilibria data show good agreement
with experimental data. The advantage of this method
1s the ability to treat high pressure systems with non-
volatile salts, while maintaining the simplicity of pro-
cedures.
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APPENDIX

The form of the Peng-Robinson equation of state
is

RT aa

P — 2T

(V—="b) V(V-+b)+b(V-—-b)

(A1)

which can also be written in terms of the compressibil-
ity factor, Z, as

7'~ 71— B)+ Z(A—3B*— 2B)— (AB—B*- B)=0

(A2)
where
. aaP ,
A= (RTY (A3)
and
_ v
B= RT (Ad)

The values aa and b are properties of the mixture.
The mixing rules commonly used are

moom

aa= X Zyylca), (A3)
i ’

(@a); = v aaaall—k) (A6)

b= yb, (A7)

where k, is a single binary interaction parameter. In
this work, the mixing rule for the parameter b is re-
tained. But, as discussed in the paper, the quadratic
mixing rule used for aa is replaced by a two-fluid
model. The expression for aa is then given hy
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woom y,y{,(cxa),,

aa= Z] z—
Z v expl(AUL— AU)/RT]

(A8)

i1

For ixj, (ca); is given by expression above. Note
that since k,; =k, there are three adjustable parameter
for each combination of two species. i.e. a two-compo-
nent mixture will have three adjustable binary param-
eters, k, AUy and AU,,.

For a salt species o is set to one. The values of
a and b for a salt are constants and correspond to
it's hypothetical liquid state. They do not depend on
the particular solvent. The pure-component constants
for all non-salt species are calculated from the critical
properties by the equations

a,:=04572 R* T¥P, (A9)
and
b, =0.0778 R T../P., (A10)

In the original Peng-Robinson equation, o, is a func-
tion of the reduced temperature.

a.=[1+S(1—/T)J (A11)
where
S,=0.37464 + 1.542260, — 026992’ {A12)

In this work, we have used a hyperbolic form for
the temperature dependence of a,.

@ = (4 AT+ 7 T) (A13)
and
ro=rs b, 1.0 (Al14)

where -/, and .#, are fit to vapor pressure data for
each of the pure components.

Using standard thermodynamic relations, the expres-
sion for the fugacity coefficient can be derived. Based
on the two-fluid mixing rules, the equation for the
fugacity coefficient is

A D B

2y2B aa B

o= 3 (Z—D=InZ—B)-

X In[{Z+(1+2)B}/{Z+(1—\/2)B}] (A15)

b.P
= 20 16
B, RT (A16)
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1 ‘ d(n‘aa) |

D.= n  én,

(A17)

If we let 6=aa and 6;=(aa), the expression for

D; is given by the following equations.

1 d(n’0)
D= —(——
n [ anr ’
_ mr w' yIYJBU o AE}L:%I |
-1 ,vzl (D Jh): [D " GXD[ RT J
=, ,Vzeu
+ ’,Zl (‘D_T [D ,«/,(1+Ya)‘Yr eXp(AU”/RT)‘]
3By -y
SO '
+ 5'19L_ [D {2+ )‘_V] (A18)
_(D'_ “,)2 i Vi s
where
D 4= Z v expl(AU;— AUW)/RT] (A19)
D= Z v exp[(AU,— AUL)/RT] (A20)
D 4= T yi exp[(AU;—~ AU/RT] (Aa21)
D .= X v exp(—AU/RT) (422)

Note: X' indicates that species “1”

is excluded from

the summation and that AU,;=0.

N< <3 WmT oo

NOMENCLATURE

: constant defined by eq. (A3)

: constant in eq. (Al3)

. attraction parameter [bar /%/mol*]

: constant defined by eq. (A4)

: constant in eq. (Al3)

: van der Waals covolume [//mol]

: constant in eq. (Al4)

: partial differentiation indicated by eq. (A17)
: constant defined by (A19), (A20), (A21), or (A22)
: interaction parameter

: pressure [bar]

: gas constant [/ bar/mol K]

: dimensionless function defined by eq. (A12)
: temperature [K]

: binary interaction [cal/mol]

: molar volume [//mol]

: vapor phase mole fraction

: compressibility factor

Greek Letters

g6 @ e

: scaling factor in eq. (Al)
L Qa

. fugacity coefficient

: acentric factor

Subscripts

Y~ e e =

10.

11.

12.

13.

‘14

15.

16.

: critical

: component 1

: component j

: component k

: component /

: reduced property
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