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The study and characterization of aqueous solutions are becoming an important research topic because of their central role
in many processes. The modeling of these solutions is complicated by different factors: the important number of ionic and
nonionic species, the nonideality of aqueous solutions, the appearance and disappearance of thermodynamic phases (solid,
vapor) depending on operating conditions. This article presents a general model in dynamic state of aqueous electrolytic
system involving liquid, vapor, and solid phases. The mathematical formulation includes: physical and chemical equilibria,
mass and energy balances, electroneutrality equation and evaporation equation. The set of equations is solved by the
Gear’s method. The model is validated by the comparison between modeled results (activity coefficients, solubility,
evaporite sequence) and experimental data. One of the purposes of the model will be the simulation of a production process
of salt crystals and waters concentrated in minerals of interest. VVC 2012 American Institute of Chemical Engineers AIChE J,
58: 3832–3840, 2012
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Introduction

Aqueous solutions are involved in many processes: sea-
water desalination, crystallization, corrosion studies, hydro-
metallurgical studies, and environmental applications like
wastewater treatment or gas treatment. Many factors must be
taken into account for the modeling of aqueous solutions:
the large number of ionic and neutral species, the strong
nonideality of solutions due to the presence of electrolytes,
the appearance and disappearance of solid phases. So, the
study of aqueous solutions continues to be an important
research topic.

The aim of this study is to propose a general model to
simulate a multiphase electrolytic system in dynamic state.
The process simulated is a perfectly agitated batch reactor,
in which aqueous solution is heated. The solution is concen-
trated by evaporation of water. One of the model purposes is
the simulation of a production process of salt crystals and
waters concentrated in minerals of interest for health using
natural salt waters. The characteristics and species of salt
waters are similar to the seawater properties but each salt
water composition is different.

In this article, the model is described and the results
obtained for seawater and artificial salt water are pre-
sented. The proposed model aims to be a practical engi-
neer tool.

Model Description

The developed general triphasic model is based on a ther-
modynamic description of the macroscopic physical–chemi-
cal phenomena occurring in a gas–liquid–solid system,
which is assumed perfectly mixed at a temperature below
the boiling point. Our model can accurately predict the
resulting phase distribution and phase composition in
dynamic state for electrolytic batch reactor. Figure 1 shows
the schematic process.

Governing equations

The governing equations are Carrier’s correlation (evapo-
ration equation), equilibrium equations and balances (mass
balances, charge balance, and energy balance).

Carrier’s Correlation. The evaporation flow is calculated
through the Carrier’s correlation. This correlation is the most
published and used for the determination of water evapora-
tion rate.1 It depends on the background of the process (ve-
locity and water amount of the air below the vessel), the
process device (evaporation area of the reactor), and thermo-
dynamic properties (latent heat of vaporization of com-
pounds, liquid–gas equilibrium).

V � ð0:089 þ 0:40782:velÞ:A:
Xnvapor

i¼1

yiP � yai
:P

DHLVi
ðTÞ ¼ 0 (1)

where vel and yai are characteristics of the air below the
reactor (velocity in m s�1 and vapor molar fraction of
compound i), A is the evaporation area of the vessel (in m2),
yi is the vapor molar fraction of compound i at the equilibrium
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(–), P is the pressure (in Pa), T is the temperature (in K), and
DHLV is the latent heat of vaporization (in J mol�1).

Physical and Chemical Equilibria. Two types of equili-
bria have to be considered: chemical and physical equilibria.
The chemical potential is the criterion of the equilibrium.
Chemical equilibria. In aqueous solutions, solutes dissoci-
ate to form anions and cations.

CmC
AmAðaqÞ $ mAAðaqÞ þ mCCðaqÞ

where A and C are respectively the anion and cation and
CmcAma(aq) is the neutral species.

The mathematical equations related to dissociation equili-
bria are

Ynspecies

i¼1

a
mi;j

i � mKdis
j ðTÞ ¼ 0 (2)

where ai is the activity of compound i (�),mi,j is the
stoichiometric coefficient of species i in equilibrium j (–),
mKdis

j is the thermodynamic constant of dissociation equili-
brium j (–), and T is the temperature (in K).
Physical equilibria. The physical equilibria are basically
equilibria between gas and liquid phases and between liquid
and solid phases.
Solid–liquid equilibria. The solid–liquid equilibria are
written as

mAAðaqÞ þ mCCðaqÞ þ mH2OH2OðaqÞ $ CmC
AmA

; mH2OH2OðsÞ

where A and C are, respectively, the anion and cation and
CmcAma; mH2OH2OðsÞ is the solid.

The mathematical equations related to solid–liquid equili-
bria are

Ynspecies

i¼1

a
mi;j

i � mKELS
j ðTÞ ¼ 0 (3)

where ai is the activity of compound i (–), mi,j is the
stoichiometric coefficient of species i in equilibrium j (–),
mKELS

j is the thermodynamic constant of solid–liquid equili-
brium j (–), and T is the temperature (in K).

Each solid phase is supposed to be pure and its activity
equal to 1.
Vapor–liquid equilibria. The unsymmetrical convention is
applied. So, the liquid–vapor expressions are different for
the water and the solutes. The vapor phase is assumed to be
ideal and the Poynting factor is neglected. For the water, the
liquid-vapor expression is

aw � Psat
i ðTÞ ¼ yw � P (4)

where aw is the water activity (�), Pi
sat is the vapor pressure of

water (in Pa), yw is the vapor molar fraction of water (–), and P
is the pressure (in Pa). For the solutes, the liquid-vapor
expression is

mi:c
m
i ðT;PÞ:Hm

i ðT;PÞ ¼ yi:P (5)

where mi is the molality of compound i (in mol kg�1 H2O),
cm

i is the activity coefficient on a molal basis (–), and Hm
i

is the Henry’s law constant on a molal basis (in Pa kg
H2O mol�1).

Balances. We use equations of global mass balance, par-
tial mass balances, charge balance, and energy balance.
Mass balances. The global mass balance is written as

dU

dt
þ V þ

Xnsolids

i¼1

dni

dt
¼ 0 (6)

where U is the charge (in mol), t is the time (in s), V is the
evaporation flow (in mol s�1) and ni is the molar quantity of
compound i (in mol).

Partial mass balances can be made on ions or on atoms.
We choose to work with partial mass balances on atoms

Xnspecies

i¼1

bj
i U:

dxi

dt
þ xi

dU

dt
þ yiPnvapor

i¼1 yi
:V

� �
þ

Xnsolids

i¼1

bj
i:

dni

dt
¼ 0

(7)

where bj
i is the number of atom j in species i (–), xi is the molar

fraction of compound i in liquid phase (�) and yi is the molar
fraction of compound i in gas phase (�).
Charge balance. The principle of electroneutrality leads to
the following relation

Xnions

i¼1

zi:mi ¼ 0 (8)

where zi is the ionic charge (–) and mi is the molality of
compound i (in mol kg�1 H2O).

We choose to eliminate one partial mass balance and
include the electroneutrality equation.
Energy balance. The energy balance is expressed as

U:
dh1

dt
þ h1:

dU

dt
þ

Xnsolids

i¼1

ni:
dhci

dt
þ hci:

dni

dt
þ V:Hv � Q ¼ 0

(9)

where hl, hci, and Hv are liquid, solid (crystal), and
vapor enthalpies (in J mol�1), respectively and Q is heat
(in W).

Table 1. Variables of the Model

Variable Designation

T Temperature
Q Heat
U Molar quantity of liquid
V Evaporation flow
x Molar fractions (liquid phase)
n Molar quantities of solids
y Molar fractions (gas phase)

Figure 1. Schematic diagram.
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Summary of variables and equations

Variables. The variables of the model are presented in
Table 1.

Equations. The equations of the model are presented in
Table 2.

Numerical Procedure. The set of equations of the pro-
posed model composes a nonlinear differential system, in
which all the thermodynamic properties are expressed as func-
tions of state variables (composition, temperature, and pres-
sure). The differential-algebraic equations system is solved by
the Gear’s method.2 This method is based on a predictor–cor-
rector scheme with variable order and variable step size.

Thermodynamic Models

Activity coefficients

Different models consider long-range and short-range
interactions and can be used to estimate activity coefficients
in complex aqueous solutions. Many authors studied these
models. For instance, Liddell3 or more recently Ben Gaı̈da
et al.4 carried out a survey on these thermodynamic models.

Activity coefficient models for electrolytic solutions are
mainly variations of the Debye–Hückel equation taking account
of the long-range interaction contribution. The principle of this
theory is that the ions contained in a dilute electrolytic solution
are considered as punctual charges. So, oppositely charged ions
attract one another and like-charged ions repel each other.5

Many authors used local composition models adding a Debye–

Hückel term to take into account of electrostatic interactions.

Kikic et al.6 have published the first electrolyte model based on a

group-contribution method (UNIFAC), in which the electrolytic

solution is considered to be a mixture of functional groups (basic

building blocks). Chen et al.7 and Lu et al.8 extended, respec-

tively, the NRTL and UNIQUAC local composition models to

electrolyte solutions. Nicolaisen et al.9 published results obtained

with UNIQUAC electrolyte model and Zemaitis et al.10 detailed

and worked on Chen’s model (NRTL electrolyte) for salt solu-

tions. Achard et al.11 developed the ULPDHS model based on

UNIFAC model for the short-range interaction coupled with a

Debye-Hückel term to take account of the long-range interaction;

hydration of ions or nondissociated molecules is considered via a

hydration number. Gros and Dussap12 studied ULPDHS model.
Another class of models exists. It is based on Debye–Hückel

theory, for example, Meissner and Tester,13 Bromley.14 In 1973,
Pitzer15 completed the Debye–Hückel equation with a virial
expansion to take account of short-range interactions. The Pit-
zer’s activity coefficient model is the most popular in geochem-
istry for the characterization of salt water like seawater and

Table 2. Equations of the Model

Equations

Global mass balance dU
dt þ V þ

Pnsolids
i¼1

dni

dt ¼ 0

Partial mass balances
on the atoms

Pnspecies
i¼1 bj

i U: dxi

dt þ xi
dU
dt þ

yiPnvapor

i¼1
yi
:V

� �
þ
Pnsolids

i¼1 bj
i:

dni

dt ¼ 0

Chemical equilibria
Qnspecies

i¼1

a
mi;j

i � mKdis
j ðTÞ ¼ 0

Liquid–solid equilibria
Qnspecies

i¼1

a
vi;j

i � mKELS
j ðTÞ ¼ 0

Liquid–vapor equilibria yi � UV
i ðT;P; yÞ � P � xi

�ciðT;P; xÞ � f 0L
i ðT;PÞ ¼ 0

Electroneutrality
Pnions

i¼1 zi:mi ¼ 0

Evaporation flow V � ð0:089 þ 0:40782:velÞ:

A:
Pnvapor

i¼1

yiP�yai
:P

DHLVi
ðTÞ ¼ 0

Energy balance U: dh1

dt þ h1:
dU
dt þ

Pnsolids
i¼1 ni:

dhci

dt þ

hci:
dni

dt þ V:Hv � Q ¼ 0

Table 3. Binary Parameters’ Pitzer at 298.15 K and 1 atm

b0 b1 CU b0 b1 CU b0 b1 CU b2

OH� Cl� SO4
2�

Naþ 8.63d-2a 0.253a 4.10d-3a 7.54d-2b 0.277b 1.37.d-3b 1.27d-2c 1.09c 6.27d-3c –
Kþ 0.130i 0.320i 4.10d-3i 4.81d-2j 0.219j �7.88.d-4j 3.80d-3k 1.05k 1.48d-2k –
Mg2þ – – – 0.351l 1.65l 6.51.d-3l 0.215a 3.37a 2.79d-2a �32.8a

Hþ – – – 0.177m 0.297m 3.62.d-4m 7.07d-2n,o 9.71d-3n,o �0.313n,o –
Ca2þ – – – 0.305p 1.71p 2.34.d-3p 0.115k 3.56k 3.98d-2k �61.7k

b0 b1 CU b0 b1 CU b0 b1 CU b0 b1 CU

HCO3
� CO3

2� Br� F�

Naþ 2.80d-2d 4.40d-2d – 3.62d-2e 1.51e 5.20d-3e 9.73d-2f,g,h 0.279f,g,h 1.16d-3f,g,h 0.215f,g,h 0.211f,g,h –
Kþ �1.07d-2d 4.78d-2d – 0.129d 1.43d 5.00d-4d 5.69d-2f,g,h 0.212f,g,h �1.80d-3f,g,h 8.09d-2f,g,h 0.202f,g,h 9.30d-4f,g,h

Mg2þ �9.31d-3d 0.805d – – – – 0.433g,h 1.75g,h 3.12d-3g,h – – –
Hþ – – – – – – 0.196f,g,h 0.356f,g,h 8.27d-3f,g,h – – –
Ca2þ 0.183d 0.300d – – – – 0.382g,h 1.61g,h �2.57d-3g,h – – –

aFrom Pabalan and Pitzer.18

bFrom Pitzer et al.19

cFrom Spencer et al.20

dFrom He and Morse.21

eFrom Peiper and Pitzer.22

fFrom Silvester and Pitzer23

gFrom Criss and Millero.24

hFrom Pitzer and Mayorga.25

iFrom Millero and Pierrot.16

jFrom Holmes and Mesmer.26

kFrom Marion and Farren.27

lFrom De Lima and Pitzer.28

mFrom Holmes et al.29

nFrom Pierrot et al.30

oFrom Campbell et al.31

pFrom Moller.32

Parameters not presented or with the symbol (–) are assumed null. Most of these parameters are temperature dependant.
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natural or artificial mineral waters, even if its number of parame-
ters is large. In this study, we use this model.

Pitzer model

Equations. The general equations of Pitzer model16,17 are
presented below for the activity coefficient calculation of cations
C (Eq. 10), anions A (Eq. 11), and neutral species N (Eq. 12).

lncC ¼ z2
C:F þ

Xna

a¼1

ma:½2:BCa þ Z:CCa� þ
Xnc

c¼1

mc

: 2:UCc þ
Xna

a¼1

ma:WCca

" #
þ
Xna

a¼1

Xna0

a0¼1

ma:ma0 :WCaa0

þ jzCj:
Xnc

c¼1

Xna

a¼1

mc:ma:Cca ð10Þ

lncA ¼ z2
A:F þ

Xnc

c¼1

mc:½2:BcA þ Z:CcA� þ
Xna

a¼1

ma

: 2:UAa þ
Xnc

c¼1

mc:WcAa

" #
þ
Xnc

c¼1

Xnc0

c0¼1

mc:mc0 :Wcc0A

þ jzAj:
Xnc

c¼1

Xna

a¼1

mc:ma:Cca ð11Þ

lncN ¼
Xnc

c¼1

2:mc:kn;c þ
Xna

a¼1

2:ma:kn;a þ
Xnc

c¼1

Xna

a¼1

mc:ma:fn;c;a

(12)

Z is a function of molalities (mi) and ionic charges (zi).
Wijk are the interaction parameters between cations, cations
and anions or anions, anions and cations. kn,i, fn,i,j are inter-
action parameters between neutral species, anions and cati-
ons. F, Bij, Cij, Uij are functions of interaction parameters
and are detailed in Appendix.

Parameterization. Pitzer model is parameterized from bi-
nary and common-ion ternary systems. The adjustable pa-
rameters are the single electrolyte parameters cation–anion,
the mixing electrolyte parameters cation–cation, anion–anion,
cation–cation–anion, and anion–anion–cation, the binary pa-
rameters neutral species–cation, neutral species–anion, and
the ternary parameters neutral species–cation–anion. Our
model can treat the major ions of salt water: sodium, potas-
sium, magnesium, hydrogen, calcium, hydroxide, chloride,
sulfate, bicarbonate, carbonate, bromide, fluoride, carbon
dioxide, and water. Many authors have previously evaluated
the parameters needed for this system. The adjustable

Table 4. Mixed Parameters’ Pitzer at 298.15K and 1 atm

ycc

Kþ Mg2þ Hþ Ca2þ

Naþ �3.20.d-3a 7.00.d-2b 3.60d-2c 5.00d-2d

Kþ – – – 5.64d-2d

Mg2þ – – 0.100c 0.124d

yaa

Cl� SO2�
4 HCO�

3 CO2�
3

OH� �5.00d-2c �1.30d-2c – –
Cl� – – 3.59d-2e,f �5.30d-2e,f

HCO3
� – – – �4.00d-2c

Wcca

Kþ Mg2þ Hþ Ca2þ

Cl� Naþ �3.69d-3a �1.20d-2b – –
Kþ – – �1.10d-2d �2.86d-2d

Mg2þ – – �1.10d-2c –
Hþ – – – 8.00d-4g

SO2�
4 Naþ 4.15d-3h �2.33d-2d – �7.34d-2h

Kþ – �0.124h 0.197i –

HCO3
� Naþ �7.90d-3i – – –

Waac

Cl� SO2�
4 HCO3

� CO2�
3

Naþ OH� – �9.00d-3c – –
Cl� – �4.81d-3d �1.43d-2f,j 1.60d-2f,j

SO2�
4 – – �5.00d-3c –

Kþ OH� �6.00d-3c �5.00d-2c – �1.00d-2h

Cl� – �3.83d-3h – 4.00d-3c

SO2�
4 – – – �9.00d-3c

Mg2þ Cl� – �0.136h �9.60d-2h –
Ca2þ Cl� – �5.44d-2h – –

aFrom Greenberg and Moller.33

bFrom Pabalan and Pitzer.18

cFrom Harvie et al.34

dFrom Spencer et al.20

eFrom Peiper and Pitzer.22

fFrom Thurmond and Millero.35

gFrom Roy et al.36

hFrom Marion and Farren.27

iFrom Marion.37

jFrom Roy et al.38

Parameters not presented or with the symbol (–) are assumed null. Most of
these parameters are temperature dependant.

Table 5. Parameters’ Pitzer at 298.15K and 1 atm for CO2

(He and Morse
21

)

k f

Cations Naþ 8.15d-2 Cl� SO4
2�

Kþ 4.49d-2 Naþ �5.72d-4 �3.75d-2
Mg2þ 0.145 Kþ �1.21d-2 �3.58d-4
Ca2þ 0.164 Mg2þ �9.85d-3 �4.16d-2

Anions Cl� 2.05d-2 Hþ �4.71d-3 –
SO4

2� 0.139 Ca2þ �1.41d-2 –

Parameters not presented or with the symbol (–) are assumed null. Most of
these parameters are temperature dependant.

Table 6. Liquid Solid Equilibrium Constants at 298.15K

Solid Ksp

NaCl 37.2a

Na2SO4 0.510b

Na2SO4�10H2O 5.99d-2b

NaHCO3 0.400a,c

Na2CO3�10H2O 0.157c

NaBr 942d

NaBr�2H2O 127d

KCl 7.94a

K2SO4 1.66d-2a,e

KHCO3 1.55c

KBr 11.7d

MgCl2�6H2O 28,200a

MgSO4�H2O 0.656a

MgSO4�6H2O 2.36d-2f

MgSO4�7H2O 1.31d-2g

CaCl2�6H2O 13,800a

CaSO4 6.43d-5h

CaSO4�1/2H2O 2.18d-4d

CaSO4�2H2O 3.29d-5d

CaCO3 4.37d-9a

Data used come from:
aRisacher and Fritz.39

bMarliacy et al.17

cMarion.37

dJohnson et al.40

eJimenez et al.41

fMarion and Farren.27

gPlummer et al.42

hMarshall and Slusher.43
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parameters are functions of temperature and are available in
Refs. 18–38.

The values of the parameters used in this study are
presented at 298.15 K in Table 3 for binary parameters,
Table 4 for mixing parameters, and Table 5 for neutral spe-
cies parameters.

Equilibrium constants

The liquid–solid equilibrium constants are classically cal-
culated from standard Gibbs free energy and depend only on
temperature

KELSðTÞ ¼ exp
�DG0

RðTÞ
R:T

� �
(13)

where DGR
0 is the standard Gibbs free energy (J mol�1) and R

is the gas constant (in J mol�1 K�1).
The functions KELS(T) are available in the references cited

in Table 6. The values of liquid–solid equilibrium constants
used in this model are presented at 298.15 K in Table 6.

Water vapor pressure

Antoine’s law is used

log ðPsatH2O
Þ ¼ A � B

T þ C
(14)

where PsatH2O
is the vapor pressure of water (in bar) and T is the

temperature (K). The Antoine coefficients (A, B, and C) come
from Stull44 and are published by the National Institute of
Standards and Technology.

Henry’s constant

The equation used to calculate Henry’s law constant of
solute i in water comes from Yaws et al.45 Parameters are
available in their article.

log ðHiwÞ ¼ A þ B

T
þ C:logðTÞ þ D:T (15)

where Hiw is the Henry’s law constant of solute i in water
(in Pa).

Enthalpies

The enthalpy of solution is calculated as the sum of ideal
enthalpy and excess enthalpy. The reference enthalpies
for the solutes are considered as formation enthalpies.10

The data used to determine ideal enthalpy (formation en-
thalpy and heat capacities at constant pressure) come from
Refs.46–54.

The excess enthalpy is calculated from activity coefficient
model

hex
i ¼ �R:T2:

@lnðciðT;P; xiÞÞ
@T

(16)

where hex
i is the excess enthalpy of compound i (in J mol�1), R

is the gas constant (in J mol�1 K�1), T is the temperature (in
K), ci is the activity coefficient (–), P is the pressure (in Pa),
and xi is the molar fraction of compound i in liquid phase (�).

Results

The first simulation was carried out to validate the use of
Pitzer model to calculate activity coefficients. Indeed, the
calculation of this thermodynamic property is central for the
resolution of the system of equations because of the noni-
deality of salt solutions. Then, we used the model to simu-
late the evaporite sequence of artificial salt water.

Validation of the activity coefficient model

Activity Coefficients of Seawater. The activity coeffi-
cients of major seawater components have been measured by
several workers. We have compared the simulated values
with the experimental results that come from Refs. 55–61.
The composition of artificial seawater studied is presented in
Table 7.

In Table 8, modeled values of ionic activity coefficients
and mean activity coefficients are compared with experimen-
tal values at 298.15 K and atmospheric pressure.

Deviations between the calculated results and the experi-
mental data are presented in Table 9. The predicted values
are mainly in very good agreement with the measurements.
The minimum deviation is for the chloride: 2.1%. The maxi-
mum deviation is for the magnesium: 34%. This last devia-
tion is significant but lower compared to the result of Whit-
field.55

Table 7. Artificial Seawater Composition56,57

Component Molality (mol kg�1 d’H2O)

NaCl 0.424
MgCl2 0.0553
Na2SO4 0.0291
CaCl2 0.0105
KCl 0.0094

Table 8. Ionic and Mean Activity Coefficients in Seawater (T 5 298.15 K and S 5 35%)

Component

Reference Naþ Mg2þ Ca2þ Kþ Cl� SO4
2� NaCl Na2SO4

Whitfield55 0.643 0.222 0.199 0.600 0.69 0.120 – –
This article 0.651 0.237 0.222 0.608 0.694 0.122 0.672 0.373
Experimental 0.67a 0.36b 0.24c 0.61d 0.68e 0.11f 0.672 � 0.007e 0.378 � 0.016f

aFrom Platford.58

bFrom Thompson.59

cFrom Thompson and Ross.60

dFrom Manglesdorf and Wilson.61

eFrom Platford.56

fFrom Platford and Dafoe.57

Table 9. Deviations between Experimental and Calculated
Activity Coefficients of Seawater

Naþ Mg2þ Ca2þ Kþ Cl� SO4
2� NaCl Na2SO4

2.8% 34% 7.5% 3.3% 2.1% 11% 0% 1.3%
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Solubility of Gypsum in Concentrated Seawater. Besides,
the solubility of different salts has been compared with ex-
perimental data coming from Linke.62 Here, we present the
results of gypsum CaSO4�2H2O(s) solubility vs. the concen-
tration of an artificial seawater. This salt is an interesting
case due to its particular behavior. The composition of
the artificial seawater studied is given in Table 10. In Fig-
ure 2, the concentration factor is the quotient of the studied
solution concentrations divided by the seawater concentra-
tions. The study of the CaSO4�2H2O(s) solubility in a multi-
component electrolytic system like concentrated seawater at
303.15 K gives a mean relative average deviation of 6% (see
Figure 2). The predicted results are in good agreement with
the experimental data.

Validation of the dynamic model: evaporite sequence

Our literature review on this topic has showed that very
few experimental data in dynamic state have been published.
To validate the model in dynamic state, we studied the evap-
orite sequence of seawater. The composition of artificial sea-
water studied is presented in Table 10.

According to Gornitz63 and Warren,64 the order of salts
precipitation at ambient temperature is the following:

Calcite CaCO3(s), Gypsum CaSO4�2H2O(s), Halite NaCl(s),
Sylvite KCl(s). Gornitz63 indicates that other salts can pre-
cipitate at the end of the evaporite sequence, but he does not
clearly define these salts.

The evaporite sequence predicted by the model at 298.15
K is the following:

Calcite CaCO3(s), Gypsum CaSO4�2H2O(s), Halite NaCl(s),
Sylvite KCl(s). So, the modeled results are in excellent
agreement with experimental and bibliographic data reported
in Gornitz63 and Warren.64 Besides, the model predicts the
precipitation of Anhydrite CaSO4(s) at the end of the evapo-
rite sequence.

Simulation of artificial salt water evaporite sequence

The model developed can simulate a salt production pro-
cess. A purpose of this study is the controlled production of
salts and salt waters concentrated in minerals of interest
(like magnesium or calcium) using salt spring water as raw
material.

To produce characteristic salts with known and fixed com-
position, we first have to determine the evaporite sequence
(the order of salt precipitations), which can depend on tem-
perature.

Figure 1 shows the schematic process. The reactor is filled
with salt water. In the batch stirred tank reactor, the solution
is heated by constant heat. When the process temperature is
equal to the set-point temperature, the system becomes iso-
therm and the heat required to maintain the solution at con-
stant temperature is determined. With the evaporation of
water, the solution is concentrated. Salts precipitation occurs
when the solution is saturated by solutes.

Input Parameters. The feed of the reactor is a solution
containing classical compounds of natural salt water. The
initial apparent composition is given in Table 11. The pa-
rameters fixed by the user are given in Table 12.

Evaporite Sequence. The evaporite sequence of the
solution with the composition given in Table 11 is the
following:

Table 10. Artificial Seawater Composition62

Component Molality (mol kg�1 d’H2O)

NaCl 0.428
MgCl2 0.0542
Na2SO4 0.0181
CaSO4 0.0099
KCl 0.0091
NaHCO3 0.0012
KBr 0.0008
CaCl2 0.0006

Figure 2. Solubility of gypsum CaSO4�2H2O in seawater
at 303.15 K vs. factor concentration of
solution.

Table 11. Initial Apparent Composition

Component Molality (mol kg�1H2O)

NaCl 1.0
MgCl2 1.0
Na2SO4 0.1
KCl 0.1
CaSO4 0.01
NaHCO3 0.002

Table 12. Parameters of the Simulation

Parameter Value Unit

Initial temperature 293.15 K
Set point temperature 320.15 K
Initial heat 20,000 W
Initial mass of solution 4.0 kg
Evaporation area 0.044 m2

Velocity of the air above the vessel 4.0 m s�1

Relative humidity of the air above the vessel 80 %

Figure 3. Chloride, sodium, magnesium, halite NaCl(s),
and bischofite MgCl2�6H2O(s) molar quantities
vs. time.

AIChE Journal December 2012 Vol. 58, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 3837



Calcite CaCO3(s), Anhydrite CaSO4(s), Halite NaCl(s),
Sylvite KCl(s), Bischofite MgCl2�6H2O(s), Antarcticite
CaCl2�6H2O(s). Figure 3 shows the molar quantity varia-
tions of chloride, sodium, magnesium, halite NaCl(s), and
bischofite MgCl2�6H2O(s). Figure 4 shows the molar quantity
variations of potassium and sylvite KCl(s). In Figures 3 and
4, we can see precipitations of halite NaCl(s), sylvite KCl(s),
and bischofite MgCl2�6H2O(s). The precipitation of halite
NaCl(s) starts when the time is equal to 120 min. Indeed, the
amount of NaCl(s) increases, whereas the amounts of sodium
and chloride ions in aqueous solution decrease. The precipi-
tation of sylvite KCl(s) starts at 170 min. The precipitation of
bischofite MgCl2�6H2O(s) starts at 230 min. From this time
on, the amount of MgCl2�6H2O(s) increases, whereas the
amounts of magnesium and chloride ions in aqueous solution
decrease. Besides, we can see that the model predicts the
dissolution of KCl(s) when MgCl2�6H2O(s) precipitates.

Experimentally, molality will be a composition variable
easily accessible. So, we present in Figure 5 the variations
of chloride, sodium and magnesium molalities. We can
deduce from curve variations the precipitation of halite
NaCl(s) and bischofite MgCl2�6H2O(s). Indeed, we can see
variations: on chloride and sodium molality curves at 120
min when NaCl(s) precipitates; and on chloride and magne-
sium molality curves when MgCl2�6H2O(s) precipitates at
230 min. It must be emphasized that the precipitation of a
salt does not imply the decrease of the molality of anion and
cation concerned. This observation is due to the competitive
phenomena between evaporation of water and salt precipita-
tion.

Conclusions

A general model was developed to simulate in dynamic
state, the behavior of aqueous solution involving liquid,
solid, and vapor phases. It is based on the simultaneous reso-
lution of equilibrium equations, mass and energy balances,
and electroneutrality and evaporation equations. The resolu-
tion method used is Gear’s method.

Modeled values of activity coefficients, solubility, and
evaporite sequence have been compared with experimental
data to validate the equations, the thermodynamic models
used, and the general model. The results obtained are satis-
factory.

One of the model purposes is the simulation of a con-
trolled-salt production process. To check and validate the
simulation results, we will carry out further experiments.

In conclusion, the developed model is a suitable and prac-
tical tool for the simulation of salt water behavior.

Notation

a ¼ activity
A ¼ evaporation area of the vessel, m2

b ¼ number of basic elements
D ¼ dielectric constant, C2 J�1 m�1

d0 ¼ density of water, kg m�3

e ¼ electronic charge, C
f0 ¼ fugacity of the pure compound, Pa

hex, hid ¼ excess and ideal enthalpies, J mol�1

hl, hc, Hv ¼ liquid, solid (crystal), and vapor enthalpies, J
mol�1

Hw ¼ Henry’s constant in water, Pa
I ¼ ionic strength, mol kg�1

k ¼ Boltzmann’s constant, J K�1

m ¼ molality, mol kg�1 H2O
mK ¼ thermodynamic equilibrium constant

n ¼ molar quantity, mol
NA ¼ Avogadro’s number, mol�1

Q ¼ heat, W
RH ¼ relative humidity

t ¼ time, s
T ¼ temperature, K
U ¼ charge, mol
V ¼ evaporation flow, mol s�1

vel ¼ air velocity, m s�1

x ¼ molar fraction (liquid phase)
y ¼ molar fraction (gas phase)

ya ¼ molar fraction in the air
z ¼ ionic charge

b, CU, U, y, W, k, f ¼ Pitzer model parameters
DHLV ¼ latent heat of vaporization, (J mol�1)

c ¼ activity coefficient
m ¼ stoichiometric coefficient
U ¼ fugacity coefficient
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Appendix: Additional equations of Pitzer model

The additional equations of Pitzer model are detailed in
this appendix.10,16,17
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For 2-2 electrolytes

Bca ¼ b0ca
þ

2:b1ca

a2
2:I

:½1 � ð1 þ a2:
ffiffi
I

p
Þ:expð�a2:

ffiffi
I

p
�

þ
2:b2ca

a2
3:I

:½1 � ða3:
ffiffi
I

p
Þ:expð�a3:

ffiffi
I

p
Þ� ðA4Þ

B0
ca ¼ �

2:b1ij

a2
2:I

2
: 1 � 1 þ a2:

ffiffi
I

p
þ a2

2:I

2

� �
:expð�a2:

ffiffi
I

p
Þ

� �

�
2:b2ij

a2
3I2

: 1 � 1 þ a3:
ffiffi
I

p
þ a2

3:I

2

� �
:expð�a3:

ffiffi
I

p
Þ

� �
ðA5Þ

with a1 ¼ 2, a2 ¼ 1.4, a3 ¼ 12.

Cca ¼ CU
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Uij ¼ hij þEhij (A7)

Parameters Eyij are assumed null.
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with b ¼ 1.2.
AU is the Debye-Huckel constant
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