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Three activity coefficient models for electrolyte solutions were evaluated and com-
pared. The activity coefficient models are: The electrolyte NRTL model (ElecNRTL) by
Aspentech, the mixed solvent electrolyte model (MSE) by OLI Systems, and the
Extended UNIQUAC model from the Technical University of Denmark (DTU). Test
systems containing a single salt (NaCl), multiple salts, and mixed solvent aqueous
electrolyte solutions were chosen. The performance of the activity coefficient models
were compared regarding the accuracy of solid-liquid and vapor—liquid equilibrium
calculations for the test systems. © 2009 American Institute of Chemical Engineers AIChE J,

56: 1334-1351, 2010
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Introduction

Electrolyte solutions are encountered in many natural and
industrial processes. Phase equilibrium calculations for solu-
tions containing electrolytes are gaining increasing importance
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and it is important to choose the most suitable thermodynamic
model for such systems. We have compared the performances
of various activity coefficient models for electrolyte solutions.
Especially, the accuracy of vapor-liquid equilibrium and solid
liquid equilibrium calculations in binary, ternary, and multi-
component electrolyte systems is compared.

A number of activity coefficient models for electrolyte solu-
tions have been developed for calculating the thermodynamic
properties of electrolyte solutions for engineering applications.
Some examples from the 1970s and 1980s are Meissner’s
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model,' = Bromley’s model,* and Pitzer’s model.>® All these
models can be seen as empirical extensions of the Debye-
Hiickel law. Another group of models combine local composi-
tion activity coefficient models with the Debye-Hiickel law or
modifications of the Debye-Hiickel law. The models we have
compared in this study belong to this group.

The thermodynamic modeling of phase equilibrium and
other properties of solutions with electrolytes is very chal-
lenging. There are, therefore, many factors to be considered
in the choice of thermodynamic model. Even though a cer-
tain model appears to represent a limited set of data accu-
rately it does not guarantee the quality of this model.

Model, Theory, and Software

Three thermodynamic models for electrolyte solutions
considered to be state of the art are studied here:

1. The implementation of the ElecNRTL model of Chen
et al.””? by Aspentech in Aspen Plus engineering suite 2006,
version 20.0.

2. The implementation of the OLI MSE model of Wang
et al.'®'"" and Kosinski et al.'> in the OLI stream analyzer
program, version 2.0.57.

3. The Extended UNIQUAC model of Thomsen et al.'>'*
and Thomsen'>'® in software developed at DTU Chemical
Engineering.

The two first of these models are implemented in process
simulators while the last model is implemented in an aca-
demic software package. For the industry, access to the mod-
els in process simulators is important.

Thermodynamic models for electrolyte solutions tradition-
ally consist of one or more long-range (LR) terms taking the
electrostatic interactions between ions into account and one
or more short-range (SR) terms that take the ion dipole inter-
actions and the nonelectrostatic interactions into account. An
overview of the different terms used in the models studied is
given in Table 1.

The ElecNRTL model

Chen et al.'” first developed a local composition NRTL
activity coefficient model for single, completely dissociated

electrolytes in a single solvent. An additional Born term was
later added'® and the model was thereby extended to mixed
solvent electrolyte systems.

The ElecNRTL model has been applied to represent solid—
liquid equilibrium (SLE) of aqueous multicomponent electro-
lyte systems'® and phase equilibria of mixed solvent electro-
lyte systems>” in a wide temperature range. It is being used in
the Aspen Plus flowsheet simulator and has received wide ac-
ceptance in industrial modeling of electrolyte systems.

The ElecNRTL model is in Aspen Plus combined with an
equation of state to calculate vapor phase fugacities in
VLE systems. The ElecNRTL model is represented by the
following excess Gibbs free energy expression.

G = GERTL + GEBom + GgDH (1)

GERgro is the SR NRTL term modified for use with elec-
trolytes, G, is the Born term, and Ghpy is the Pitzer
Debye-Hiickel term.

The NRTL term was modified compared to the original
Renon and Prausnitz?' NRTL model. The modification con-
sisted of adding the like-ion repulsion assumption and a
local electroneutrality assumption. The modified NRTL term
is given by:

E Z X m Gjm ij
GNRTL _
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The three summations in Eq. 2 are over molecular species
(index m), cations (index c), and anions (index a). In this

Table 1. Overview of the Activity Coefficient Models Considered in This Study

ElecNRTL

OLI MSE

Extended UNIQUAC

Short-range term

Long-range terms

Model parameters

Definition of species

Determination of
parameters

Solubility products/
equilibrium
constants

Mixed solvent
calculations

The electrolyte NRTL model.

1. Pitzer Debye-Hiickel term.
2. Born term.

Two interaction parameters for
each species pair.

Molecules and ion pairs
From binary and ternary data.

From empirical correlation using up to
four parameters per equilibrium.

Gibbs energy of transfer.
Composition dependence
of relative permittivity

UNIQUAC model with quadratic
temperature dependence.

1. Pitzer Debye-Hiickel term.

2. A second virial coefficient
type term.

Up to three interaction
parameters for each
species pair.

Molecules and ions

From binary and ternary data.

From Helgeson-Kirkham-Flowers
equation of state”>.

Gibbs energy of transfer. Composition
dependence of relative permittivity

UNIQUAC model with linear
temperature dependence.
1. Extended Debye-Hiickel term.

Volume and surface area parameter
for each species. One interaction
parameter per species pair.

Molecules and ions

From binary and ternary data.

From tabulated standard state
thermodynamic data™.

The non-ideality caused by
the presence of other solvents is
accounted for by the activity
coefficient model.
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Table 2. The Selected Test Systems Used in This Study

No. System type Components Temperature (°C) Source

A Binary system NaCl-H,O —2191to 110 Refs. 34,35,36,37,38,39, and various others
B Binary system Na,S0,4-H,O 25 Ref. 40 and various others

C Ternary system NaCl-MgCl,-H,O 0, 35 Ref. 41 and various others

D Quaternary system NaCl-KNOs-H,O 25 Refs. 42,43,44

E Quaternary system NaCl-K,S0,4-H,0O 20 Refs. 45,46

F Quaternary system NaCl-MgS0O,4-H,O 35 Refs. 41,47

G Quaternary system NaCl-MgNO;-H,O 25 Ref. 48

H Quinary system NaCl-MgS0O,4-MgNO3-H,O 0 Ref. 48

1 Quinary system NaCl-MgS0,4-K,S04-H,O 55 Refs. 49,50,51

J Ternary mixed solvent systems NaCl-H,O-Ethanol 15, 25 Refs. 52,53,54,55, and various others

equation, 7 is calculated as a function of the binary, salt spe-
cific energy interaction parameters. X; = x;C;. C; is equal to
the absolute value of the charge of an ion or equal to unity
for a molecule. x; is the mole fraction. G;; = exp (—o;T;)
with «;; as the nonrandomness factor.

The Born term used in the ElecNRTL model is a modifi-
cation of the Born expression of Robinson and Stokes.** The
Born term accounts for the change of Gibbs free energy
associated with moving ionic species from a mixed solvent
state into an aqueous state.

The LR contribution is represented by the Pitzer-Debye-
Hiickel equation in form of the unsymmetrical, mole fraction
based Pitzer-Debye-Hiickel term.*

The adjustable parameters of the ElecNRTL model are the
nonrandomness factors and the energy parameters of the
local composition term. According to Mock et al.,* a system
with two solvents and one salt requires nine adjustable bi-
nary parameters—at each temperature. The NRTL nonran-
domness factors are often fixed in engineering practice
which reduces the number of adjustable binary parameters
required for such a system to six. Furthermore, up to four
parameters can be used for each solid phase to calculate the
solubility product as a function of temperature.

Aspen Plus offers a data regression system to allow users
to determine the parameters of the elecNRTL model from
available public or proprietary experimental data. According
to the program manual, the program also provides built-in
parameters for the electrolyte NRTL model. These parame-
ters were developed using data for many industrially impor-
tant electrolytic systems.

The OLI MSE model

In the OLI Systems software, the user can choose between
the Bromley-Zemaitis aqueous model** and the OLI MSE
(Mixed Solvent Electrolyte) model. The Bromley-Zemaitis
model was previously the primary model in OLI Systems

software. In this comparison project, the OLI MSE model
was exclusively used as it represents the current technology
from OLIL

The OLI MSE model is described by a three-term excess
Gibbs energy function.'®'?

G" = G + Gg + Gy 3)

The GE; term represents the LR interactions caused by
electrostatic forces. The contribution is expressed by the
symmetric, mole fraction based Pitzer-Debye-Hiickel expres-
sion.”? The GIS”:R term accounts for the SR intermolecular
interactions and is calculated by the UNIQUAC equation.
The ionic interaction (II) term, Gﬁ takes care of the specific
ion—ion and ion—-molecule interactions. It is calculated by an
ionic strength-dependent symmetrical second viral coefficient
type expression:

GE
RT =~ <Z ”i> > D _xwBy(ly) Q)
i i
The summation is over all species ; and ;. Bi(l) = Bj(l,), B;; =
Bj; = 0, and the ionic strength dependence of Bj; is given by
Bjj(Iy) = bij + cij exp(=VI + a1) 5)

where b;; and c;; accounts for binary interaction. According to
Gruszkiewicz et al.,”> a, is set equal to 0.01. b;; and ¢;; are
calculated as functions of temperature by

bi = boj + b1 T + bai/T + b3 jT* + bay InT ~ (6)

cij = o+ 1y + cay)T + c3T* +cayy InT - (7)

The last two parameters of Eqs. 6 and 7 are typically only
necessary when there is a need to reproduce experimental

Table 3. Experimental and Calculated Values of the Bubble Point Pressure of Aqueous NaCl Solutions of Different
Concentrations at 125°C

Experimental

Calculated Bubble Point Pressure (MPa)

Molality (mol/kg H,O) Bubble P (MPa) ElecNRTL OLI MSE Extended UNIQUAC
3.79 0.201 0.200 0.200 0.197

4.89 0.191 0.190 0.190 0.187

5.99 0.180 0.180 0.180 0.176

6.13 0.179 0.179 0.179 0.175

6.94 0.172 0.172 0.172 0.170
Average numerical difference 0.0004 0.0003 0.0034

The experimental data are from Liu and Lindsay.”
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Figure 1. Solubility in the aqueous NaCl system as a
function of temperature.

The circles mark experimental data from several sources as
listed in Table 3.

data over a wide range of temperatures, e.g., from —50°C to
300°C. Otherwise, a more simple temperature dependence is
used.

Standard state properties required for determining equilib-
rium constants and solubility products are obtained from the
Helgeson-Kirkham-Flowers equation of state.”®

For systems containing only strong electrolytes, the only
model parameters required are in the II (ionic interaction)
term. Some parameters for the OLI MSE model have been
published.''*?> The determination of parameters in the OLI
MSE model is still a work in progress and the parameters
might therefore be further improved in coming versions.

OLI Systems Inc. offers a data regression system in a sep-
arate program called Regress. The Regress program allows
the user to determine or modify model parameters based on
available published or proprietary experimental data.

The extended UNIQUAC model

The Extended UNIQUAC model is valid for multicompo-
nent aqueous solutions of electrolytes and nonelectrolytes in
industrially relevant temperature and pressure ranges. Thom-
sen et al."” first presented the Extended UNIQUAC model in
its current form. It is an excess Gibbs free energy model
consisting of three terms: An entropic term, Gcombmamml, an
enthalpic term, GE_ .. and a Debye-Hiickel electrostatic

E :
term, Gpropye miickel:

E E E
G Gcombmatonal + GResidual + GDebyeinickel (8)

The combinatorial and the residual terms are unchanged
compared with the UNIQUAC model for nonelectrolytes. In
the Extended UNIQUAC model, the same equations (Egs.
8-12) are used for cations, anions, and for nonelectrolytes.
The combinatorial term is given by
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GE ;
combmalorml ZX,IH( ) _ %Z gix; In <%> )

z = 10 is the coordination number, x; is the mole fraction,
¢; is the volume fraction and 0; is the surface area fraction
of component i. The residual term is given by

Remdulal Z qix; In <Z ekl//k,>

where Y, = exp(—%) (10)

uy; = uy and u; are adjustable interaction parameters with
linear temperature dependence. One of the strengths of the
UNIQUAC model is that the excess Gibbs energy is mod-
eled as an entropic term plus an enthalpic term. In compari-
son, the NRTL local composition model only contains an
enthalpic term.

The Debye-Hiickel term is expressed according to the
unsymmetrical term suggested by Fowler and Guggen-
heim?’

E
G Debye- Hiickel 4A
_— = —x,M,,—

b2
1/2 12 4
RT B In(1 +bI'%) — bl -5

(1)

[ is the ionic strength, based on molality (mol/kg H,O). In
the Extended UNIQUAC model, molality is always
calculated as mol of species per kg water. The parameter b
is considered constant equal to 1.50 (kg/mol)!"?!. The

0.2

0O ElecNRTL built in
X OLlI MSE

0.195 ~ A Extended UNIQUAC
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Figure 2. Parity plot for the bubble point pressure of
aqueous NaCl solutions of different concen-
trations at 125°C.

The experimental data are from Liu and Lindsay.*’
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Table 4. Experimental and Calculated Values of the Bubble Point Pressure of Aqueous NaCl Solutions of Different
Concentrations at 50°C

Calculated Bubble point pressure (MPa)

Experimental
Molality (mol/kg H,0O) Bubble P (MPa) ElecNRTL OLI MSE Extended UNIQUAC
1.05 0.01192 0.01195 0.01192 0.01192
1.86 0.01156 0.01158 0.01155 0.01155
2.51 0.01125 0.01127 0.01124 0.01123
3.04 0.01100 0.01101 0.01098 0.01096
3.73 0.01065 0.01066 0.01063 0.01059
4.89 0.01002 0.01008 0.01002 0.00996
5.10 0.00990 0.00997 0.00991 0.00985
5.65 0.00960 0.00973 0.00962 0.00956
6.10 0.00934 0.00970 0.00937 0.00932
6.12 0.00933 0.00970 0.00936 0.00931
Average numerical difference 0.00011 0.00002 0.00003

The experimental data are from Gibbard et al.*®

Debye-Hiickel A parameter can be approximated in the tem-
perature range 273.15 to 383.15 K according to Thomsen':

A(T) =1.131 + 1.335 x 107?
x (T —273.15) 4+ 1.164 x 107>
x (T —273.15)* kg'/? /mol'/?  (15)

Thomsen and Rasmussen'* combined the Extended UNI-
QUAC model with the Soave-Redlich-Kwong (SRK) EOS to
calculate vapor-liquid equilibrium (VLE) in systems contain-
ing volatile components such as ammonia and carbon dioxide.
Pereda et al.*® applied the model to systems containing sul-
phur dioxide. It was shown by Iliuta et al.*’ and by Thomsen
et al.* that the Extended UNIQUAC model is able to describe
LLE (liquid-liquid equilibrium) and VLE in systems contain-
ing mixed solvents using the same set of parameters. This

modeling was carried out by combining the original parame-
ters developed for purely aqueous systems, with new parame-
ters for alcohol—ion and alcohol-water interactions.

The Extended UNIQUAC model has also been applied in
the study of mineral scale formation in geothermal and oil-
field operations.>'*> With the appropriate pressure parame-
ters, the Extended UNIQUAC model is able to represent bi-
nary, ternary, and quaternary solubility data in the range of
temperature and pressures from -20 to 250°C and 0.1 to 100
MPa, respectively.

Standard state properties such as Gibbs energy of forma-
tion, enthalpy of formation, and heat capacity of each spe-
cies are used for calculating equilibrium constants as func-
tion of temperature. These standard state properties have
mainly been obtained from tables published by NIST.*
Property values that could not be found in these tables have
been determined from experimental data.

0.0120 104
' O ElecNRTL built in O ElecNRTL built in
% OLI MSE X OLI MSE A
A Extended UNIQUAC o A Extended UNIQUAC "
0.0115 - e
g £ 103 -
=1
= [
3 i <%
2 0.0110 g
- [
a -
s £
3 o i
2 0.0105 A a 102
o Q
o -]
) e
3 a
T 0.0100 - B
5 &
3 o 3 101 4
s a 3
0.0095 -
so°C 0.101325 MPa
0.0090 . . 100 ' ' '
0.0090 0.0100 0.0110 0.0120 100 101 102 103 104
Experimental bubble point pressure, MPa Experimental bubble point temperature, °C
Figure 3. Parity plot of the bubble point pressure of Figure 4. Parity plot for the bubble point temperature
aqueous NaCl solutions of different concen- of aqueous NaCl solution of different concen-
trations at 50°C. trations at 0.101325 MPa.
The experimental data are from Gibbard et al.*® The experimental data are from Hakuta et al.*
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Table 5. Experimental and Calculated Values of the Bubble Point Temperatures of Aqueous NaCl Solutions of Different
Concentrations at 0.101325 MPa

Bubble point temperature (°C)

Experimental
Molality (mol/kg H,O) Bubble T (°C) ElecNRTL OLI MSE Extended UNIQUAC
1.063 100.996 101.079 101.024 101.15
2.168 102.17 102.269 102.236 102.4
3.106 103.249 103.412 103.373 103.62
Average numerical difference 0.11 0.07 0.25

The experimental data are from Hakuta et al

139

Test systems for the electrolyte models

The three electrolyte models were tested on systems con-
sisting of water, ethanol, Na*, K, Mg?", CI", NO;~, and
SO3~. The comparison was focused on subsystems contain-
ing NaCl except for one subsystem that concerns aqueous
Na,SO,4 solutions. The test systems are listed in Table 2.
The accuracy of SLE calculations for binary, ternary, quater-
nary, and quinary salt systems including mixed solvent sys-
tems were studied, compared, and evaluated against experi-
mental data. For some test systems VLE calculations were
evaluated as well. In Tables 3 through 11, the experimental
data used in the evaluation are presented together with the
corresponding values calculated with the models. Average
numerical differences between values calculated with each
model and the corresponding experimental values are given
in each table for easy comparison of performance. The qual-
ity of the experimental data used in this work is not dis-
cussed. The experimental data come from the open literature.
The data were only used for comparing the performance of
the different models, not for determining model parameters.
The authors believe that the experimental data used here for
the comparison of the models are the only data for the con-
sidered systems published in the open literature. The quality

1 re
’
Vs
0.95 § /
O Experimental /
é = - =ElecNRTL optimized 4
0.9 — = ElecNRTL built in 4

o
o %)
) o

Osmotic coefficient
o
~
&

-

Unsaturated
T

Supersaturated
T

0.5
0 1 2 3 4
Sodium sulfate molality
Figure 5. Osmotic coefficient of aqueous Na,SO, solu-
tion of different concentrations at 25°C.

The vertical line indicates the saturated concentration of
Na,SO,4 (1.95 mol/kg) in water. The experimental data are
from several sources including Robinson et al.
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of the experimental data was not checked. In most cases the
experimental data were measured and reported by different,
independent research groups.

All the selected test systems are relatively simple systems.
If more complicated systems such as partly dissociated sys-
tems were considered, the result might have been different.

Results and Discussion

Many built in parameters for the ElecNRTL model are
delivered with the Aspen Plus program. These parameters do
not cover all of the test systems shown in Table 2. For the
comparison study here, C.-C. Chen from Aspentech, made
several new parameter sets available for this project. Each
parameter set is apparently optimized to give the best possi-
ble representation of each test system using the elecNRTL
model. When these optimized parameters were used, the
results are clearly labeled “ElecNRTL optimized”. When
the built in parameters were used, results are labeled
“ElecNRTL built in.” The parameter sets determined by
C.-C. Chen can be obtained as Supporting Information from
the website of this Journal.

Among the test systems listed in Table 2, parameters for
all binary systems and the majority of ternary systems are

40

35

30 ‘

O Experimental
= = ElecNRTL optimized

L 25 A . e, T
S veeee OLIMSE
oo
2 Y Extended UNIQUAC
® 20 A
<
a0
£

15 +

10 +

5 .

0°C
N
0 T T T T T4 s
0 5 10 15 20 25 30

Weight % NacCl
Figure 6. SLE phase diagram of the ternary aqueous
system NaCl and MgCl, at 0°C.

Experimental data are from Autenrieth and Braune*' and
various others.
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Figure 7. SLE phase diagram of the ternary aqueous
system NaCl and MgCl, at 35°C.

Experimental data are from Autenrieth and Braune*' and
various others.

available for the OLI MSE model in the Stream Analyzer
program, version 2.0.57. However, parameters for ternary
systems containing MgSO, and/or K,SO, are still incom-
plete. Therefore, calculations for systems V, VI, VIII, and
IX are based on a partial coverage of parameters for the
underlying ternary systems.

The model parameters for the three models were regressed
from only binary and ternary data. In principle, the model
parameters in a local composition model for electrolytes can

6.5
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0O ElecNRTL optimized %

s 61 % OLI MSE a0

= A Extended UNIQUAC ad

E ]
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> 5.5 A

= X
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£ a5 % &

4
35 . ‘ ‘ ‘ ‘
35 4 45 5 55 6 6.5

Experimental NaCl solubility (molality)

Figure 8. Parity plot for the NaCl solubility at 25°C in
the aqueous Na-K-CI-NO; system.

The experimental data are from Reinders,42 Cornec and
Krombach,43 and Uyeda.44
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Figure 9. Quaternary phase diagram for the aqueous
Na-K-CI-NO; system at 25°C.
The experimental data are from Reinders,42 Cornec and
Krombach,** and Uyeda* and several others. The experi-
mental data points chosen for the model comparison are
marked with roman numerals and refer to the experimental
compositions given in Table 7.

be determined from binary and ternary data alone. When cal-
culations are made for these binary and ternary systems, the
results show how good the model correlates data. When cal-
culations are performed for quaternary, quinary, or higher
order systems, the results show how good the model is in
predicting or extrapolating beyond the data type the parame-
ters were fitted to.

Tetragene salts are salts like Kainite (KCl-MgSO,4-3H,0)
that consist of four different ions. To determine the standard
state properties of tetragene salts, quaternary data are
required because these salts can not precipitate from ternary
solutions.

Computations concerning the 10 test systems with the
three models, the ElecNRTL model, the OLI MSE model,
and the Extended UNIQUAC model are compared regarding
the following merits:

1 Accuracy of solid liquid equilibrium calculations for
the selected test salt systems.

2 Freezing point depression (SLE)

3 Calculation of activity coefficients in super saturated
solutions

4 Salt solubility/precipitation (SLE): saturation curve
and stable salt form

5 Boiling point elevation (VLE) [unsaturated, saturated]

6 The performance of these models in mixed solvent
systems.

Test system A: the NaCl-H,0 system
For the binary system NaCl-H,O, the solubility diagram
was calculated by the three models in the temperature range

May 2010 Vol. 56, No. 5 AIChE Journal



Table 6. Results of the Model Comparison for the Aqueous System Na*-K*-Cl1~-NO;~ at 25°C

Experimental NaCl solubility (mol/kg H,O)

Calculated NaCl solubility (mol/kg H,0)

ElecNRTL optimized OLI MSE Extended UNIQUAC

No. KC1 NaNO; KNO; NaCl Solid Phase* NaCl NaCl NaCl
I 1.17 1.81 6.06 1 5.70 5.78 5.94 [1]
I 0.748 2.69 6.13 1 5.93 6.04 6.28 [1]
111 1.39 1.61 5.65 1 5.58 5.70 [1] 5.86 [1]
v 3.99 7.10 1+2 6.34 [2] 6.48 6.78

v 5.22 3.81 4.73 2 4.52 2] 4.50 [2] 5.01

VI 2.69 3.80 5.57 2 5.30 [2] 5.39 [2] 5.79
VII 7.19 1.76 4.10 3 4.09 3.89 433
VIII 7.40 2.78 4.06 3 4.01 3.83 4.36
IX 7.58 4.00 4.02 2+3 3.96 [2] 3.78 (2] 441 [2]
X 7.53 4.08 4.07 2+3 3.97 [2] 3.79 2] 443

XI 7.44 4.21 4.04 2+3 3.99 2] 3.82 [2] 4.46
Average numerical difference 0.19 0.24 0.27

The experimental compositions are given together with the NaCl solubility calculated with the models. All concentrations are in molality (mol/kg H,O). The ex-

perimental data are from Reinders, 2 Cornec and Krombach,43

and Uyeda.** The experimentally determined solid phases are given in column six. The solid

phases determined by the models are given in brackets after the solubility. Roman numerals refer to the location of the data points in Figure 9.
*Solid phases in addition to NaCl are identified by 1 = KCI, 2 = KNO;, 3 = NaNOs.

from —22 to 110°C. The result is shown in Figure 1. At
temperatures above 40°C, ElecNRTL and OLI provide better
results than Extended UNIQUAC. The ElecNRTL does not
predict the solubility curve for hydrohalite, NaCl-2H,O. This
is the reason for the particular shape of the solubility curve
calculated by ElecNRTL at low temperatures. Apparently,
this salt is not included in the ElecNRTL model but has to
be added and modeled by the user. The ice curve is calcu-
lated equally well by the three models.

Bubble Point Temperature and Pressure for NaCl-H,0

Bubble point temperatures and pressures for aqueous NaCl
solutions at different concentrations were calculated and
compared with the corresponding experimental data. Parity
plots were made for comparing the performance of the three
models. Experimental data and calculated results for 125°C
are presented in Table 3 where the concentration varies from

3.8 to 7 molal [18 to 29 wt %] NaCl. The calculation of
bubble point pressures at this temperature is illustrated in the
parity plot in Figure 2. The model parameters for the
Extended UNIQUAC model were determined from data at
temperatures up to 110°C."> The calculation therefore repre-
sents an extrapolation and some deviation is seen at 125°C
for the Extended UNIQUAC model in Figure 2.

Calculations performed for NaCl solutions at 50°C are
tabulated in Table 4 and shown in the parity plot in Figure
3. Apparently the models are better at reproducing the data
for 50°C than 125°C, except for some deviation observed for
the ElecNRTL model at low pressure and high concentra-
tions.

Bubble point temperatures for dilute NaCl solutions at 1-3
molal [6-15 wt %] and 0.101325 MPa were calculated and
compared with experimental data as illustrated in Figure 4
and Table 5. All three models gave satisfactory calculations
of bubble point temperature and pressure.

Table 7. Results of the Model Comparison

Experimental NaCl solubility (mol/kg H,O)

Calculated NaCl solubility (mol/kg H,O)

ElecNRTL optimized OLI MSE Extended UNIQUAC

No. K>SO, KCl1 Na,SO,4 NaCl Solid Phases* NaCl NaCl NaCl
I 0.239 1.57 5.33 1.2 6.82 [3] 5.49 5.51

I 0.239 1.57 5.34 1,2 6.82 [3] 5.48 5.50

111 0.266 1.49 5.42 1,2 6.88 [3] 5.52 5.55 2]
v 0.206 1.54 5.42 1,2 6.78 [3] 5.49 5.51

\% 0.268 1.55 5.52 1,2 6.87 [3] 5.50 5.52 2]
VI 0.511 0.410 5.82 2 7.54 [3] 6.07 6.09 [2]
VII 0.510 0.340 5.84 2,3 7.65 [3] 5.98 6.01
VIII 0.510 0.342 5.84 2,3 7.65 [3] 597 6.01

IX 0.511 0.339 5.85 2,3 7.65 [3] 5.98 6.01 [2]
X 0.520 0.340 5.94 3 7.67 [3] 5.98 6.01 [2]
XI 0.436 6.13 2 7.55 [3] 6.24 6.26
Average numerical difference 1.58 0.12 0.14

Experimental and predicted values of the solubility of NaCl in the aqueous Na™-K*-CI~-SO,>~ system at 20°C. The experimental data are from Teeple* and
Bergman and Rustamov*®. The experimentally determined solid phases are given in column six. The solid phases determined by the models are given in brack-
ets after the solubility. Roman numerals refer to the location of the experimental data in Figure 10.

*Solid phases in addition to NaCl are identified by 1 = KCl, 2 = NaK;3(SOy,),, 3 = Na,SO,.
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Figure 10. Quaternary phase diagram for the aqueous Na-K-CI-SO, system at 20°C.

The black solid line is the prediction by Extended UNIQUAC. The water content predicted by the Extended UNIQUAC model is given
in mass percent at grid intersections in the diagram. The experimental data are from Teeple™ and Bergman and Rustamov.

Test system B: osmotic coefficients for super saturated
aqueous NaySOy4 solutions

Osmotic coefficients for aqueous Na,SO, solutions at dif-
ferent concentrations were calculated and compared to ex-
perimental data. The comparison was performed into the
super saturated region. The composition of saturation is
marked with a vertical line in Figure 5.

The osmotic coefficient is defined as follows:

Nsolvent lnasolvem
oP=—-—"--—"-—"+— (13)
Vlsolute

Nsolvent 1S the amount of solvent, ngq e 1S the amount of
solute, and v is the number of ions produced from 1 mole of
solute.

Experimental and calculated osmotic coefficients are plot-
ted as function of molality (mol/kg H,O) in Figure 5. The
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OLI MSE model and the Extended UNIQUAC model give
slightly better results than the optimized ElecNRTL model.
The built in ElecNRTL parameters give large deviations,
even for dilute solutions.

Equation 13 shows how the osmotic coefficient is related
to the water activity. The capability of the models to corre-
late osmotic coefficients is closely related to their potential
to correlate the vapor pressure of water.

Test system C: NaCl-MgCl,-H,0 at 0 and 35°C

The results of solubility calculations in the NaCl-MgCl,-
H,O system are shown in Figures 6 and 7. For this ternary
system, the ElecNRTL and OLI models provide better
results than the Extended UNIQUAC model, especially at
0°C. The Extended UNIQUAC model parameters for the
magnesium and calcium ions were not determined simultane-
ously with the parameters for the other ions.'’ These

May 2010 Vol. 56, No. 5 AIChE Journal
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Figure 11. Parity plot for the NaCl solubility at 20°C in
the aqueous Na-K-CI-SO, system.

The experimental data are from Teeple*’ and Bergman and

Rustamov.*® The Aspen built in ElecNRTL parameters give
a better result than the optimized ElecNRTL parameters.

parameters were later added to the model. This is believed
to be the reason for the deviation.

Quaternary systems

Phase diagrams for quaternary and higher order systems
can be constructed as Jinecke’® projections. The Jidnecke

plots for the following quaternary systems were made auto-
matically using the Extended UNIQUAC model software.
The same diagrams can be created by Aspen Plus or the OLI
Stream Analyzer manually.

Phase diagrams for quaternary systems are three dimen-
sional. Saturation surfaces in a three dimensional diagram
mark an area in which a certain salt is saturated. Lines in
the diagram mark compositions of solutions in equilibrium
with two solid phases. The points where lines intersect mark
compositions of solutions in equilibrium with three salts. An
invariant point in a quaternary system marks the composition
of a solution in equilibrium with four solid phases. A
Jdnecke plot is a projection of the three dimensional plot
onto a two-dimensional surface. In this projection, the water
content is not shown on a separate axis but can be plotted as
contour lines—or as it is done here, as mass percent water
in the diagram grid intersections. The two axes in a Jdnecke
diagram indicate the relative amounts of the two anions and
the relative amounts of the two cations respectively. Here,
the relative amounts are given as charge fractions. The
charge of an ion is defined as the number of moles of the
ion in 1 kg water multiplied with its charge number. The
charge fraction is the charge of the anion or cation divided
with the total charge of anions or cations in 1 kg water.

The selected data points used in the following calculations
were all determined experimentally to be saturated with
NaCl and one or two additional salts. The solubility of NaCl
in the various solutions was calculated with the three differ-
ent models and plotted in parity plots such as the one in Fig-
ure 8. The parity plots are used for comparing model calcu-
lations with the experimental data. The experimental data
chosen for this comparison are located on the border lines of
the NaCl fields in the Jdnecke plots. In the case of the NaCl-

Table 8. Results of the Model Comparison for the Aqueous Na*-Mg>*-C1~-SO}~ System at 35°C

Experimental NaCl solubility (mol/kg H,0)

Calculated NaCl solubility (mol/kg H,O)

ElecNRTL optimized OLI MSE Extended UNIQUAC
No. MgCl, MgSO, Na,SOy4 NaCl Solid Phases* NaCl NaCl NaCl
I 5.88 0.050 0.075 1,2 0.16 0.119 0.34
I 5.89 0.049 0.075 1.2 0.16 0.118 0.34
I 3.68 0.661 0.494 2 0.52 0.65 [2] 0.93
v 4.09 0.419 0.373 2 0.43 0.479 [2] 0.77
v 4.36 0.312 0.302 2 0.38 0.39 [2] 0.68
VI 5.47 0.089 0.109 2 0.2 0.163 [2] 0.4
VII 3.55 0.853 0.546 4 0.52 0.706 [2] 0.95
VIII 3.55 0.860 0.544 2.4 0.52 0.708 [2] 0.96
IX 3.01 1.03 0.866 4,5 0.74 0.943 [2,4] 1.44 [5]
X 0.279 0.441 5.59 6 6.07 [6] 5.69 [6] 5.69 [6]
XI 0.682 0.180 5.48 6 6.13 [6] 5.66 [6] 5.64 [6]
XII 0.850 0.080 5.42 6 6.16 [6] 5.65 [6] 5.62 [6]
XIIT 0.944 0.044 5.38 5,6 6.17 [6] 5.64 [6] 5.61 [6]
X1V 0.945 0.047 5.36 5,6 6.17 [6] 5.64 [6] 5.61 [6]
XV 0.229 0.925 4.99 5 5.73 [6] 5.17 [6] 5.12
XVI 0.503 0.888 4.52 5 5.22 6] 4.6 [6] 4.67 [5]
XVII 1.065 0.846 3.52 5 4.2 [6] 35 3.79 [5]
XVIII 1.64 0.854 2.58 5 3.24 [6] 2.55 2.96 [5]
XIX 2.18 0.884 1.78 5 2.37 [6] 1.77 2.26 [5]
XX 2.83 0.969 0.965 5 1.03 [6] 1.04 [4] 1.59 [5]
Average numerical difference 0.38 0.12 0.32

Experimental and calculated values of the solubility of NaCl in quaternary solutions. The experimental data are form Autenrieth and Braune.*'*” The experi-
mentally determined solid phases are given in column six. The solid phases determined by the models are given in brackets after the solubility. The roman
numerals refer to the location of the experimental data in Figure 12. Solid phases in addition to NaCl are identified by 1 = MgCl,-6H,0, 2 = MgSO4-H,0, 3 =

MgS0,-4H,0, 4 = MgS04-6H,0, 5 = Na,SO,-MgS0,-4H,0, 6 = Na,SO,.
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Figure 12. Quaternary phase diagram for the aqueous Na-Mg-CI-SO, system at 35°C.

The solid line is the prediction by Extended UNIQUAC. The water content predicted by the Extended UNIQUAC model is given in
mass percent at grid intersections in the diagram. The experimental data are mainly form Autenrieth and Braune.*'"*’

KCI-NaNO3-KNO3-H,O system, test system IV in Figure 9,
the NaCl field is the field in the upper left corner. The ex-
perimental data chosen for this comparison are marked with
roman numerals in Figure 9.

The solid phases in equilibrium with the selected solutions
are reported in the following tables together with the compo-
sitions of these solutions. The solid phases determined by
the three thermodynamic models are also reported in tables.
In most cases, there are differences between the experimen-
tally determined solid phases and the solid phases deter-
mined by the models. An experimental point with three solid
phases in equilibrium with the same liquid is a univariant
point in a quaternary system. It can’t be expected that any
model would predict exactly the same three solid phases at
the given temperature and composition. We seek to deter-
mine the solubility of NaCl in these solutions. The models
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will, therefore, invariantly find the points to be saturated
with NaCl and perhaps with one more salt. If a model
reports the precipitation of a solid that was not found to pre-
cipitate experimentally under the given circumstances it indi-
cates an inaccuracy in the model.

Test System D: Na-K-CI-NO3-H,0 at 25°C

The solubility of NaCl in solutions containing various
amounts of KCl, NaNO; and KNO; were calculated by the
three different models. The experimental and calculated solu-
bilities are presented in Table 6. The experimentally deter-
mined solid phases and the solid phases predicted by each of
the three models are also given in Table 6. A parity plot
showing the calculated solubility of NaCl versus the experi-
mental solubility of NaCl is shown in Figure 8. Figure 9 is a
Jdnecke plot representing the phase diagram of the entire

May 2010 Vol. 56, No. 5 AIChE Journal
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Figure 13. Parity plot for the NaCl solubility in the
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Braune.*#

system. The visual impression from the phase diagram in
Figure 9 is that the Extended UNIQUAC model gives the
best results. According to Figure 8, the differences between
the calculated NaCl solubilities are small in spite of the
visual differences.

Test System E: Na-K-CI-SO 4 H,0 at 20°C

The experimental and calculated solubilities of NaCl in
solutions containing KCl, K,SO,, and Na,SO, are shown in
Table 7. The experimental data come from Teeple® and
from Bergman and Rustamov.*® The Jinecke plot for this
quaternary system generated with the Extended UNIQUAC
model is shown in Figure 10 together with the experimental
data. The eleven experimental points saturated with NaCl
chosen for comparing the models are marked with roman

numerals in Figure 10. Some of these points look like they
are identical in the Jdnecke projection. There are, however,
small differences in concentrations between the points, even
between the points VII, VIII, IX, and X.

A parity plot comparing solubilities predicted with the
three different models is shown in Figure 11. From this fig-
ure it is seen that the OLI MSE and the Extended UNI-
QUAC model give results of similar and reasonable quality
while the calculations by “ElecNRTL optimized” deviate
significantly from the experimental data. According to calcu-
lations with the ElecNRTL optimized parameters, Na,SO,4
precipitates in all the considered experimental points I to XI
in Figure 10. Actually, Na,SO4 was not supposed to precipi-
tate in seven of these solutions according to the experimental
phase diagram data. The Extended UNIQUAC model reports
glaserite, NaK3(SO,), to be precipitating for one of the solu-
tions, composition X, where it was not supposed to precipi-
tate. From Figure 10 it appears that the error is very small,
because this experimental point is very close to the NaCl-
NaK3(SOy), line in the diagram.

Calculations carried out using the incomplete, built in pa-
rameters in the ElecNRTL model in AspenPlus result in sig-
nificantly better agreement with the experimental concentra-
tions than using the optimized ElecNRTL parameters.
According to the calculations performed with the built in
ElecNRTL parameters, Na,SO4-10H,0 is precipitating in the
experimental points VI to XI in Figure 10. According to the
experimental phase diagram this salt should not precipitate
in any of these points.

Test System F: Na-Mg -CIl-SO4 H,0 at 35°C

The calculated solubilities of NaCl in solutions containing
MgCl,, MgSO,, and Na,SO, are given in Table 8§ together
with experimental data from Autenrieth and Braune.*'*’ The
Jidnecke plot for this quaternary system generated with the
Extended UNIQUAC model is shown in Figure 12 together
with the experimental data. A parity plot comparing solubil-
ities calculated with the three models is shown in Figure 13.
According to Figure 13, the three models give results of sim-
ilar and reasonable quality for this system. According to

Table 9. Results of the Model Comparison

Experimental NaCl solubility (mol/kg H,O)

Calculated NaCl solubility (mol/kg H,0)

ElecNRTL optimized OLI MSE Extended UNIQUAC

No. MgCl, NaNO; Mg(NO3), NaCl Solid Phases* NaCl NaCl NaCl
I 0.858 2.02 4.93 1 5.95[1] 445 [1] 4.89
I 0.611 2.16 3.83 1 493 [1] 3.5 (1] 4.09
111 2.19 1.99 1.64 1 2.3 [1] 1.31 2.02
v 2.60 2.50 0.563 1,2 1.93 [1] 0.852 [1] 1.56
v 4.07 2.28 0.329 2 0.41 0.252 0.728
VI 448 2.11 0.310 23 0.32 0.189 0.6
VII 4.32 1.63 0.315 3 0.36 0.24 0.656
VIII 5.02 1.04 0.213 3 0.24 0.158 0.472
IX 5.48 0.562 0.228 3 0.18 0.124 0.387
Average numerical difference 0.48 0.21 0.35

Predicted and experimental values of the solubility of NaCl in quaternary solutions at 25°C. The experimental data are from Leimbach and Pfeiffenberger.*’
The experimentally determined solid phases are given in column six. The solid phases determined by the models are given in brackets after the solubility. The

roman numerals refer to the location of the experimental data in Figure 14.

*Solid phases in addition to NaCl are identified by 1 = NaNOs3, 2 = Mg(NO3),-6H,0, 3 = MgCl,-6H,0.
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Figure 14. Quaternary phase diagram for the Na-Mg-CI-NO3 system at 25°C.

The solid line is the prediction by the Extended UNIQUAC. The water content calculated with the Extended UNI(;UAC model is given
in mass percent at grid intersections in the diagram. The experimental data are from Leimbach and Pfeiffenberger.*

Table 8, The OLI MSE model reports MgSO4-H,O to be
precipitating in one solution (IX) where it was not supposed
to precipitate according to the experimental data. For two
solutions (XV and XVI), the OLI MSE model predicts the
precipitation of Na,SO, and for one solution (XX) the
precipitation of MgSO,4-6H,0 in contradiction with experi-
mental data. These discrepancies are not serious but only
indicate small differences from the experimental phase dia-
gram. The ElecNRTL predicts the precipitation of Na,SO,
in six solutions (XV, XVI, XVII, XVIII, XIX, and XX)
where it is not supposed to precipitate. This is a very serious
discrepancy because it indicates that the ElecNRTL model
with optimized parameters is not able to reproduce the area
where bloedite, Na,SO4-MgSO,4-4H,0 is precipitating. This
whole field in the phasediagram Figure 12 seems to be
replaced with Na,SO4 by the ElecNRTL model. For the
Extended UNIQUAC model, there are no disagreements
between the calculated phases and the experimental phases
for this system.
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Test System G: Na-Mg-CI-NO3-H,0 at 25°C

The calculated solubilities of NaCl in solutions containing
MgCl,, Mg(NO3),, and NaNO; are given in Table 9 together
with experimental data from Leimbach and Pfeiffenberger.*®
The Jianecke plot for this quaternary system generated with the
Extended UNIQUAC model is shown in Figure 14 together
with the experimental data. A parity plot showing solubilities
predicted with the three different models versus experimental
data is shown in Figure 15. According to the parity plot, the
OLI MSE and the Extended UNIQUAC models give results of
similar and reasonable quality for this system. The ElecNRTL
model with optimized parameters gives slightly larger devia-
tions. All the models agree with the experimental data on the
identity of the solid phases for this system.

Quinary systems

Test System H: Na-Mg-SO,-CI-NO;- H,O at 0°C The
experimental data for the solubility of NaCl in solutions

May 2010 Vol. 56, No. 5§ AIChE Journal
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Figure 15. Parity plot for the calculated and experimen-
tal NaCl molality for the aqueous Na-Mg-ClI-
NO; system at 25°C.

The engerimemal data are from Leimbach and Pfeiffen-
berger.

containing NaNOj3, MgCl,, MgSO,, and Mg(NO3), are listed
in Table 10 and includes the identity of the solid phases
found experimentally. The experimental data are from Leim-
bach and Pfeiffenberger.*® All the experimental solutions are
saturated with NaCl and two or three additional salts. In the
same table, the solubility of NaCl calculated with the three
models is given along with the information on what solid
phases each of the models found to be saturated in addition
to NaCl. The parity plot of calculated versus experimental
solubility of NaCl in this quinary system at 0°C is shown in
Figure 16. According to the OLI MSE model kieserite,
MgSO,4-H,0O precipitates from two solutions rather than
epsom salt MgSO,-7H,0. At low temperatures the most
hydrated salts are usually found to precipitate. This discrep-
ancy could be related to the fact that the determination of
parameters in the OLI MSE model is still a work in pro-
gress. The ElecNRTL model predicts the precipitation of
NaNO; in one solution and the precipitation of

Na,SO,4-10H50 in three solutions where these salts were not
supposed to be saturated.

Test System I, NaCIl-Mg SO 4K,S0 ,H,»0 at 55°C

The experimental and calculated solubilities of NaCl at
55°C in solutions containing KCl, MgCl,, MgSQO,, and
K,SO, are reported in Table 11. The Experimental data are
from Janatjewa and Orlowa® (I to VIII) Kaskharov et al.°
(IX to XVII), and Autenrieth®' (data point XVIII). The solid
phases found experimentally and by the programs are also
given in Table 11.

The phase diagram for this quinary system was calculated
with the Extended UNIQUAC model as shown in Figure 17a
and b. All points in the diagrams are saturated with NaCl in
addition to one or more salts. We have chosen to display the
phase diagram as two separate diagrams of the Jidnecke type.
The NaCl content was not included in the calculation of the
Jidnecke coordinates.

The lines in these diagrams represent compositions of
three salts in equilibrium with solutions. Each field in the
diagram represents compositions of two salts (NaCl + one
more salt) in equilibrium with solutions. In Figure 17a, the
water contents of the saturated solutions are marked at the
grid intersections, whereas in Figure 17b, the NaCl content
is marked at the grid intersections. All the three-salt lines
are identical in the two diagrams. A parity plot showing cal-
culated versus experimental solubility data for this system is
given in Figure 18.

In this system, the predictions of the OLI MSE and the
Extended UNIQUAC models are of similar accuracy. The
accuracy of the predictions made with the optimized
ElecNRTL model is lower than for the other two models.
The ElecNRTL found Na,SO, to precipitate in five solutions
(I, I, VII, VII, XVIII) that are not supposed to be saturated
with Na,SO,4. According to Figure 17a and b, the composi-
tion of solution VIII is close to the experimental NaCl +
Na,SO, field. The other four solutions are far from the NaCl
+ Na,SO, field. The same model found KCI to precipitate
in five solutions (IV, V, VI, VII, and VIII) that are not sup-
posed to be saturated with KCL. All these solutions are far
from the NaCl + KCI field in Figure 17a and b. The OLI
MSE model found glaserite, NaK3(SOy), to precipitate in so-
lution XVIII outside but near the NaCl + NaK3(SO,), field.
It also found MgSO4-H,O to precipitate in two solutions

Table 10. Experimental and Calculated Values of the Solubility of NaCl in Quinary Solutions, mol/’kg H,0 at 0°C

Experimental NaCl solubility (mol/kg H,O)

ElecNRTL Optimized OLI MSE Extended UNIQUAC

NaCl NaNO; MgCl, MgSO, Mg(NO3), Solid Phases™ NaCl NaCl NaCl
4.70 3.27 0.276 0.325 1,2 5.80 [1,2] 441 [2] 4.92
4.69 2.90 0.320 0.430 1,2 5.85[1,2] 4.40 [2] 4.92 [2]
4.44 0.334 0.651 0.815 2,3 5.04 [1,2] 4.12 2] 4.67 2]
4.56 1.30 0.615 0.92 1,23 5.74 [1,2] 4.29 2] 4.87 2]
3.44 0.880 0.354 1.33 1,3 4.30 [1,2] 3.03 [1] 3.76
1.94 1.89 0.254 1.23 1,3 249 [1,2] 1.61 [1] 2.40
0.490 3.61 0.197 1.68 1,34 0.29 0.317 [6] 091
0.209 4.48 0.215 1.27 345 0.25 0.165 [6] 0.576
Average numerical deviation 0.71 0.27 0.32

The experimentally determined solid phases in equilibrium with the liquids are given in the sixth column. The solid phases determined by the models are given
in brackets after the solubility. The experimental data are from Leimbach and Pfeiffenberger.
*Solid phases in addition to NaCl are identified by 1 = NaNOj, 2 = Na,SO,4-10H,0, 3 = MgS04-7H,0, 4 = Mg(NOs;), 6H,0, 5 = MgCl,-6H,0, 6 =

MgS04-7H,0
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Figure 16. Parity plot for the predicted and experimen-
tal NaCl solubility in the aqueous Na-Mg-ClI-
S0,4-NO; system at 0°C.

The engerimemal data are from Leimbach and Pfeiffen-
berger.

(X and XI) and Na,SO, to precipitate in solution (VIII)
where these salts were not supposed to precipitate. The pre-
cipitation of MgSO,4-H,O in solution X indicates some devi-
ation from the experimental phase diagram. The Extended
UNIQUAC model found glaserite, NaK3(SO,), to precipitate
in solution (XVIII) which is outside but near the NaCl +
NaK3(SOy), field in Figure 17a and b.

Mixed Solvent Electrolyte Test System J: NaCIl-H,0-
C,H;0H (Ethanol) at 15 and 25°C

The performance of the three models for calculations in
mixed solvent electrolyte solutions is illustrated in Figure 19

at 15°C and in Figure 20 at 25°C. For the mixed solvent
electrolyte solution studied here, the Extended UNIQUAC
model is giving the most accurate result. This must be seen
in light of the particular way this model deals with mixed
solvent solutions. The OLI MSE model and the ElecNRTL
model both use the traditional mixed solvent approach,
where standard state properties for electrolytes are functions
of solvent composition.”!" In the Extended UNIQUAC
model, the standard state for electrolytes and nonelectrolytes
is the mole fraction based aqueous state, independent of
composition. All deviation from ideal solution behavior is
handled by the excess Gibbs energy function of the
Extended UNIQUAC model. The influence of nonelectro-
lytes and electrolytes on the dielectric constant of water is
ignored as it is assumed that ions mainly surround them-
selves with water rather than with nonelectrolytes.

The OLI MSE model is less accurate than the Extended
UNIQUAC model in this test system. It was found that
OLI’s Zemaitis-Bromley aqueous model actually performed
slightly better than the dedicated MSE model for this sys-
tem. The reason for this seems to be the relative weighting
of the SLE data used for determining parameters in the OLI
MSE model. According to Anderko (Anderko A., Personal
Communication, 2008), this will be solved in future versions
of the program. The ElecNRTL model with optimized pa-
rameters performs slightly better than the ElecNRTL model
with built in parameters.

Conclusion

Three activity coefficient models have been compared
based on calculations done on 10 test systems all involving
NaCl as one of the components. All three models are able to
calculate vapour—liquid equilibrium reasonably well. It was
found that the calculation of solid-liquid equilibria in multi
component electrolyte solutions is a very difficult task. In
most cases, but not in all, the models are able to calculate

Table 11. Experimental and Calculated Values of the Solubility of NaCl at 55°C in Quinary Solutions

Experimental NaCl solubility (mol/kg H,O)

Calculated NaCl solubility (mol/kg H,O)

ElecNRTL optimized OLI MSE Extended UNIQUAC

KCl MgCl, MgSO, K>SO, NaCl Solid Phases* NaCl NaCl NaCl
I 2.40 1.23 0.832 2.64 1,6,7 3.37 [2,6] 2.64 [1] 2.85[1]
I 2.65 0.788 0.581 3.38 1,6 3.87 [2,6] 3.35[1] 3.49 [1]
111 3.01 0.131 0.325 4.49 1,6 4.96 (6] 446 [1] 4.51 [1]
v 1.18 1.05 0.150 5.01 1,2,8 5.55[2,6] 5.31[1,2] 5.20 [1,2]
A% 1.18 0.919 0.169 5.03 1,2 5.5[2,6] 5.32[1,2] 5.22 [1,2]
VI 1.00 0.686 0.278 5.35 1,2 5.54 [2,6] 5.52[1,2] 5.44[1,2]
VII 1.74 0.777 1.09 3.38 1,3,7 4.17 [2,6] 3.36 [1] 3.56 [1,3]
VIII 1.61 0.192 1.16 4.38 1,3,8 5.05 [2,6] 4.46 [1,2] 4.46 [1,3]
IX 0.915 4.15 0.207 0.527 4,6 0.54 [6] 0.52 0.83
X 1.39 293 0.569 1.15 4,10 1.04 [6] 1.11 [5] 1.43 [4]
XI 0.749 2.95 0.689 0.923 4,10 0.97 [6] 1.20 [5] 1.44
XII 0.412 3.82 0.605 0.541 4,5,10 0.54 [6] 0.689 [5] 0.95 [5]
X1 1.61 2.66 0.511 1.34 4,6 1.29 [6] 1.29 1.61 [4]
X1V 1.44 2.98 0.416 1.14 4,6 1.09 [6] 1.09 1.41 [4]
XV 1.34 3.29 0.344 0.899 4,6 0.91 [6] 0.905 1.22 [4]
XVI 1.20 3.59 0.278 0.722 4,6 0.76 [6] 0.75 1.07
XVII 1.05 3.87 0.233 0.577 4,6 0.64 [6] 0.624 0.934
XVIII 2.13 1.69 0.888 2.13 4,6,7 2.67 [2,5] 2.07 [1] 2.32[1]
Average numerical deviation 0.29 0.09 0.24

*The solid phases are identified by: 1 = NaK3(SOy),, 2 = Na,SO,4, 3= Na,SO4-MgS04-4H,0, 4 = KCI-MgS0O,4-3H,0, 5 = MgSO,-H,0, 6 = KCl, 7 =
K,S0,-MgS0,4-4H,0, 8 = 3Na,S0,-MgS0O,, 9 = KC1-MgCl,-6H,0, 10 = K,S0,4-2MgS0,.
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Figure 17. Quinary phase diagram for the NaCl-MgS0,4-K,S04-H,O system at 55°C. The solid line is the pre-
diction by the Extended UNIQUAC model.

(a) The water content calculated with the Extended UNIQUAC model is given in mass percent at grid intersections in the diagram. The
roman numerals refer to the experimental data in Table 11. (b) The NaCl content calculated with the Extended UNIQUAC model is
given in mass percent at grid intersections in the diagram. The roman numerals refer to the experimental data in Table 11.
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Figure 18. Parity plot for calculated and experimental
NaCl solubility for the Na-Mg-CI-SO,-NO;
system at 55°C.

The Experimental data are from Janatjewa and Orlowa,*
Kaskharov et al.,”” and Autenrieth.

9

the concentrations at phase equilibrium with a reasonable ac-
curacy. However, in most cases the models do not agree on
the identity of the solids found at phase equilibrium and
they do not agree with the experimentally found solid
phases. It is problematic that irrespective of the model used,
its applicability needs to be validated for the specific system
and conditions you are working with.

The OLI MSE model and the ElecNRTL models are imple-
mented in process simulators which make them useful for pro-
cess simulation. The ElecNRTL model is built into the very
open architecture of Aspen Plus, which allows the user to

30%

25% O Experimental

====-ElecNRTL built in

= « «ElecNRTL optimized
OLI MSE

Extended UNIQUAC

20%

Wt% NaCl

15%

10%

5%

0%

0% 20% 40% 60% 80% 100%
Wit% ethanol, Saltfree

Figure 19. Solubility of NaCl in the mixed solvent H,O-
ethanol at 15°C as function of the ethanol
wt % in the solvent on a salt-free basis.
Experimental data are from Krestov et al.’® and Schiff.>?
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Figure 20. Solubility of NaCl in the mixed solvent H,O-
ethanol at 25°C as function of the ethanol
wt % in the solvent on a salt-free basis.

Experimental data are from Krestov et al.,”> Kopp,** and
Armstrong et al.”™

change the values of the model parameters based on the users
own experimental data. The OLI MSE model is built into the
OLI Stream analyzer which is very flexible and user friendly.
A separate program, Regress, allows the user to change model
parameters in the OLI MSE model. Determining new model
parameters in an activity coefficient model is not a task for the
common user but requires an expert.
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