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Preface

During recent decades, computational methods have been established as key de-
sign tools for accurate and secure process engineering. Finland has been one of
the leading countries in applying these methods especially when tools and data-
bases related to rigorous multi-phase chemistry are considered. Thermodynamic
software created by VTT (ChemSheet) as well within industry such as Outotec
(HSC) are state-of-the-art tools in the world.

One of the most interesting and challenging topics has been multi-phase chemis-
try of aqueous solutions. The pioneering studies in using thermodynamic software
in simulation of hydrometallurgical processes was conducted by Koukkari et al.
(Koukkari et al., 1994), where sulfuric acid treatments in titania pigment production
and NPK fertiliser manufacturing were studied. The early work was based on critical
assessment of available non-ideality data including the Bromley, Meissner, Pitzer,
Chen and NRTL models. At the time, it was concluded that Pitzer formalism was
the most promising to be used for further development. The chosen Pitzer technique
has become perhaps the most widespread of the excess Gibbs energy (activity)
formalisms used for aqueous process simulations during recent years. At VTT the
development of process simulation software for agqueous process solutions com-
menced in 1996 and in 1998 ChemSheet software was published together with its
first Pitzer non-ideality database applications focussed on redox processes that are
frequently encountered both in pulp bleaching and aqueous metallurgy (Salminen
et al., 2015).

The next extensive development of this aqueous Pitzer database was conducted
around the year 2000 (Koukkari et al., 2001). The database was then extended with
an additional aqueous phase representing the fibre within the pulp suspension
(Pajarre et al., 2006). This extension was successfully utilised both for metal cation
control in pulp bleaching and washing (Résanen, 2003; Sundquist, 2016) and when
the neutral conversion of paper machines was studied: calcium carbonate was in-
troduced as filler and thus the pH of paper machine waters was elevated from the
acidic region to the neutral region (Kalliola et al., 2012).

The third phase of development efforts was conducted during the years 2014-
2016 within the Handling and recycling of multicomponent process concentrates
(Multirec) project. Here the application areas were related to the process concen-



trates that also appear within power production as well as in mining and hydromet-
allurgical industries. This project also summarises the development efforts of the
aqueous Pitzer database conducted over the course of two decades within VTT.

The authors would like to acknowledge Tekes — the Finnish Funding Agency for
Innovation, the VTT Technical Research Centre of Finland, Outotec, Metsa Fibre,
Andritz and Valmet for funding this Multirec project. In addition, the support within
the expert group from Process Flow Solution, KBR Ecoplanning and Wetend Tech-
nologies is also acknowledged.

Summing up, the best process model is a successfully applied process model.
The authors wish that this report and a related database would be a start-up point
for many successful development efforts conducted by scholars and experts within
the industry

January 2018

Risto Pajarre, Pertti Koukkari and Petteri Kangas
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1. Introduction

Industrial concentrates and mine waters are usually a complex mixture of metal
ions, anions, gases and precipitates within aqueous media. Typical metals found in
these waters are sodium, potassium, iron, calcium, magnesium, manganese, zinc,
copper and nickel. Corresponding anions are those associated with e.g. carbon,
sulfur and chlorine. In a practical (multiphase) system, the respective gaseous com-
ponents will also affect the solvent-solute interactions. In industrial applications tem-
peratures will vary, most typically from ambient 20 °C up to 95 °C in atmospheric
systems. In some cases, the solutions are rather concentrated and in many cases
wanted or unwanted precipitates occur. Thus these mixtures can be considered as
true multi-phase chemical systems which need to be properly understood in order
to design, engineer and operate these processes successfully.

Concentrates and solutions descending from industrial side streams still form a
challenge for designing environmentally sustainable processes. The problem is
common for many industries ranging from mining and minerals processing to chem-
ical and forest industries. The changes in BAT requirements as well as the oppor-
tunities to develop new international Cleantech businesses increase the need to
develop proactive methods for recycling chemicals and for elimination of environ-
mental hazards. The necessary techniques frequently contain technological solu-
tions and conditions that are very different from those in the main product line. Ex-
amples of practical industrial processes are i) handling of mine waters and neutral-
isation sediments, ii) recovery and recycling of chemicals within metal, chemical and
forest industries, iii) scrubbing techniques of flue gasses (so called 'wet cleantech’-
applications), iv) in-line precipitation and crystallisation technologies, v) new energy
technologies exploiting concentrates and vi) different material recycling technolo-
gies.

Plant design by necessity includes thorough analysis of mass and energy bal-
ances, often devised for complex and multi-stage processes. The task can be sup-
ported in great detail, if appropriate data and software tools for simulation of the
multiphase treatments are available. During the last few decades computational
methods have been established as key design tools for accurate and secure pro-
cess engineering particularly in the chemical industry. They are also used widely for
analysis of alternative chemistry concepts, scale-up and for removing bottlenecks.
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Yet, in other fields of process industry, the uses of computational methods for mul-
tistage process simulation has remained more limited, often covering but the bulk
mass and energy balances. Within the conventional chemical industry, one most
often deals with a limited number of phases which has allowed for accurate calcu-
lations by using thermodynamic equations of state in combination with mechanistic
reaction rate models, other processes, such as those occurring in pulp and pa-
permaking, hydrometallurgy and water treatment, by necessity must deal with pro-
cesses that include saturated solutions, slurries and suspensions as well as brines.
With such true multiphase problems, the conventional methodology used in wide-
spread process-simulating software has been rendered somewhat insufficient, and
techniques allowing for multiphase and multicomponent analysis are needed.

Thermodynamic simulation has thus become a tool of great importance in the de-
velopment of aqueous multi-phase systems. Advanced computational techniques
can be used for balance and speciation analysis including design and control of
existing processes as well as for the generation of new chemistry concepts. Ther-
modynamic models can accurately describe the behaviour of aqueous solutions
over wide ranges of temperature, pressure, and concentration. With improving heat
capacity and activity data, they may also predict the solution properties up to satu-
ration levels in the varying conditions.

In order to describe the interaction between different cations, anions and neutral
species within the aqueous media, an activity model is required. Within this study,
the so called Pitzer formalism for solute interactions is utilised. The Pitzer technique
is perhaps the most widespread of the activity formalisms used for aqueous process
simulations and has been widely adapted, e.g., for academic geochemical studies.
In this report, such data has been assessed for the key solute species present in
typical industrial concentrates in the aforementioned conditions of moderately ele-
vated temperatures (up to 100 °C at atmospheric conditions).

Chapters 2 and 3 of this booklet give a short introduction to the chemical system
and the calculation of thermodynamic equilibrium by utilising the Gibbs’ free energy
method. The Pitzer formalism and some additional amendments are described in
Chapter 4. Chapter 5 introduces an optional adsorption (BET) model which is one
possible solution for describing activities in very concentrated solutions where the
Pitzer parameters are not applicable anymore. Other possible ways for modelling
concentrated solutions are listed in Chapter 6. Practical ways of extrapolating data
are described in Chapter 7 and references to thermodynamic data sources and
databanks are listed in Chapter 8. Cases where sufficient thermodynamic data is
not available are discussed in Chapter 9. Selected thermodynamic data with Pitzer
parameters is described in Chapter 10 and validation of the assessed data is con-
ducted in Chapter 11. Some special cases related to over- and undersaturated sys-
tems are listed in Chapter 12 as well as discussion of Redox potential is given in
Chapter 13. lon exchange phenomena is reviewed in Chapter 14. Practical applica-
tion examples within the process industry are given in Chapter 15. Finally, the re-
sults are concluded in Chapter 16. The appendices list the database parameters
and illustrate additional aspects related to the topics studied.
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The results reported in this document can be utilised by the academia, process
industries, technology companies and their SME subcontractors. As shown in some
of the examples, the adaptation of advanced thermodynamic techniques can lead
to ground breaking new solutions both in process technologies and their related

services.
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2. Description of the applied chemical system

In the models of this work, the chemical systems are described by means of chem-
ical thermodynamics. The systems are divided into phases and their constituent
species. Phases may either be mixtures of multiple species (gas phase, agueous
phase and solid mixture phases) or pure phases of stoichiometric invariant compo-
sition (Solids of fixed composition such as Ca,S04*2H,0). Stoichiometry of each
invariant phase and species in a mixture phase are defined in terms of chemical
system components, typically elements such as C, H, N and O, or electronic charge,
but it is also possible for set components to be stoichiometric combinations of ele-
ments. The gaseous phase in the models is generally assumed to be an ideal mix-
ture, while the species in the aqueous phase and solid mixture are affected by com-
position and temperature-dependent interaction energies. Each species and phase
is characterised by its amount expressed by molar or mass units as well as by its
thermodynamic properties (activities, chemical potentials, enthalpies, volumes, etc.)
dependent on the system temperature, pressure and for mixture phases on system
composition, i.e., the interaction between the phase constituents.
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3. Equilibrium calculation using Gibbs energy
minimisation

The thermodynamic models have been applied using the Chemsheet program
(Koukkari et al., 2005), and the data has been collected in the compatible Che-
mApp/ChemSage (Petersen and Hack, 2007) format. With ChemSheet, the chemi-
cal reactions taking place in multiphase systems are calculated with the Gibbs en-
ergy minimisation method. As a result of minimisation, the equilibrium composition
of the system is obtained. The method requires that temperature, pressure and ini-
tial composition (initial amounts of species as listed in Table 2) are known and given
as input parameters. Temperature or pressure inputs can be replaced by given con-
straints on volume or enthalpy.

The Gibbs energy minimisation method does not entail assumptions of exact re-
action paths between the chemical species. The chemical species are yet linked
together by their elemental composition, i.e., the components they are composed
of. The equilibrium concentrations are obtained as the composition that gives the
minimum Gibbs energy without violating the elementary mass balances (mole num-
ber of each component in equilibrium composition must be the same as it was in its
initial composition). Thus the equilibrium calculation corresponds to the mathemat-
ical problem of finding the global minimum of the constrained free energy function.

Elemental balance constrains
Conditions T, P

Heat/mass transfer constrains (optional)
Immaterial (work) constrains (optional)
(optional)

min(G)

at given conditions

» Concentrations

» Activities

* Chemical potentials

* Other intensive properties
(P, T, pH, EHetc.)

* Extensive state properties
(G, H S, C, V etc.)

Figure 1. A block diagram for the Gibbs'’ian thermochemical method. With the Gibbs
energy simulation, all the thermodynamic state quantities can be systematically
derived from the fundamental relations.
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The Gibbs energy is a function of temperature, pressure and composition. Gibbs
energy for a multiphase system can be given as:

G ZZan‘uf‘ )

where nf is the amount of species i in phase « and y is its chemical potential. The
chemical potential can be separated into ideal and non-ideal terms:

p; = uf + RTIna; = uf + RTIn(y;x;) 2

where y? is the standard chemical potential (molar Gibbs energy) of species i, R is

the gas constant, T is the temperature, a;, y; and x; are the activity, activity coeffi-
cient and mole fraction of species i. For aqueous solutions instead of a mole frac-
tion-based scale, a molality-based scale is typically used:

p; = uf + RTlna; = p + RTIn(y;m;) 3)

where m; is the molality of the species in question.

In this work, the standard chemical potential is calculated and tabulated via ex-
pression of enthalpy of formation at 25 °C (AfH°), temperature-dependent heat ca-
pacity at constant pressure (C,,(T)), and entropy at 25 °C (S*). The heat capacity is
collected to fit the form of function

Cp =a+bT +cT?+d/T? 4)
ChemApp also enables entering the needed thermodynamic data in the form of
Gibbs energy function

AsG; = pQ = A+ BT + CTInT + DT? + ET? + F/T (5)

It should be noted though that when using enthalpy, entropy, heat capacity formal-
ism, the molar Gibbs energy function is calculated by the program as
G=H-ST (6)

where H and S are the given enthalpy and entropy values in the data file. When the
previously mentioned values AfH°and S°used the resulting value is
G=AH -ST 7

which differs from the most commonly tabulated Gibbs free energy of formation
value AsG’ by

AG —(AfH = S'T) = (S"— AS)T (8)

The term in brackets in equation (8) equals the sum elemental entropies of the spe-
cies. It is a temperature invariant constant dependent only on the stoichiometry of
the species. Calculated equilibrium compositions are not affected as long as the
same convention is used for all species in the system, but care should be taken
when combining data from different data sources with different data formats.
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The applied Gibbs energy minimisation routines allow a number of ways for the
user to describe the non-ideality of the mixture phase, generally in terms of the ex-
cess Gibbs energies. The number of excess energy models included in ChemApp
is extensive (Eriksson and Kénigsberger, 2008) and is continuously being updated.
The applicability of chemical equilibrium solvers for various environmental problems
is wide. In particular, speciation models for aquatic geochemical systems, calcula-
tion of solubilities of gases and minerals, analysis of the effect of pH on the disso-
lution of a mineral, investigation of water-gas-rock effects during carbon storage in
geological formations, and radioactive waste disposal modelling are all examples of
problems that may benefit form multicomponent equilibrium calculations. For such
purposes, a large amount of multicomponent software as well as extensive data-
bases has been developed. Among the more commonly used software are the fol-
lowing:

e HSC (Outotec, 2015)

e PhreeqC [US Geological Survey] (Parkhurst and Appelo, 2013)

e EQ3/EQ6 [Lawrence Livermore National laboratory] (Wolery, 1992, 1994,
Wolery and Daveler, 1992)

e Factsage/ChemApp/ChemSheet product family [GTT technologies and
CRCT] (Bale et al., 2002, 2009; Koukkari et al., 2005; Petersen and Hack,
2007)

e Minteq [originally US Environmental Protection Agency] (Allison et al., 1991;
HydroGeoLogic Inc and Allison Geoscience Consultants Inc., 1998; VISUAL
MINTEQ, 2013)

e Geochemists workbench [originally University of Illinois, now Aqueous So-
lutions LLC] (Aqueous Solutions LLC, 2015; Bethke and Yeakel, 2015)

e CHESS [Chemical Equilibrium of Species and Surfaces, MINES ParisTech]
(van der Lee and DeWindt, 2002; CHESS, 2015)

e GEMS [Paul Scherrer Institut] (Kulik et al., 2013; Gems Development Team,
2015)

o WATEQA4F [US Geological Survey] (Ball and Nordstrom, 1991)

e MINEQL + (currently Enviromental Research Software)(Environmental
Research Software, 2015)

e JESS (Joint Expert Speciation System, Murdoc University) (Joint Expert
Speciation System, 2015; May, 2015)

e OLI Studio (OLI Systems Inc, 2015)
e HCh(Shvarov, 2008)
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4. Pitzer equations

4.1 Original model

The activity coefficient of a species is typically a function of temperature and phase
composition. Aqueous solutions are typically strongly non-ideal and realistic calcu-
lations of solution equilibrium necessitating the modelling of excess thermodynamic
properties of the system as a function of solution composition within the temperature
range of operation.

In an aqueous solution, the activity coefficients (using a molality-based scale) can
be estimated using the ion interaction model of Pitzer. A fairly generalised version
of the equation, compatible with many of the extensions, is given below (Clegg et
al., 1994)

Ng Ng Ng
Inyy = ZI\Z/IF + z ma(2Byq + ZCI\rEIa) + z me| 2Py, + z Mg¥yca
a=1 c=1 a=1
©)
Ng—1 Ng Ne Ng
z z memg oy + |ZM| z z memgCeq + z my (2)\nM)
a=1 a’'=a+1 c=la=
NC Na Na
Inyy = Z)%F + z mc(2B.x + ZC;FX) + z mg | 2Py, + z meWxac
c=1 a=1 c=1
Ne=1 N N, N, (10)
+ z z memeWeory + |ZX| z z memgCeq + z my (2)\nx)
c=1 c¢'=c+1 c=la=
and
NC Na
Iy = D me@ln) + ) Mg (11)
c=1 a=1

while the activity of the water, expressed by osmotic coefficient ¢ , is obtained as
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Ne Ng

Z mi(¢p—1) =2 —A®132/(1+ 1.21Y2) + Z Z memg (Bca + ZCch)
i

c=1la=1
N.—1 N, a
=+ ’ Q)¢ =+ vy
meme cc' Mg Yec'a
c=1 c¢'=c+1 a=1
Ng—1 N, N, 12)

* 0, D, mama | @l + ) mtae
a=1 a’=a+1

z z mnmaﬂna + z z mnm AHC

n=1a= n=1c=

where
11/2
F=-A%—r—r In 1+ 1212
A+1277) 12 ( )
N Ng Ne-1 N
o3 Y mon )+ Y st
=1a=1 c=1 c¢'=c+1
Na—l Ng Ne—1
o3 S mme S 3w
a=1 c¢'=a+1 c=1 c'=c+1
Ng—1 N, Ne-1 N,
23S e D 3 e
a=1 c¢'=a+1 c=1 c¢'=c+1
Ng—1 Ng

o35

a=1 c¢'=a+1

Z= leilmi (14)

Byx = (0) + 1?41))(.9(“1\/1)‘/—)"' 1?/12))(9(“1\/1)‘/—) (15)
B'ux = B39 (aSiT) 11+ B39 (i) /1 (16)
BY = O+ pWe —aM}\/'JrB(Z) —a{T (17)
Chy = O+ 4 (wpx V) (18)
Chy = 4c§§w (19)
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CIE(; = CI\(/;); + Cz(wl)g eXp(_wMX\ﬁ) (20)

g(x)=2(1- (1 +x)e *)/x? (21)
gx)=-2 (1—(1+x+x72)e_")/x2 (22)
h(x) = {6 — [6 + x(6 + 3x + x?)] exp(—x)}/x* (23)
h'(x) = exp(—x) /2 — 2h(x) (24)
of) = 0y + F0,;() +1794(D) (25)
;= 6;; + F6,;(1) (26)
and
@} = £o;;(D) 27)
where

C,(Wo,g, C,(Wl,g Iff))( If,,l))( ,81(;))( 0;j, Wijr and A,; are model parameters, which
may be temperature dependent, fitted to experimental data

m; is the molality;

z; is the charge of solute i;

I is the ionic strength of solution;

A? (= 0.39 at 298K) is the Debye-Hiickel limiting slope; and

EGU(I) is a function of ionic strength of the solution and the charge of the

two species in question (details given, e.g., by Pitzer (1995)).

In the most commonly used formulation by Harvie et al, (Harvie et al., 1984), the
parameter C,(Wl,g is omitted (assumed to be zero). Parameter al(;))( is set to 2.0 if at
least one of the ions in the interacting pair are univalent, and to a value of 1.4 oth-
erwise, while “1(;;)( has a value of 12.0 for cation-anion pairs. The Cjjx parameter is

then often tabulated as

Chy = € = Cux = C*1 (2\Izmzx]) (28)

Pitzer's equation for the aqueous phase is a virial coefficient expansion of Debye—
Huckel's theory and is capable of describing the ionic activities of aqueous species
in concentrated solutions, usually up to a strength of 6 M. The use of Pitzer's equa-
tion is restricted by the amount of existing data in the solutions. For interactions that
no parameters are known or cannot be fitted, the missing values are usually as-
sumed to equal zero and the model reduces to a Davies equation like non-ion spe-
cific electrostatic description, valid for solutions < 0.1 M.

Table 1 shows an example thermodynamic system that has been used and vali-
dated in multicomponent equilibrium calculations. It contains a gas phase that uses
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ideal mixing or Tsonopoulos model for non-ideal gas (for high pressure conditions
if required), an aqueous water phase that uses the Pitzer electrolyte model, and
pure solid phases that are mainly used to input various acidic and basic salts and
oxides into solution pools.

Table 1. Example thermodynamic system.

Element
B C Cl Cs H | Li N Na [¢] P e-  H20 HNO3|
Gas H20(g) 2 1 1]
N2(g) 2
02(g) 2
H2(g) 2
CO(q) 1] 1
CO2(q)
CH4(g) 1 4
Hi(g) 1] 1
12(g) 2
HCl(q) 1 1
HNO3(g)
Csl(g) 1 1
CsOH(g) 1
H3BO3(q) 1
Water H20(a)
B(OH)3(a) 1
B(OH)4(-a) 1]
Cl(-a) 1 1
Cs(+a) 1 -1
CsOH(a) 1 1 1
H(+a) 1 -1
I(a)
2@ 2
Na(+a) 1 -1
OH(-a) 1 1 1
N2(a)
HNO3(a) 1]
NH3(@) 3
NH4(+a) 4
NO2(-a)
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As an example case, the modelled and experimental osmotic coefficients of aque-
ous NaOH solution are shown in Figure 2. The osmotic coefficient is plotted as a
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function of the square root of molality. On the left side, the experimental data (Hamer
and Wu, 1972) extends to 29 mol/kg, while on the right side only the concentration
range up to 1 mol/kg is shown. The exact values and parameter fits are specific to
each individual system, but schematically the results are similar for other salts sol-
uble up to sufficiently high concentrations. In addition to a regular Pitzer parameter
fit of the system, also the model curves with ,Blff))( ,f,,l))( and C? have either half or
double their regular values shown. ,8,5,,2))( parameter is not normally used for 1:1 elec-
trolytes, but the effect of its inclusion are shown for values -10 and 10. Also shown
are the results using an unparametrised Pitzer model (all ion interaction parameters
set to zero) and the Debye—Hiickel limiting law. The second virial coefficient-based
term ,Bff))( effects the results in all concentrations, while the exponentials in equation
(17) make parameters B,f}))( and ,8,?,,2))( significant only at moderately low concentra-
tions. The third virial coefficient related term €% becomes more important only at
higher concentrations. The experimental on modelled values start to deviate when
molality increases above 6 mol/kg and the correspondence between the two gets

rapidly worse with concentrations above 10 mol/kg.

11

Osmotic coeffcient

—+—unparametrized Pitzer , o

Debye-Huckel
X experimental

A s 6 0 0.2

2 3 0.4 06
NaOH (mol/kg)*-1 NaOH (mol/kg}*-1

Figure 2. The osmotic coefficientin NaOH as a function of the square root of molality
at 25 °C. The effect of various model parameters is shown.

4.2 Archer modification

The validity of the Pitzer model (with parameters fitted to experimental data of the
relevant binary and ternary systems typically extends typically to molalities of ap-
proximately 6 mol/kg. Various modifications to the Pitzer model have been proposed
that offer to extend the validity range of the model or improve it in cases where the
fit between the parametrised model and the experimental results has been found
not completely satisfactory even with concentrations below 6. Not all of the pro-
posed extensions are mutually compatible.

In the modification proposed by Archer (D. G. Archer, 1991; Clegg et al., 1994) an
ionic strength dependence is included with the third virial coefficient C by applying
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both € and ¢ parameters. Also, a (possibly charge-dependent) value for the
wyx parameter needs to be chosen (often 2.5). Example systems where work has
been published with the Archer modification applied include the following:

e NaBr upto 9.5 mol/kg when wyx = 1.7 (Rard and Archer, 1995)

e NaCl upto 11 mol/kg with wy,yx = 2.5 (Archer, 1992)

e H,SO4, upto 6.1 mol/kg with wyx = 2.5 (Clegg et al., 1994)

e (NH4)2S04 up to 7.5 mol/kg with wyx = 2.5 (Clegg et al., 1996)

e Sea water / ammonia with w,x = 2.5 (Clegg and Whitfield, 1995)

4.3 Non-standard values of ayy parameters

Another fairly often applied modification is to change the ion strength dependency

of the virial parameter B by applying values for the exponential parameter al(;))(

and/or “1(;;)( that differ from the most commonly used ones. This feature has also
been implemented (for interaction-specific but fixed al(;))( and “1(;;)( values) in the
ChemApp thermodynamic code and used in the THEREDA database (AF Colenco
et al., 2011). Other published evaluations using non-standard «,,x parameters have

been made for, e.g.,

e CuCl, where af‘f}){: 1, (Christov, 1994)
e MnCly, CoCly, NiCl, with a7)=-1 (Christov, 1994)

e NapSO, with al(;))(zlj (Hovey et al., 1993), with al(;))(zlA (Holmes and
Mesmer, 1986)

e Ca(B(OH)a)> and Mg(B(OH)a)2 with &) = 6 (Simonson et al., 1988)

L] Ca3(FE(CN)6)2, Bag(FE(CN)e)z, Laz(SO4)3, MngE(CN)e, CazFE(CN)e and
SraFe(CN)g with af‘f}){: 50 (Pitzer and Silvester, 1978)

Temperature-dependent «,x parameter values have been applied for

e MgSO4 with “1(;;)( being proportional to A? (Phutela and Pitzer, 1986)

e CaCl, (Holmes et al., 1994)

4.4 Modified molality scale
In the model presented by, e.g., Sippola (2012, 2015), the original on-molality-scale-

presented Pitzer equations are transformed into what are then called ‘modified’ or
‘reduced’ molalities, which are effectively based on mole fractions, scaled so that
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they coincide with a molality scale at low concentrations. The reduced molalities
and ionic strengths are defined by

n
MW 2] nj

where the summation goes over all solution species, including the solvent, and

1
I =5 ) miz (30)
2
i

The expressions for osmotic coefficients and activities are
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The osmotic coefficient in equation (31) is defined in normal fashion by the equation
=-1 ! 34
¢ - naH20 w Zi m; ( )

where w is the molar mass of solvent water (0.01801528 kg/mol) and summation
goes over all regular (non-reduced) solute molalities, while the other terms in equa-
tions (31)-(33) follow those given earlier in equations (9)-(27), except that all the
molalities and ionic strengths in them are replaced by the corresponding reduced
values.

As a part of this work, the application of a model based on a reduced molality
scale was also considered. For any benefit, the modified Pitzer equations should be
refitted directly to experimental data. The advantage from using a scale where the
concentration variable does not approach infinity with highly concentrated solutions
(as it does with the regular molality scale) seems intuitive. However, calculation
tests done during this work indicated, that no direct better extrapolation to higher
molalities of the earlier thermodynamic parameters is achieved by adapting the new
scale. The typical behaviour of the osmotic coefficient over wide concentration
range (experimental versus one obtained from a regular Pitzer model with fitted pa-
rameters) is as shown in Figure 3. In the reduced scale, the right end of the sigmoid
curve is further compressed, making better direct extrapolativity of the relatively
straight section of the model curve unlikely.

Osmotic coefficient

- ’

Osmotic coefficient
»

0.5 1 15 2 25 3 0 0.5 1 15 2 25

(mol/kg)"-1 (reduced mol/kg)"-1

Figure 3. The osmotic coefficient of CaCl; solution at 25 °C. Experimental data from
Rard and Clegg (1997). Model parameters as applied in this work. On the left side,
the regular molaity scale is used, on the right side, the reduced molalites of Sippola
(2015).
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4.5 Additional complexes

In most Pitzer equation applications, the non-idealities of the aqueous solution are
modelled with few if any explicit complex species. For example, in the work of Harvie
et al. (1984) for the Na-K-Mg-Ca-H-CI-SO4-OH-CO3-C0O3-CO, —system, the only as-
sociated aqueous species are HCOs(-aq), HSO4(-ag), MgOH(-), CaCOs(aq) and
MgCOs(aq). Inclusion of complex species would enable calculations at higher con-
centrations, but adds many additional fitting parameters to the data assessment. A
model for aqueous CacCl;, system up to the saturation level has been published by
Sterner et al. (1998) by applying CaCl(+aq) and CacCl,(aq) complexes and extend-
ing to the solubility limit within a wide temperature range (Figure 4).

35 3.5

3.0 3.0

2.5 25

Model 3

Model 4

05 1 1 Il L | SR | IS S | 0.5 ! ] 1 i . T | 1 | 1 l
0 6 12 18 24 30 0 6 12 18 24 30
molality £ Ca molality £ Ca

Figure 4. Osmotic coefficient in the CaCl, solution as a function of molality and
temperature. Experimental data points compared to the Pitzer model with complex
species by the Sterner et al. model (at left, “Model 3") with interaction energy
equations as presented by Harvie et al. (1984). The model on the right (“Model 4”)
with the extended interaction energy equations by Archer (1991). While the match
with experiments is excellent with both models, the one with the original interaction
energy equations may predict a second, false, free energy minimum at very high
concentrations that the Archer modification avoids. Figure from the work by Sterner
et al. (1998).

While the obtained match between model and experiments is excellent, the number
of additional fitted parameters is large (two equilibrium coefficients and four interac-
tion parameters with CaCl(-aq) and CaClz(aq) species. Additional complexes at
least potentially interfere with other equilibria with Ca(+2aq) and Cl(aq) ions in a
multicomponent system. Because of an error in how self-interactions of neutral spe-
cies in the Pitzer model are handled in ChemApp, the test implementation of the
model could not be properly carried out during this work.
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5. Brunauer-Emmett-Teller (BET) adsorption
model for highly concentrated solutions

Stokes and Robinson (1948) first proposed the use of the Brunauer-Emmett-Teller
(BET) adsorption isotherm for representing the water activities of very concentrated
salt solutions, and demonstrated its application to a series of pure electrolytes. The
basic model equation for a pure salt solution is given by

m;a 1 ¢-1
55.51(L1 ?ZHZO) Tor ! Tor GO (35)
where formally
¢ = exp(—e€/ RT) (36)
and
e=U-U, (37)

with U being the negative internal energy of monolayer adsorption of water onto the
solute and U, the internal energy of liquefaction of pure water and r is the number f
adsorption sites in a solute molecule, though in practice both ¢ and r are considered
adjustable fitting parameters. According to equation (35), the quantity m;ay, o/
(55.51(1 - aHZO)) should be linear function of a,,,. This is typically the case for

water activities below about 0.3 (Stokes and Robinson, 1948; Ally, 1999) or molali-
ties above about 10 M (Ally and Braunstein, 1996).

3 0.6
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0.3
——Pitzer model
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= = BET model

Osmotic coefficient

o Experimental 0.1

0 T
0.5 v 0 02 0.4 0.6 0.8 1 12

2 3 4 .
(NaOH mol/kg H20)-1 Water activity

Figure 5. Example of an osmotic coefficient of a highly soluble salt (NaOH) over a
wide concentration range. On the left side, the osmotic coefficient is shown as a
function of the square root of molality. The Pitzer model works well with dilute and
moderately concentrated solutions, while the BET model works well with highly con-
centrated solutions. On the right side, the expression from the left hand equation
(35) is plotted as a function of experimental water activity. The BET model is valid
in the linear range. Water activity of 0.3 corresponds approximately to a molality of
13 (square root 3.7) mol/kg, and an activity of 0.5 to molality of 10 mol/kg.

Later the BET equation has been extended to common-ion mixtures with a mixing
rule (Sangster et al., 1978) and expressions for salt activities have been determined
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(Abraham, 1981; Voigt, 1993). The model has also been applied for calculating mo-
lar enthalpies and volumes (Ally and Braunstein, 1993). Ally and Braunstein (1998)
have determined that the BET expressions for solvent and salt activities in a two-
salt single-solvent system by using statistical mechanics. The parameters r and ¢
have accordingly been extended for the more complex systems, yet with basic no-
tation following the original approach of Stokes and Robinson.

For practical applications, it is desirable to be able to calculate activities of arbi-
trarily complex mixtures containing many ionic solutes. Such an extension for the
BET-model was presented by Clegg and Simonson (2001) and their representation
for ternary interactions is reviewed in this report. They derived equations for ionic
and solvent activities in a single-solvent, multi-ion mixture based on the Gibbs free
energy of the mixed solution model formerly derived by Ally and Braunstein (1998).
The equations were extended to include ternary (three-ion) mixture effects, and
were used to model salt solubilities in one ternary aqueous mixture and water activ-
ities in common ion and reciprocal salt systems. As the results further show fairly
good agreement with experimental data, particularly in high ionic strengths, their
approach was documented in this work as one key option for modelling such solu-
tion conditions.

Using the adsorption model approach, the Gibbs energy (G) containing arbitrary
numbers of cations (c) and anions (a) is written by Clegg and Simonson (2001) as
follows:

G
ﬁ = z z Nea [lnxza + rcaln(l - Yca/(rcanca))]
c a

+YTin (1 - z z Yca/yT)
c a
where

YT is the total amount of solvent (mol)

Y., the amount of the solvent adsorbed onto salt ca (mol)

n., the amount of salt ca in the liquid mixture (mol)

x;, the dry mole fraction of ca (amount of salt ca divided by the total

amount of all salts in the mixture)

1., Mmodel parameter, describing the number of adsorption sites for each

salt ca molecule
For complex solutions, at least three-ion interactions should be included and thus
the adsorption site parameter has been extended by using the interaction parame-
ters cc’'a and caa’, yielding

_ 0 1 % 1 % . 1. !
Tea™= Tea Ez XeraScera Ez XearScaar ; (cxc’iaza’) (39)

cr ar

(38)

The hydration parameter r%is determined from data for single-salt solutions. The
interaction coefficients S..,, and S.,,, are empirical parameters whose values are
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received by fitting to activity data for ternary mixtures. The dependence of hydrata-
tion on adsorption energy is given by Clegg and Simonson (2001) as

_ 0 1 * 1 *
Inc.q = (rcalncca + Ez XcrqTeera * Ez Xca'Tcaa’ )

c’ a’ (40)

i ; (c=c’;a-a)

rca
where T,.,, and T,,,, are the empirical mixture parameters, and ¢, is a pure solu-
tion parameter for the single salt.

The theoretical assumption underlying the presented equations, which were orig-
inally also suggested by Stokes and Robinson (1948), is that the solvent activity in
a solution of finite concentration is reduced by the adsorption of the solvent onto the
dissolved salts. Model parameters are then deduced from the numbers of adsorp-
tion sites and adsorption energies on a salt, instead of hydratation on an ionic basis.
The restriction of overall charge neutrality for solutions further means that ion pa-
rameters cannot be individually determined.

The composition of a salt solution containing only a single cation or anion, and
two or more ions of the opposite charge type, can be unambiguously defined in
terms of the salts present. Accordingly, an agueous solution containing the cations
M and N and anion X has a unique composition in terms of the salts M+X- and
N+X-. For systems containing two or more ions of both charge types, a generalised
expression taking into account all possible salt combinations is adopted. The
amount of each salt in the solution is determined from the numbers of equivalents
of each cation and anion (n.z., n,|z,|) in the mixture® . The expression for amount
(nyx) of salt M+ X~ is then

Y
yx = 2nyny {ZMlZXl/ } ch zZ; + Z ng |24 (41)
(VM(X) VX(M)) - —

Here prefix n indicates the amount of each ion (i), zi is its charge and vy, is the
number of cations M in one molecule of the salt M+ X~ (vx() giving the number of
respective anions). The summations go over all cations (c) and anions (a).

The dry mole fraction of salt M+ X, - is then:

1 The example given by Clegg and Simonson (2001) is as follows: A solution containing 2 mol
of cation M?*, 3 mol of cation N*, 2 mol of anion X~, and 2.5 mol of anion Y2". The total adsorp-
tion of solvent by such a combination of ions is attributed to the salts MXz, MY, NX, and N2Y.
In order to take account of differing charges on the ions, the various dry mole fractions in
equations (1)—(3) are calculated on the basis of equivalent fractions. The equivalent fraction
of M?* in the mixture is (2 - 2)/(2 - 2 + 3 - 1) = 4/7. Deducing form the total counterion charge,
then, of the 4 equivalents of M?* present, 2/7 will be paired with anion X~ and 5/7 paired with
Y2, Similarly, 3 equivalents of N* are present, of which with 2/7 are assumed to be paired with
X~ and 5/7 with Y27, The total amount of salts MXz, MY, NX, and N2Y can then be deduced.
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Y2
Xyx = NyNy {ZM'Z'X/(VM(X)VX(M))} /ZZ ncna{zc|Za|/(Vc(a)Va(c))}/2 (42)

Using the above equations for nyy and x5 in the Gibbs energy equation (1) and
differentiating with respect to the amount of cations and anions the activities of the
ions are obtained:

Inay = z z Neg [lnxza + rcaln{l - Yca/(rcanca)}]
c a

+ z z Nealealt{l = Yo/ (Feafiea)}
—ZZ%w% (43)
- 3823

22, ctatana =Ye) | V7= DY W / 2. e

The summations are over all cations and anions while the prime indicates differen-
tiation of the particular quantity with respect to the amount of cation M (ny). As
noted by Clegg and Simonson (2001) the additional differentiation term
Yo Ya Xeacal x2q is left out, as when determining the mean activity of the salt by
combining with the respective anion activity such terms will cancel. The anion activ-
ity Inay is identical to the cation activity sentence, except that the primes refer to
differentiation with respect to ny.
The equation of the activity of solvent is

Ina, =In (YT - z z Yca> —InyT (44)
[ a

The differentials that occur in the formulas of lna,, and inay will have the following
form. The differential of the amount of salt n,,, with respect to the amount of cation
M is:

Tyq = 2N, { il } z nez, + z nglz,|
(VM(a)Va(M))
— 2zynyn, { Zm%a } z n.z. + z NgZ,
(VM@ Vam))

The differential of n., with respect to amount of cation M (c#M) is:

(45)
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ZcZq .
Mea = ~22nMcla {(Vc(a) Va(c))} /(Z nete znaza) ’ (C ’ M) (46)

and the differential of the dry mole fraction xj;, with respect to the amount of cation
M:

Y2
’ ZpMZg
Xyg =N Y F
Ma a{(VM(a)Va(M))} /

ZyZ i ZyZ i
_nMna{ MZa } Zna{ MZa } /FZ
(VM(a)Va(M)) (VM(a)Va(M))

(47)

Where

Ya
Fe zz{ ZcZg }ncna (48)
(VC(a) Va(t))

Respectively, the differential of x}, with respect to n,, when c = M is given by:

Y Y
Z.Z, ZyZ
x::l =-n.n, {#} X z ng {L} /FZ (49)
(VC(a) Va(t)) (VM(a) Va(M))

As the mixture parameters S;;, and T;;, are constant, the derivatives of 7, and c.,
with respect to amount of cation M are (from equations (2) and (3)):

1 % 1 * . .
rc’a = Ez xc:asccla + szle’smal ) (C#C’,a#a’) (50)
c’ ar
and
Céa = [_ - {T‘ lncca + Kl}rca/rca] (51)
where
1 * 1 * . .
K, = EZ Xta Tocra + EZ XearTecw 3 (c#EC;a#a’) (52)
c! a’
and
1 * 1 * . .
K| = EZ Xi1a Tecra + EZ X Tecawr 3 (c#EC;a#a’) (53)
c! a’

With this treatment, the calculation of solvent and solute activities from the equa-
tions above requires the solution of N simultaneous equations for the amounts of
solvent adsorbed by each salt ca in the mixture, where N is the total number of salts.

The BET treatment is developed around a limiting law for mixtures that are infi-
nitely dilute in respect to the mixture component water, this is the opposite of most
treatments that, as a limiting case, include the Debye—Hiickel law for solutions that
infinitely dilute in respect to solutes in water. As a consequence, the BET model
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works best for highly concentrated solutions and is unusable for dilute solutions. A
model applicable for all solutions would therefore need to be able to combine the

BET approach with another model that can be used for dilute, moderately concen-
trated solutions, such as the Pitzer model.
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6. Other approaches for concentrated
electrolyte solutions

Among other thermodynamic models for concentrated electrolyte solutions, the
more important ones include the, Electrolyte NRTL model (Chen and Song, 2004)
the OLI systems Mixed Solvent electrolyte model (Wang et al., 2002) and the ex-
tended UNIQUAC model developed at Technical University of Denmark (DTU)
(Thomsen, 2005). A comparison of these approaches has been presented by, e.g.,
Lin et al. (2009). All of these models connect the long- or long- and medium-range
electrostatic interaction into a short-range local composition (NRTL or UNIQAC)
model. The Electrolyte NRTL model has been incorporated to Aspentech in the As-
pen Plus engineering suite, The OLI model is used in the OLI stream analyser and
flowsheet Electrolyte Simulation Programs and can be linked to Aspen Plus,
gPROMS, IDEAS, PIPESIM, PRO/II and UniSim simulation programs (OLI Systems
Inc., 2016).

The benefit of these approaches is also the ability to handle mixed electrolyte
aqueous organic solutions, while in the Pitzer model it is assumed that the solvent
is always water. On the other hand, the amount of openly published parameter data
for specifically aqueous solutions is scarce compared to the Pitzer model evalua-
tions.

33



7. Data extrapolations for systems at elevated
temperatures

7.1 Approximations when high temperature data is not
available

In many cases the experimental thermodynamic determinations for aqueous solu-
tions have been made only at 25 °C, or in temperatures that are considerably lower
than those that are being modelled. Correlations and estimation methods have been
presented for such cases for extrapolation.

7.2 Correlations for standard heat capacity data for aqueous
species.

The most extensive published set of heat capacity data for aqueous ions and com-
plexes are the ones based on the modified Helgeson-Kirkham-Flowers (HKF) model
(Shock and Helgeson, 1988), applying equations of state and correlations to para-
metrised representations of infinite dilution heat capacities for aqueous ions and
neutral species at high temperatures. The full set of thermodynamic equations (in-
cluding volumetric) is presented by Shock and Helgeson. For the present work hold-
ing the most relevance is the equation for heat capacity

=0+ T izg)z — ((T 3T6)3> (a3 (P-PB)+auln (;’l)j;)) + wTX 54
+2TY (g—‘;’) - T(E -1) (az—“’>
p € aT? b

where ¢, ¢,, a; and a, are ion specific parameters, T and P are temperature and
pressure (in units of K and bar), ¢ is the dielectric constant of water, 6, ¢ and B. are
constant model or reference parameters of 228 K, 2600 bar and 1 bar respectively.
w is the temperature and pressure dependent Born coefficient and Y and X functions
defined by equations (55)-(56)

_ [(a(1/e)
__< aT >P (55)

()

A simplification of the heat capacity equation valid to about 170 °C and low pres-
sures has been given by Haméalainen et al. (1991). In these conditions, the Born
function can be considered a constant, so in reference pressure the heat capacity
equation simplifies to:
C
C

2
=t gy T OTX 57)
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7.3 Pitzer parameter extrapolations for higher temperatures

Guidelines for estimation of Pitzer parameters at the elevated temperatures when
the experimental data is limited has been given by Kdénigsberger (2001). He pro-
posed applying a constant heat capacity model whereby the Pitzer parameters are
expected to follow the functional form of Eq. (58)

X(T) = Xy +a (E - i) +b- In(T/T,) (58)
T T,

If no heat excess capacity data is available (only the value of the interaction param-
eter at a reference temperature, typically 298.15 K, and its first temperature deriva-
tive are known), b in equation (58) is zero. While the direct application of equation
(58) for systems with fitted data to only one temperature (no heat capacity or en-
thalpy data,) would lead to applying a constant interaction parameter value, it is the
recommendation of Kénigsberger then to instead use the temperature dependency
given by equation (59):

X(T) = X, (%) (59)
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8. Common thermodynamic data sources

There exists several collections of thermodynamic data for aqueous solution sys-
tems with various backgrounds and corresponding strengths and weaknesses.The
SUPCRT92 database (Johnson et al., 1992) applies the HKF model (Shock and
Helgeson, 1988), which contains data for about 250 solid minerals, 35 gaseous spe-
cies and nearly 1750 aqueous species, mostly inorganic or organic complexes with
metal cations (GEOPIG - Arizona State University, 2015). The database has been
developed for give reasonable results for geochemical process at high temperatures
and pressures.

There are several database projects for nuclear safety. The OECD NEA (Nuclear
Energy Agency) database project aims to be comprehensive, internally consistent
and quality-assured for selected elements (Guillaumont et al., 2003; Grenthe et al.,
2004; OECD, 2014). The NAGRA database (Paul Scherrer Institut, Switzerland)
(Thoenen et al., 2014) aims to be more comprehensive by accepting data by some-
what less stringent standards. The ThermoChimie database (Giffaut et al., 2014,
Andra, 2015) by ANDRA (French National Radioactive Management Agency) draws
heavily on SUCRT92, NBS, USGS and NEA databases. The American Yucca
Mountain Project extended the OECD NEA and SUPCRT92 data (Mariner, 2003;
Wolery and Sutton, 2011, 2013) with a Pitzer interaction-based model.

The Thermoddem database by Bureau de Recherches Géologiques et Minéres
(French Geological Survey) (Blanc et al., 2012). The data is available, e.g., in
Phreeqc, Chess, Geochemist's workbench formats. It has been constructed for ge-
ochemical modelling for environmental studies, especially for chemical systems in-
volving waste materials.

THEREDA (Thermodynamic Reference Database) is a Germany-based project
dedicated to the creation of a comprehensive, internally consistent thermodynamic
reference database to be used with suitable codes for the geochemical modelling
of aqueous electrolyte solutions up to high concentrations (AF Colenco et al., 2011;
Moog et al., 2015). The project is being collectively planned and executed by the
most relevant research institutions that work in the field of final disposal of radioac-
tive waste. The THEREDA database is used for the geochemical modelling of pro-
cesses in the near- and far-field of different host rock types, featuring high-saline
solutions, which are envisaged as potential sites for final repositories in Germany.

The aqueous species data in the HSC database draws heavily on the work Shock
and co-workers SUPCRT92 database, while the solid phase has been collected
from a great number of sources. The database is extensive, for solubility calcula-
tions - the drawback is the often limited accuracy of calculations done on data com-
bined form several sources (Diakonov et al., 1998). The OLI SYSTEM has ad-
vanced in-house models for aqueous and mixed electrolyte solutions (Kosinski et
al., 2007).
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IVTANTHERMO for Windows is developed by the Thermocenter of the Russian
Academy of Sciences. It contains several programs including a free energy mini-
miser and database for some 3200 substances formed by 96 chemical elements,

but no specific model for an aqueous system is reported (Belov et al., 1999;
IVANTHERMO, 2004).
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9. Modelling of systems with insufficient
interaction data

A typical approach while doing industrial thermochemical models is to ignore the
interaction parameters that are not readily available and set them to zero with the
implicit assumption that zero is a reasonable default value for the unknown param-
eters. This is not the case with the Pitzer model when applied to interactions be-
tween ions that are not both univalent (Figure 6):
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Figure 6. Distribution of the B(O) interaction parameter values (at 25 °C) for different
types of salts based on the ionic charges. Only in the case of 1:1 electrolytes are
the values at least approximately evenly distributed around zero. Parameter dataset
from Pitzer (1995).

In the case when no interaction parameter is specified for a cation—anion pair, ap-
plication of the Pitzer model leads to calculation of ionic and water activities based
on the first terms of equations (9), (10) and (12) (or the corresponding equations
for the reduced molality scale). As it contains contribution to the logarithmic activity
coefficient that is proportional to the square of ionic charge, the activity coefficients
calculated in this fashion easily get exceedingly small for concentrated or moder-
ately concentrated solutions.

The problem has been reviewed in relation to actinides by Felmy and Rai (1999).
Within a project done at VTT (Chapter 15), the parametrisation was noted to be
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unsatisfactory when applied to Rare Earth Element (REE) solutions rich in sulphate
that were considerably more concentrated than those studied by Felmy and Rai. A
better practical result was obtained following Christov (2004), by applying a param-
eter set previously determined and tested for interactions of Al(+3aq) and Fe(+3aq)
cation with sulphate ion.

In general, when applying the Pitzer model, the applied interaction parameters
and speciation should have been determined simultaneously. When this is not pos-
sible, known parameters for species of similar chemistry (especially charge) should
be used. Applying highly charged multinuclear complexes with an insufficiently par-
ametrised Pitzer model is best avoided.
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10. Selected thermodynamic data

Thermodynamic data including H, S and C,, as well as interaction coefficients were
mostly taken from existing literature. In some cases parameter values were adjusted
for a better fit as noted in text and in the Appendices. All the validation calculation
examples are done with the same data set as shown in Appendices A-C.

While the international research interest has focussed on geochemical processes
often related with environmental nuclear waste repository problems, VTT has ex-
tended experience developing pioneering simulation routines such as ChemSheet
and BALAS to provide a quantitative tool for hydrometallurgical engineering prob-
lems. The multicomponent reactors are connected to modular process modelling
software typically used in chemical and process engineering.

For complex industrial solutions appearing in a variety of pH ranges and in chang-
ing temperatures, it is important to take into account the non-ideality of the solutions
to gain reliable results with engineering calculations. The VTT Pitzer database al-
lows for reliable predictive simulations of the metal cations commonly occurring in
aqueous sulphate, carbonate and chloride systems. In Table 2, the key cations in
the Pitzer database are listed. 'Major species’ refers to ionic species with more thor-
oughly evaluated solubility equilibria also suitable for simulations at higher-temper-
ature industrial processes up to 95 °C. The minor species are those species present
with more tentative and limited activity data. REE refers to Rare Earth Elements.
The actual database includes not only these key species but also their most com-
mon solute combinations

Table 2. Key ionic species in the VTT Pitzer activity database.

Cation Anion
Major species Na*, K*, Ca®*, Mg?*, H* Cl, SO4%, OH", CO3%
Minor species ARt Fed*, Cu?", Mn%, | SiO.*
REE3*

The database can also incorporate solubility data of complex salts and mineral com-
pounds from major international geochemical databases described above in Chap-
ter 8, then also including less commonly occurring cationic species. Thus, e.g,. use
of alternative pH and solubility-controlling chemicals as well as optional connections
in a multi-stage hydrometallurgical plant or within a set of water treatment units can
be simulated with fair accuracy.
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10.1 H, S and C, values for gaseous and aqueous species and
solid stoichiometric phases

The gaseous, solid and aqueous species derived from the key elements in Table 2
were selected for further thermochemical studies and are given in Appendix A.
Listed are enthalpy of formation and entropy at 298.15 K and coefficients for heat
capacity according to the equation

cp /(J -mol™) = a; + a,(T/K) + a3 (T/K)? + a,(T/K)™? (60)
The heat capacity equation coefficients are typically given for multiple temperature

intervals with the maximum temperature T,,,, for each interval given with a coeffi-
cient set. The REE data has been excluded in this listing.

10.2 Pitzer parameter values

The speciation model given above is chosen to work with the following Pitzer pa-
rameter set. In Appendix B are given the type of the interaction, interacting species
and coefficients for the temperature-dependent parameter equation

X =d; +dy(T/K)™ + d;3In(T/K) + d,(T/K) + ds(T/K)? + dg (T/K) ™2 (61)

The formalism applied is the one supported by the ChemApp ‘PIMZ’ model, where

the “1(;;)( and “1(;;)( parameters (equations (15)-(17)) can be defined for each cation-

anion pair separately.

10.3 Data for solid mixture phases

The data for the non-stoichiometric burkeite phase is given in Appendix C. The data
for glaserite phase was taken from (Lindberg et al., 2006, 2007).
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11.Validation examples of the Pitzer database

The data for aqueous solution and related solid phases has been validated compar-
ing the calculation results with experimental salt solubility. Mostly the calculations
have been done at temperatures 25 °C, 50 °C and 100 °C, but following available
experimental data, sometimes other temperatures have also been used.

11.1 Hydroxide systems

Solubility limits of alkali hydroxides are beyond the typical application range of the
Pitzer model. Systems with two anions, one of which is hydroxide are grouped with
another anion.

Solubility in Na/Ca/OH is shown at left in Figure 7. Experimental results are from
Duchesne and Reardon (1995), Konno et al. (2002) and Pallagi et al. (2011) for 25
°C and Konno et al. for 50 °C and 75 °C. Solubility Al(OH)s in an NaOH solution is
shown at right in Figure 7. Experimental results are from Konigsberger et al. (2006)
quoting Russell et al. (1955).
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Figure 7. Solubility in Na/Ca/OH system (left) and in Na/Al/OH system (right)

11.2 Carbonate and hydrogen carbonate systems

Solubility of Na2CO3 in water as a function of temperature given left in Figure 8.
The model results are compared to experimental results from Carter et al. (2014)
quoting Linke (1965) for Na,CO3*10H,0, Na,CO3*7H,0 and Na,CO3*1H,0, and Shi
and Rousseau (2001) for Na;CO3*1H,0 and Na,COs. The solubility products of
Na,CO3*1H,0 and Na,CO3 have been fitted to the solubility data and chosen inter-
action parameter values. Solubility in the K/Na/CO3 system is shown on the right in
Figure 8. Experimental data points are from Hill and Miller (1927) for 25 °C and 50
°C and from Ervin et al. (1944) for 100 °C. The solubility of K,COs is quite high for
the Pitzer model to handle and no attempt was made to make the solubility at 100
°C fit the model.

42
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Figure 8. Solubility of Na,CO3 as a function of temperature (left) and solubility at
K/Na/CO3 system (right).

Solubility in a Na,COs/NaHCO3 system is shown right in Figure 9. Experimental data
points are from Freeth (1923) and Hill and Bacon (1927) for 25 °C and 50 °C and
from Waldeck et al. (1934) for 100 °C.
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Figure 9. Solubility in the Na/CO3/HCO3 system.

11.3 Chloride systems

Solubility in the K-Na-Cl system is shown in Figure 10. Experimental data points are
from Moucka et al. (2012) for 25 °C and Pabalan and Pitzer (1987) both quoting
Linke (1965) and Greenberg and Mgller (1989) quoting Bukshtein et al. (1953) for
100 °C.
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Figure 10. Solubility in K/Na/Cl system.

11.4 Sulphate systems

The solubility of calcium sulphate in water as a function of temperature is shown in
Figure 11. Experimental data points are as collected by Mgller (1988). For a better
fit, the solubility product (thermodynamic values for the solid) were adjusted for
CaSO0y (in temperatures below 50 °C) and for CaSO4*2H-0 (for temperatures above
100 °C)

Calcium sulphate solubility in H20

0.025 J A CaS04*2H20
@ CaSO4
0.02 [1CaS04*0.5H20

0.015

molality Ca (mol/kg)
o
2

0.005

20 40 60 80 100 120
Temperature (C)

Figure 11. Solubility of CaSO, in water as a function of temperature.

Solubility of gypsum in sulphuric acid as a function of acid composition within tem-
perature range 25-90 °C is shown in Figure 12. A linear concentration scale is used
on the left and a logarithmic scale is used on the right. The experimental data points
are from Marshall and Jones (1966). One of the deficiencies of the existing thermo-
dynamic compilations was a lack of Pitzer model-based datasets that could be used
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with CaSOg-containing systems both in near neutral conditions and together with
H2SO.4. The parameter set by Greenberg an Moller, which applied Ca(+2aq)-HSO 4(-
aq), was adjusted in this work for this purpose.
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Figure 12. Solubility of gypsum in sulfuric acid. Linear concentration scale used in
left and logarithmic scale in right.

Solubility in the Ca-K-SO4 system is shown at left in Figure 13. Dotted lines show
various calculated metastable states (Chapter 12). The experimental data points
are from Wang et al. (2013) and Greenberg and Mgller (1989) quoting Bukshtein et
al. (1953) and Stephen & Stephen (1963). Solubility in the Ca-Na-SO4 system is
shown on the right in Figure 13. The experimental data points are from Block and
Waters (1968).
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Figure 13. Solubility in the Ca/K/SO4 system (left) and in the Ca/Na/SO4 system
(right).

Solubility in the K-Na-SO4 system is shown on the left in Figure 14. The experi-
mental data points for the K-Na-SO4 system are from Popovi¢ et al. (2013) quoting
Linke (1965) and Filippov and Cheremnykh (1983) for 25 °C, Bhattacharia et al.
(2015) quoting Deng et al. (2013) for 50 °C and Freyer and Voigt (2004) quoting
Yanateva et al. (1963) for 100 °C.

Solubility of the Na-OH-SO4 system is shown on the right in Figure 14. Experi-
mental data points are from Harvie et al. (1984) quoting Windmaisser and Stockl
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(1950) and Itkina and Kokhova (1953) for 25 °C, Seidell et al. (1952) for 50 °C and
Green and Frattali (1946) for 100 °C.
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Figure 14. Solubility in the K/Na/SO4 system (left) and in the Na/OH/SO4 system

(right).

Solubility in the Al-Ca-SO, and Al-Mg-SO4 systems at 25 °C are shown in figure
Figure 15. Experimental data from Reardon (1988), quoting Mosgovykh et al.
(1984) for the Al-Ca-SO4 system and Moshinskii and Chibizov (1975) and Bassett
and Watt (1950) for an Al-Mg-SO4 system.
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Figure 15. Solubility in Al/Ca/SO4 and Al/Mg/SO4 systems

Solubility in the Al-Na-SO4 system is shown in Figure 16. Experimental data is from
Christov (2002)
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Figure 16. Solubility in Al/Na/SO,4 system at 25 °C.

11.5 Mixed anion systems

Solubility in the K-CI-SO4 system is shown on the left in Figure 17. Experimental
data points are for 25 °C and 50 °C from Bhattacharia et al. (2015) quoting Deng
et al. (2013) and for 100 °C from Greenberg and Mgller (1989) quoting Bukshtein et
al. (1953).

Solubility in a CaSO4-NaCl system is shown on the right in Figure 17. Experi-
mental data points are from Bock (1961) for 25 °C, Bock and Marshall et al. (1964)
for 40 °C and Marshall et al., Block and Waters (1968) and Freyer and Voigt (2004)
for 100 °C.
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Figure 17. Solubilities in KCI-K2SO4 (left) and CaS04-NaCl (right) systems.

Solubility in Na-CO3-S04 system is shown on the left in Figure 18. Experimental
data points are from Harvie et al. (1984) for 25 °C, Makarov and Blidin (1938) and
Teeple (1929) for 50 °C and Green and Frattali (1946) for 100 °C. The points for
solubility at 0 °C is as presented by Marion (2001).

Solubility in a Na-CI-CO3 system is shown on the right in Figure 18. The experi-
mental data points are from Freeth (1923).
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Figure 18. Solubilities in Na/CO3/SO,4 and Na/Cl/COs (right) systems.

11.6 Mixed salts as solid solutions

Two solid mixtures are included in the database, the non-stoichiometric sodium sul-
phate carbonate or burkeite and potassium sodium sulphate or glaserite.

11.7 Burkeite (Nas(S04)2:x(C0O3)1-x)

For a description of a non-stoichiometric burkeite, a regular solution of NaSO4 and
Na,CO3 was adopted. The interaction parameter was fitted to the data presented
by Picot et al. (2012) regarding salt composition as a function of the solution com-
position (Figure 19).

0.5
= ? 4
<
2
2 045 &
Q
<3
>
S 04 4
et ¢ Experimental
o] model
S 0.35
S ¥
[s2]
Q
(&)
5 03
2 <4
(&)

0.25 0 0 T |

0 1 2 3 4

Solution activity CO3/S04

Figure 19. Burkeite crystal composition as a function of aqueous solution composi-
tion at 100 °C.
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Comparison of the composition of the solid as function of liquid composition accord-
ing to model at 100 °C and 115 °C is compared to various experimental results as
collected by Bialik et al. (2008) is shown in Figure 20.
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Figure 20. Composition of the solid phase as function of aqueous composition.
Model curves compared with various experimental data points as presented by
Bialik et al. (2008)

A diagram of the most stable solid phases in the aqueous Na2C0O3-Na2S04 system
is shown in Figure 21 with a comparison to the data of Makarov and Blidin (1938).
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Figure 21. Phase stability diagram in an aqueous Na,CO3-Na;SO4 system. Experi-
mental diagram by Makarov and Blidin (1938) is shown for comparison.
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11.8 Glaserite (Ks.xNaix(SO4)2)

For the glaserite salt, the data from Lindberg et al. (2006, 2007) has been adopted.
While the data evaluation there was conducted mostly for higher temperatures, the
resulting model also seems to work satisfactorily around 100 °C. A comparison of
the model results to the experimental ones from Freyer and Voigt (2004) was shown

in Figure 14.
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12. Modelling of metastable and other non-
equilibrium systems

One of the main strengths of VTT'’s thermochemical models is the ability to directly
perform directly calculations in systems that are displaced from equilibrium or are
controlled by the kinetics of slow reactions such as precipitation dissolution or oxi-
dation. Aspects of these kinds of calculations most relevant to aqueous systems are
discussed briefly in this section and in Appendix D. Further information can be found
in the referenced publications.

12.1 Over- and under-saturated systems

Generally thermochemical calculation codes (including ChemApp and ChemSheet)
allow solving thermodynamic equilibrium with specified phases excluded from cal-
culations. This can be used, for example for solubility precipitation calculations
where the solid phase present is not the most stable one thermodynamically. The
Constrained Free Energy (CFE) method also enables the application of specific
quantitatively set deviations from equilibrium. A commonly used quantity to describe
such non-equilibrium systems is the saturation index (SI) defined as

SI =log <K£> (62)
eq

where K., is the thermodynamic solubility product for the salt and @ the correspond-
ing ion activity product in the solution. Thermodynamically, for a salt M, X, dissolv-
ing as

M. Xy(s) = aM**(aq) + bX*~(aq) 0]
the saturation index is related to the affinity (A) of the dissolution reaction as well
as activity (Eriksson, 1975) of the under- or over-saturated salt (a,;;)

AG iss A
SI-In(10) = In (£> =—ds 7" —In(asar) (63)

Koq) RT

Theory and computational methods of setting affinities for non-equilibrium reactions
has been discussed in detail in, e.g., Pajarre et al. (2016).

An example of a metastable states that can be modelled and with suitable condi-
tions measured were illustrated by the binary CaSO4-H,0 system shown in Figure
11. Depending on temperature the stable solid phase in equilibrium with the solution
is either the dehydrate (gypsum), monohydrate or the anhydride. The equilibrium
solubility is given by the lowest curve but also the various metastable states corre-
sponding to the equilibrium of a higher energy solid phase with the solution are
shown. As the formation of a solid not present in the system is often a slow process
the various metastable states can also be experimentally explored and measured.
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12.2 Thermodynamic calculations combined with reaction
Kinetics

Non-equilibrium constraints can also be used to control the advancement of individ-
ual reactions based on known rate equations within partial thermodynamic equilib-
rium. The theory of this has been discussed in, e.g., Pajarre et al. (2016) while an
application to calcium carbonate (PCC) precipitation is shown in Koukkari et al.
(2011). From the overall practical point of view, the most valuable models are usu-
ally those where the reaction of kinetic effects can be deduced form 1—3 reaction
rates, while thermodynamic controls’ side reactions and equilibration are over a
longer time scale.

A detailed example of a kinetically controlled reactive system is presented in Ap-
pendix D with a CaCOs precipitation model.
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13. Redox systems

A special kind of partial-equilibrium system are those reduction—oxidation reac-
tions. While in a redox equilibrium system, the redox potential can be linked to the
chemical potential of electron in the system, in practice in a multicomponent system
with multiple redox pairs, rarely even in an approximate sense can a single common
redox potential value be determined (Lindberg and Runnells, 1984). An identified
redox pair can be included in a multicomponent model with or without kinetic con-
straints, while the ionic activities can then be applied to deduce the redox potential
(Eh) and be compared with measurement (Koukkari and Liukkonen, 2002). Multiple
redox pairs can also be controlled by the CFE method, but there is no straightfor-
ward connection between the varying species-specific redox potentials and any par-
ticular measured Eh value.
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14.1lon exchange phenomena with aqueous
solutions including pulp suspensions

Electrochemical systems consisting of two parts separated by a semipermeable
membrane were first investigated by Frederick Donnan (1911) in the early 20*" cen-
tury. The equilibrium condition for such systems is the equality of the electrochemi-
cal potential in the parts of the system

u' + RTIna) + z;Fyp' = p?"' + RTIna)' + z,Dy" (64)

Assuming the same solvent is present on both sides and molar volumes of solutes
can be ignored, this leads to

(&) = (exp (“U22)) " = 2 (65)

where 1 is the so-called Donnan distribution coefficient. An example calculation with
corresponding experimental results for aqueous pulp system is shown in Figure 22.
Here the the fiber wall effectively works as the membrane separating the two
aqueous volumes, while non-mobile ions are the acidic groups in the pulp that are
chemically bound to it.

100 0.7 —— [Na]f
----[NaJs
- - a | 06 ¢ [Na]f measured
10 - yr— 3 — ¢ [Na]s measured
¢ L 05 —[Calf
| L N [Ca]s
< 1 :&4 ____________ R o ___2_““3—7 04 5, ® [Ca]f measured
S | B g ®-s e 8 | O [Cals measured
E CEg 03 g | — Mt
< 01 Fiea el 25 | —ee[Mg]
= : o \:‘\“E. ----------------------------- R o [Mg]s
P R_-__E,-_- N A [Mg]f measured
) - E 0.2 A [Mg]s measured
0.01 2 5 [Mn]f
5 5 o F01 [Mn]s
° © [Mn]f measured
0.001 T T T T 0 o [Mn]s measured
2 4 6 8 10 -Ao
pH

Figure 22. Donnan potential and model curves for concentrations inside and outside
the pulp susepnsion undergoing ion-exchange shown together with corresponding
experimental data points. From Pajarre et al. (2016).

The ion exchange model can be supplemented with typical complex forming agents
such as EDTA and DTPA, which are common in industrial applications. The com-
plexation modelling results for a 4.8% consistency pulp suspension treated with
EDTA chelating agent are shown in Figure 23. At very low pH, the organic acids are
not deprotonated and the metal concentrations would be expected to be roughly
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equal in the fibres and in the surrounding solution. With increasing pH, the nega-
tively charged fibres will attract cations, with the effect as described by equation (65)
being stronger for divalent than monovalent ions. The formation of negatively
charged complexes with EDTA explains why a larger fraction of Cathan Mg remains
in the solution with pH values greater than 4.
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Figure 23. Comparison of simulated and experimentally determined metal ion
contributions in an EDTA containing pulp suspensions. Based on Pajarre et al.
(2006)

The application of the Donnan equilibrium within a multiphase Gibbs energy model
has been discussed by, e.g., Pajarre et al. (2016) with practical application within
paper industries in, e.g., Koukkari et al. (2007), Pajarre et al. (2008), Kalliola et al.
(2012), Kangas et al. (2012) and Sundquist (2016).

For cases where the Donnan model alone is not sufficient to describe the interac-
tions of the bound charged groups and mobile ions, an application of a Gibbs energy
minimisation-compatible Donnan model with specific complexation interaction ad-
ded has been presented by Sundman et al. (2008).
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15. Application examples

In order to illustrate the applicability of the presented Pitzer database, practical ex-
amples, a number of computational studies of hydrometallurgical processes were
performed. The key emphasis was to use published data on processes. The chosen
examples were:

e The leaching process for alkaline (soda) ash
e Neutralisation treatment of acidic mine water (AMD)
e Simulation of a mining water sulphate treatment cycle

e Recovery of rare earth compounds from acidic leachate

While the ash and AMD problems typically consist of a limited number of metal cat-
ions, the rare earth recovery process studied was more complicated due to its very
nature of including a large number of both metal cations and their both neutral and
charged hydrocomplexes.

The practical modelling work was conducted by combining i) a flowsheet process
simulator capable of solving mass and energy balances with ii) a thermodynamic
equilibrium solver applicable for modelling the multi-phase chemistry related to
aqueous solutions. A similar approach has been previously applied for the modelling
of the calcium chemistry in pulp and paper industry (Kalliola et al., 2012; Sundquist,
2016) where it has been shown that this methodology is well adapted for large in-
dustrial systems with several multiphase reactors. The basic technique applied here
was a combination of a Balas steady-state process simulator by VTT and ChemApp
by GTT Technologies. Balas is particularly apt for mass and energy balance calcu-
lations (VTT - Technical Research Centre of Finland, 2013), yet its former connec-
tion with the ChemApp multicomponent-multiphase thermochemical engine (Bale et
al., 2002) is used for calculations of thermodynamic equilibrium in several unit pro-
cesses (mixing, flash, separation).

The additional tool used for process modelling was HSC Sim by Outotec Oyj.
While using HSC Sim, the aqua module complemented with the Pitzer activity da-
tabase could be utilised as part of the flow sheet simulation. An aqua module is then
in parallel with the Balas-ChemSheet combination based on the minimisation of
Gibbs free energy and can be used for solving the chemistry of a water solution.

The practical details vary between two process simulation approaches (HSC Sim
vs. Balas/ChemApp), but the general principle of operation is very similar. The typ-
ical operation mode of process simulation is that of sequential equilibrium and dis-
tribution units, as coupled with stream vectors. The stream vector can be defined to
include the same constituents and phases that are used for calculating the thermo-
dynamic equilibrium. Thus, each stream represents a multicomponent entity in the
simulation. The reactors are either distributors (also called splitters or separators)
or true equilibrium reactors. The distributors must include user-defined fractionation
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parameters, while equilibrium reactors will perform Gibbs free energy minimisation
to yield the equilibrium composition. Reactor temperature and pressure are typical
input data for each unit, but may also be calculated from the thermochemical spec-
ifications of the process.

The advantage of the thermodynamic approach in calculation of aqueous pro-
cesses is that by providing the ionic activities, the software can be used for predic-
tive and/or validating pH-calculations for cases, where solubilities and ionic
strengths are known and pH as an independent intensive property can be measured
from different locations of the process. In addition, the measured pH values can be
used as feedback while controlling the chemical dosage of chemicals suitable for
adjusting solution conditions.

15.1 The ash leaching process

The first example of aqueous processes where thermodynamic modelling can be
applied is the ash-leaching process. It is utilised for example in the pulp mills where
the kraft recovery boiler ESP (electrostatic precipitator) ash is treated. The aim is to
remove chlorine and potassium from the ash while simultaneously recycling the so-
dium and sulfur compounds back to the pulping processes. This technology is based
on the solubility of different species. The aim is that potassium and chlorine com-
pounds with higher solubility will dissolve. Compounds containing sodium and sulfur
have lower solubility and they will remain in the solid phase. After the leaching re-
actor, the phases are separated and the solids will be recycled to process while the
bleed is removed from the process. A flowsheet of the ash-leaching process is de-
veloped with an HSC Sim process simulator and is given in Figure 24. The chemical
system applied for this process model is given in Table 3.

Gas 0

Ash leaching

Re-circulation 25.5 Bleed 1250

Slury 2026

Water 1000

Solids out 750

Solid-liquid separation

Figure 24. The ash leaching process for removing chlorine and potassium from the
ESP ash of the recovery boiler while recycling the sodium and sulfur back to
process. Figures are given per 1000 kg of treated water.
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Table 3. Chemical system applied for modelling the ash leaching process.

Gaseous Adqueous Pure

H20(a) H20 NaCl KCI

CO2(a) H*(aq) OH(aq) Na>COs K2CO3

N2(q) Na‘(aq) Cl'(aq) Na2S0s4 K2S04

O2(0) K*(aq) S04?(aq) NaOH KOH

SOs(q) HSO4 (aq) Na2CO3-10H20 NaxCO3:-7H20
COs?(aq) Na>COs-H20 Na>CO3-NaHCO3-2H20
HCOs'(aq) Na:O Na2S04-10H20
CO?(aq) NaHCOs3 Nag(CO3)(S04)2

H2S04

The evaluation of this example is conducted against literature data. The composition
of incoming ESP ash is: Na 30.5%, K 6.1%, Cl 7.7%, SO4 54.3% and CO3 1.5%.
The water-to-ash rate is 1:1 and the recycling rate is 2% (Goncalves et al., 2008).
The liquid content of solids flow is 25% (Larsson, 2012).

The process model built with the HSC Sim process simulator is able to predict the
ash-leaching process with reasonable accuracy (Figure 25). The sodium recovery
rate and potassium removal rate is close to those reported in the literature. There is
more variation in the sulfur recovery rate as well as the chlorine removal rate. The
literature data is obtained from the Aracruz pulp mill (Gongalves et al., 2008) and its
average values during a longer period. The values calculated here with the process
model represent a single operational point of the process. The other possible source
of errors is the dry content of solids flow. If more solution is introduced with the
solids, the removal rates will be decreased.

100 %
90 % <
80% R R
70% 8 8
60%
50% +— S
40%
30% +
20% + —
10% +— =
0% -+
S ‘ Na
Recovery Removal

M (Gongalves et al., 2008)  m Model

Figure 25. The ash leaching process. Literature data is from the Aracruz pulp mill
given as average values Gongcalves et al. (2008).
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The chemical system presented in Table 3 is simplified illustration of the actual
chemical system. For example, the co-precipitation is not included here. In reality,
the compounds such as glaserite and burkeite are present in the ash leaching sys-
tems. In addition, the feasibility of the presented model should also be evaluated in
cases where the potassium or carbonate content of ESP ash is high.

15.2 Neutralisation of acid mine drainage

Acidic mine water effluents form a common problem, both in operating and aban-
doned mining sites. Various techniques of treating such streams either chemically
or biochemically are being developed both in Finland and elsewhere. As the chem-
ical conditions are highly variable on each site, a multicomponent model could be
used to support the choice of alternative treatments.

Geldenhuys et al. (Geldenhuys et al., 2003) have published a three-stage exper-
imental and pilot setup for neutralising acidic, sulphate-containing mine waters in
Upper Olifants River Catchment in the Mpumalanga area of South Africa. Their pilot
plant consisted of treatment of 10 m3/day and was used for on-site treatment of the
mine water. The process consisted of three stages, including 1) Limestone (CaCOs)
neutralisation with CO»-production to raise the pH to 7; 2) lime (Ca(OH),) treatment
to pH 12 for Mg(OH); precipitation and gypsum (CaS04-2H,0) crystallisation; 3) pH
adjustment with CO; recovered from stage 1 and CaCOs3 precipitation. With varying
retention times in stages 1-3, the sulphate level could be reduced from ~3000 mg/I
to close to 1,094 mg/l. The process flowsheet is presented in Figure 26.

LIMESTONE LIME TREATED WATER
>

LIMESTONE
NEUTRALIZA

Co,

CaCO,

Figure 26. Oliphant River AMD treatment (Geldenhuys et al., 2003; INAP, 2003).

According to Geldenhuys et al. the main cations of the Olifants river AMD are Ca*?,
Na*, Mg*? and Mn*2. The respective anions are SO42 and CI". Thus, a thermody-
namic system presented in Table 4 is composed for the modelling of this aqueous
solution.
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Table 4. A chemical system applied for modellingthe acidic mine drainage of Olifants
River. The system applied to HSC is somewhat more limited. Species applied in the
HSC Sim model are marked with *.

Gaseous Aqueous Pure
N2(g)" H.0" burkeite Na:Ca(COz)2:2H20"
CO2(g)" H*(aq)’ OH(aqg)’ Ca(OH)" Na:Ca(SO0a)2
H20(g) " Ca*(aq)’ Cl(aq)’ CaCly' NaCOs"
Mg*3(aq) " COs?(aq)’ CaCOs" NazCO3-10H20"
MgOH*(aq) HCOs(aq)” Cao NazCO3-7H20"
Mn*2(aq) " S04?(aq)’ CaSO4’ Na:CO3-H20"
Mnz(OH)s*(agq)  HSO4(aq)’ CaS04-0.5H.0" Na:CO3-NaHCOs3-2H.0"
Mn.OH*3(aq) MnO2?(aq) CaS04-2H20" Na:COs(beta)
MnHCOs*(aq) MnOzH(aq) | H2SO4" Na:0"
MnHSO.*(aq) Mg(OH)2" NazSO4"
MnOH*(aq) Mg2(OH)2CO3-3H20" Na2SO4(l_Hexag)
Na*(aq)’ MgCl2" NazS04-10H,0"
MgCOs" NazS04(IV)
CO2(aq)’ MgCOs-3H20" NaCl’
CaCOs(aq) MgSO." NaHCOs"
MgCOs(aq) MgS04-7H20" NaOH"
MnO(aq) Mn(OH)2"
MnCOs
MnSO4
"Species applied in HSC Sim model.
CO: osek
L > .
Ca(OH),
\ TR
CaCO,
| Fomzek [—=
F-1.99 kg X X
Olifants River AMD F 1000k Water out
L > < e =] - L

™
Fry ?

? e B LN e
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Figure 27. The BALAS/ChemSheet model of the Oliphant River AMD treatment
process. Figures are given per 1000 kg of treated water.
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Figure 28. The HSC Sim model of the Oliphant River AMD treatment process.
Figures are given per 1000 kg of treated water.

Two process simulators capable of describing aqueous systems software were
used for modelling the Oliphant river AMD: i) The Balas process simulator combined
with the ChemSheet and ii) HSC Sim with an aqueous module. Thermodynamic
equilibrium of aqueous solutions was solved in three stages of the process (lime-
stone, lime and carbon dioxide treatment) in both cases by minimising Gibbs’ free
energy of the aqueous system. The process itself was modelled either with the
BALAS process simulator or HSC Sim-Developed process models are presented
as a flowsheet in Figure 27 and Figure 28.
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Figure 29. Composition of Olifants river AMD before treatment (AMD), after
limestone treatment (159, after lime treatment (2"9), and after CO? treatment (3'9).
Validation data by Geldenhuys et al. (Geldenhuys et al., 2003).
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Input parameters for the process models were i) the composition of Olifants river
AMD and ii) the pH values of the three precipitation stages. The input composition
of the water is presented in Figure 29. The pH value for the 15 limestone stage was
set to 6.0, for the 2™ lime stage 12.3 and 8.5 for the 3@ CO, precipitation stage.
Respective experimental values by Geldenhuys et al. were 7.7, 12.3 and 8.5. The
lower value was applied in the models for the first precipitation stage was due to the
model restrictions: higher pH values than 6.3 were, however, not reachable with the
mere addition of limestone. The charge of three precipitation chemicals, limestone,
lime and CO, were controlled based on the pH value of the corresponding stage.

The compositions of Olifants River AMD before treatment and after three precipi-
tation stages are given in Figure 29. The respective values from both process mod-
els are shown in the same figure. The agreement between the simulation model and
the observed values is satisfactory, in general verifying the assumed equilibrium
process.

Small deviations can be observed for the Mg, Ca and Na. According to
Geldenhuys et al. there is a small fraction of Mg and Na in limestone. This could
result small some variations related to these species. The pH-based charging of
chemicals causes some deviations when two different process models are com-
pared. A somewhat different chemical system and thermodynamic data could also
cause these differences. The pH-based charging of chemicals could also cause a
higher flow of Ca(OH), to the 2nd stage and thus a higher level of Ca at this stage.
The lower pH value at the 1st stage in the model could cause a difference in the
solubility of Mn. Both models give qualitatively good results when modelling the
cleansing of AMD water.

15.3 Talvivaara mine leachate and water treatment

Hietala and Harma (Hietala and Harma, 2012) have described the process of the
metal fractionation and waste water treatment at the Talvivaara nickel mine. The
fractionation of metals from the ore itself is conducted based on biochemical heap
leaching. The collected leachate will be treated with hydrogen sulfide in order to
recover metals, mainly copper, zinc and nickel as respective sulfides. Lime and
limestone are used for the waste water treatment and caustic soda for the pH con-
trol. The design capacity of the metal recovery plant is 1200 m? leachate per hour
corresponding to 24 000 t of nickel annually.

In this study, a four stage process for the recovery of metals and the treatment of
waste water is modelled, see Figure 30. The following stages are included: i) pre-
neutralisation where limestone is applied for the pH control (pH 3.0), ii) the precipi-
tation of nickel and cobalt with hydrogen sulfide at pH 4.0 (caustic soda is applied
for neutralising the formed acid), iii) precipitation of iron with limestone at pH 6.0,
and iv) final neutralisation with lime at pH 10.5.
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Figure 30. BALAS/ChemSheet model of the Talvivaara metal recovery and waste
water treatment. Figures are given per 1000 kg of treated water.

The key cations in the presented process are Ni*?, Co*?, Fe*3, Al*3, Ca*?, Mg*?, Mn*?
and Na*. The respective anions are SO42, OH, and CO3?2. When modelling this
case, the following assumptions are made: Ni*? and Co*? are excluded from the
thermodynamic model and the sulfide precipitation is modelled as stoichiometric
reactions. However, the counter-ion, SO4?, of these species is included for model-
ling the acidity. Iron is modelled as Fe*3. Hietala and Harma reported that there are
both ferric and ferro iron present. However, the actual distribution is not reported.
Thus in the model, it is assumed that all iron is Fe*3 and a modified material prop-
erties of Fe(OH)3 are applied in order to avoid iron precipitation at yearly stages of
the process. Thermodynamic system applied for modelling Talvivaara case is given
in Table 5.

Here again, a combination of Balas and ChemSheet programs were utilised for
modelling the process. The thermodynamic equilibrium of aqueous solutions was
solved in five stages of process with the ChemApp thermodynamic solver. The pro-
cess itself was modelled with the BALAS process simulator and a flowsheet can be
seen in Figure 30.

Composition of the leachate before pre-neutralisation (Hietala and Harma, 2012)
was used as an input composition. In addition, the pH-levels from processing steps
reported in the same literature were used to calculate the chemical dosage to vari-
ous stages where data was available. The input composition and pH set points are
illustrated in Figure 31.

The metals and sulfate concentrations (as mg/l) are reported in Figure 31. Here
all particular metal constituents are considered to be respective ions. Similarly, all
sulfur is reported as sulfate in the solution.
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Table 5. Chemical system applied for modelling Talvivaara leachate and waste wa-

ter treatment.

Gaseous | Aqueous Pure
H20(g) H20 Fe(OH)3 NaxCa(SO4)2
CO2(g) H*(aq) OH(aq) Fez2(S04)s Na.COs3
Fe*(aq) HCOs'(aq) Al(OH)z(amorphous) Na2CO3-10H20
Fe2(OH)."(agq) COs?(aq) Al2(S0O4)3 Na2COs3:7H20
Fe3(OH)4*5(ag) HSOs(ag) | Al(SO4)s-17H20 Na;CO3-H.0
FeO*(aq) S04?(aq) Ca(OH)2 Na.COs-NaHCO3:2H20
FeOH*?(aq) FeO2'(aq) CaCOs Na2S04
Al%(aq) MnO2?%(aq) |CaO NaHCOs3
Al(OH)*(aq) MnOzH(ag) | CaSOa4 NaOH
AlO*(aq) MnOH*(ag) | CaS04-0.5H20 H2S04
Ca+2(aq) CaS04-2H:0 burkeite
Mg+2(aq) Mg(OH)2 MaAH10
MgOH+(aq) Mgz(OH)2C0O3:3H20
Mn*2(aq) MgAI2(SO4)s-22H-0
Mn2(OH)s+(aq) MgCO3
Mn20H*"(aq) MgCO3-3H20
MnHCOs*(aq) MgSOs4
MnHSO4+(aq) MgSOa4-7H20
Na‘(aq) Mn(OH)2
MnO(aq) MnCOs
CO2(aq) AlO2H(aq) MnSO4
CaCOs(aq) MgCOs(aq) | NaxCa(COs)2-2H20

The results of the Talvivaara leachate model show clear agreement with observed
Ca*?, Al*® and SO4? concentrations. The sulfate concentrations are higher at the
beginning of the process as the mass balance reported in Hietala and Harma did
not fully agree. Thus an additional amount of sulfate is used as model input. When
observing the iron concentration, the unwanted early precipitation of Fe*? is avoided
as the formation enthalpy of Fe(OH)s is slightly adjusted when compared to stand-
ard values (e.g., -830 kJ/mol in HSC and -817 kJ/mol in this study). With this adjust-
ment, the behaviour of ferric and ferro iron is fitted into the model. The precipitation
of manganese is occurring earlier in the model than in the real process. An expla-
nation could be the two different oxidation states of manganese, +2 and +3. Even
the Hietala and Harma (2012) report indicated all manganese as Mn*2. The model
further predicts that magnesium will precipitate later at the final process stage, when
the pH is elevated with lime. In the real process, magnesium is constantly precipi-
tating from the aqueous solution. Co-precipitation of magnesium should be studied
in order to evaluate this tendency better. Finally, it can be seen that the sodium
concentration is lower in the model than in the real process. This will also have an
effect on the sulfate concentration after the final stage. In the model, the sodium is
added at the Ni/Co-precipitation for controlling pH. It is obvious that in the actual
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process there might be additional sources of sodium that have not been reported
by Hietala and Harma (2012).
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Figure 31. Composition of Talvivaara leachate before treatment pre-neutralisation
(1%Y, after pre-neutralisation with limestone (2"9), after Ni/Co-precipitation (3'), and
after iron precipitation (4™, and after final neutralisation (5"). Validation data by
Hietala and Harma (2012).

15.4 Models for hydrometallurgical precipitations

Most metal ions form specific stoichiometric compounds once the pH of the solution
exceeds a compound-specific threshold, making it possible to selectively separate
metals by controlling the pH. Thus, the potentiometric fractionation of metals is con-
ventional practice in hydrometallurgy. Combined with multi-component speciation
models, the potentiometric (pH) titration curves may also be used to support a more
detailed understanding of the metal-infused solution and its pH buffering properties,
e.g., inthe presence of various amounts of CO» containing gas in the system (Figure
32).
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Figure 32. Order, identity, and magnitude of precipitates formed during titration
according to ChemSheet simulation. The amount of carbon dioxide in the model has
been adjusted to fit the experimental findings. From Salminen et al. (2015).

As an example of a more challenging multicomponent process, the recovery of rare
earth compounds from an in-situ-leaching system was considered. While the AMD
problems typically consist of a rather simple, 3 or 4-stage pH-dependent precipita-
tion processes with a limited number of metal cations, a rare earth recovery process
that has also been studied is more complicated due to the very nature of its including
a large number of both metal cations and both their neutral and charged hydrocom-
plexes.

Ural Federal University (UrFU) and VTT have performed joint research on the de-
velopment of industrial technologies for the extraction of Rare Earth Elements (REE)
and scandium from phosphogypsum and Uranium ISL leachate solutions
(Mashkovtsev et al., 2016). Leaching-absorption experiments at UrFU have been
supported with a multicomponent solution modelling by VTT. The simulations have
been performed with VTT's ChemSheet and Balas programs.

Thermodynamic equilibrium calculations were used in the model wherever possi-
ble (precipitation-clarification modules). The thermodynamic data system was for
this purpose also extended to include aqueous and solid rare earth (RE) species.
For the adsorption, washing and desorption stages with anion exchange resin how-
ever, the equilibrium approach could not be used and the distribution coefficients
were deduced and applied based on experimental data (Figure 33).
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Figure 33. The process for recovering rare earth compounds. Thermodynamic
model of aqueous suspension applied for the precipitation process steps.

The final stage of the process model contains precipitation of the RE carbonates.
The RE concentrations in the solution before precipitation are typically below 1 mM,
but the sulphate concentrations are around 2 M. The initial model attempt ignored
the RE-sulphate interactions within the Pitzer formalism and was unable to predict
the precipitation behaviour both in laboratory test and in the full extraction model.

With the RE-SO, interactions included (based on Als+/Fes+-SO4? data (Christov,
2004)), the model was able to give a reasonable match for both laboratory experi-
ments on RE carbonate precipitation and within the flowsheet model of the extrac-
tion process. An alternative published parameter set determined for Am3+-SO4% sys-
tem (Rai et al., 1995), but not tested for high concertation solubility calculations,
predicted far lower activity coefficients and did not match the observed RE-CO3z*
precipitation behaviour.

No Pitzer REE parameters REE-SO4 interactions following those of Fe-504
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Figure 34. Effect of the applied Pitzer parameters based on Fe-SO4?* interactions
shown for RE- CO3? precipitation in a sulphate rich solution.

15.5 Summary of application examples
The systems as explained above have been developed for various hydrometallur-

gical and ‘wet cleantech’ applications. The need for improved chemistry and pH
control is common for all these applications, which occur in aqueous media and
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focus on treatment of gases, salts, brines and metalliferous ores. The up-to-date
status of digitalised solubility data (including the values of the necessary activity
parameters) together with the Gibbs free energy solvers allows for the solution of
the ionic state and pH of such systems with reasonable accuracy. Due to their their
rigorous thermodynamic background, the models can be also used for mass and
energy balances and prediction of improved and new chemistry concepts.

The industrial applications range from the control of mine water effluents to metal
management in ion-exchanging pulp suspensions, thus covering both many pro-
cesses in hydrometallurgy as well as those of pulp bleaching and paper-making,
including the lime recirculation. Novel solutions are being developed for the recov-
ery of alkali and sulfur chemicals in both forest and mining industries. A challenging
new field is the application of advanced hydrometallurgical models in both complex
waste water treatment (such as precipitation processes based on usage of alumin-
ium or barium chemicals). In developing hydrometallurgical precipitation processes,
the multicomponent multiphase models may also open new possibilities by provid-
ing additional know-how of pH and redox conditions and serving as a rail-guide for
optional fractionation methods.
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16. Conclusions

Within this report, a basic theory of modelling concentrated aqueous solutions
based on thermodynamic approach is given. For complex industrial solutions ap-
pearing in a variety of pH ranges and in changing temperatures, it is important to
take into account the non-ideality of the solutions to gain reliable results with engi-
neering calculations. The primary emphasis has been given to the well-known Pitzer
formalism for describing the activity coefficients in the concentrated aqueous solu-
tions. An extended database of Pitzer parameters, as collected and assessed dur-
ing ~15 years of research have been enlisted. The distinct feature is the incorpora-
tion of temperature-dependent parameters ranging from 25°C to 95°C. The data-
base then allows for reliable, predictive simulations of the major metal cations com-
monly found in industrial sulphate, carbonate and chloride solutions. The database
can also incorporate solubility data of complex salts and mineral compounds from
selected international geochemical databases.

The data is used in multicomponent reactor modules, which are are connected to
modular process modelling software typically used in chemical and process engi-
neering. Alternative dosage for neutralisation, pH control and solubility controls, as
well as optional connections in a multi-stage hydrometallurgical plant or within a set
of water treatment units, can be simulated with reasonable accuracy. Model-based
experimentation helps to reduce the costs of process development and allows for
significant savings in time and resources when new chemistry options are evalu-
ated. The models thus provide a fast and inexpensive tool for both troubleshooting
and problem solving as well as for developing new economical and environmentally
benign approaches for industrial and mine water management.
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Appendix A: Standard state thermodynamic
values applied

The following gaseous, solid and aqueous species were selected for further ther-
mochemical studies (Tables A.1-A.3). Listed are enthalpy of formation (AfH°) and

entropy (S* )at 298.15 K and coefficients for heat capacity according to equation

cp /(J -mol™) = a; + a,(T/K) + a3 (T/K)? + a,(T/K)~?

The heat capacity is defined piecewise, whit the maximum temperature of each
temperature interval given.

Table A.1. Gaseous species applied in the models. Data sources listed after Table

A.4
AH s Toax a, a, as a, ref
C02(g) -393505.2|  213.77 500 22.22616 0.05620048| -2.252E-05 10489.17|a
H20(g) -241826.8|  188.83 600 3356823 -0.0042007| 1.4761E-05 Ola

Table A.2. Aqueous species applied

in the models. Data sources listed after Table

A4
AH s Tnax a, a, as a, ref
H20 -285830 69.95 372.8 59.69 0.02301 2.4761E-05 5.8702E+05|a
500 16.75 0.06212 9.0391E-05 3.2798E+06
H(+aq) 0 0.00 473.15 0.00 0.00000 0 0.0000E+00|b
OH(-aq) -230034 -10.71 338.15 21021.48 -83.22346 0.09233753 -4.0481E+08|c
388.15 -128.93 2.16371 -0.0046564 -1.9741E+07
Al(+3aq) -530639| -325.10 338.15 18066.96 -71.10274 0.07792527 -3.4889E+08|d
388.15 -2068.64 9.71536 -0.0133607 2.2178E+07
Al(OH)4(-aq) -1501088 109.69 385.15 3616.11 -11.70168 0.01044879 -8.4906E+07 |d
AlO(+aq) -715086| -112.97 338.15 17869.71 -70.96995 0.07912916 -3.4399E+08|d
388.15 662.62 -1.31294 -0.0002043 -3.2509E+07
AlO2H(aq) -951869 20.92 338.15 24110.73 -96.40509 0.10849067 -4.6412E+08|d
388.15 2883.66 -9.96018 0.00947458 -8.4742E+07
AlOH(+2aq) -767032| -184.93 338.15 2788.76 -10.19436 0.01017038 -5.3174E+07|d
388.15 -2245.13 9.56967 -0.0116677 4.3762E+07
Ca(+2aq) -543018 -56.48 338.15 6118.47 -23.91671 0.02597756 -1.1809E+08|c
388.15 -1155.86 5.17737 -0.0067714 1.6937E+07
CaCO3(aq) -1202449 10.46 338.15 16530.20 -66.02373 0.07431378 -3.1782E+08|d
388.15 2020.86 -6.92861 0.00661672 -5.8569E+07
CaSO4(aq) -1425567 84.96 339.82 39079.64| -153.35449 0.16811097 -7.6452E+08|*e
381.48 807.02 0.91130 -0.0067511 -6.6705E+07
Cl(-aq) -167109 56.74 338.15 12174.65 -48.20272 0.05313711 -2.3555E+08|c
388.15 -813.49 4.06356 -0.0060488 2.5141E+06

Al




AH s Tnax a, a, as a, ref
C0O2(aq) -413798 117.57 338.15 -15998.41 64.36728 -0.0724065 3.0997E+08| f
388.15 -1760.84 6.40335 -0.0060317 5.5352E+07
CO3(-2aq) -675307 -50.00 338.15 35506.89| -140.62811 0.15566917 -6.8517E+08|c
388.15 -1002.70 6.59016 -0.0113675 -1.8796E+07
Cu(+2aq) 65722 -97.07 338.15 9874.43 -38.62684 0.04234728 -1.8949E+08|c
388.15 -1034.16 5.16308 -0.0071213 1.1478E+07
Cu(CO3)2(-2aq) | -1284892 -1.79 323.15 80887.89| -319.88162 0.35368387 -1.5598E+09|*g
Cu2(0OH)2(+2aq) -328625 117.56 323.15 61791.56| -243.69949 0.26936829 -1.1886E+09|*g
CuCl(+aq) -98624 -27.24 338.15 -4531.05 18.68685 -0.0215128 8.8444E+07|*g,h
388.15 -1451.82 5.87387 -0.0065395 3.5997E+07
CuCl2(aq) -273764 3.26 338.15 -14578.90 58.66973 -0.0659823 2.8259E+08|*g,h
388.15 -1569.82 5.71565 -0.0053535 4.9855E+07
CuCl4(-2aq) -638288 -77.32 338.15 -21296.15 87.09639 -0.1006261 4.1109E+08|h
388.15 -7712.44 30.30238 -0.0339682 1.8229E+08
CuCO3(aq) -609585 -17.46 323.15 45381.14| -179.25414 0.19801546 -8.7466E+08|*g
CuHCO3(+aq) -624282 35.84 323.15 20153.05 -79.03458 0.08685168 -3.8707E+08|*g
CuHSO4(+aq) -821178 79.43 323.15 20205.36 -81.05076 0.0913442 -3.6862E+08|*g
CuO(aq) -135157 -51.88 338.15 7008.17 -27.52658 0.03041454 -1.3429E+08| *g
388.15 -258.59 1.74839 -0.0027718 -1.4039E+06
Cu02(-2aq) -321758 -96.65 338.15 29779.56| -117.59771 0.12962644 -5.7469E+08| *g
388.15 -1927.24 9.99095 -0.0148491 6.5171E+06
CuO2H(-aq) -361567 1.26 338.15 15421.97 -61.33299 0.06859574 -2.9662E+08|*g
388.15 1004.46 -2.86008 0.00188132 -3.6658E+07
CuOH(+aq) -176319 -25.52 338.15 439.88 -1.23793 0.00090516 -7.4948E+06|*g
388.15 -878.06 3.85344 -0.0046267 1.8672E+07
Fe(+3aq) -35522| -277.40 338.15 15631.60 -61.30745 0.06703376 -3.0132E+08|*d,g
388.15 -2064.96 9.65241 -0.0130413 2.5453E+07
FeO(+aq) -246656 -46.44 338.15 24316.27 -96.91021 0.10849454 -4.6833E+08|*d,g
388.15 1768.49 -5.40595 0.00403031 -6.2324E+07
FeO2(-aq) -429942 44.35 338.15 28267.62| -112.43035 0.12539373 -5.4483E+08|*d,g
388.15 1088.71 -2.38659 4.21E-05 -5.3022E+07
FeOH(+2aq) -278754| -106.27 338.15 10382.41 -40.75364 0.04476936 -1.9964E+08|*d,g
HCO3(-aq) -690004 98.45 338.15 10278.70 -40.40810 0.04450483 -1.9758E+08|c
388.15 -694.34 3.73072 -0.0054574 3.7169E+06
HSiO3(-aq) -1145880 20.92 338.15 15270.31 -60.29759 0.06667373 -2.9401E+08|h
388.15 -540.55 3.42178 -0.005585 -5.1009E+06
HSiO4(-3aq) -1431710| -470.08 330.65 15561.03 -61.27216 0.06790923 -2.9709E+08|*j
363.15 1276.50 -3.10285 0.00129857 -4.1983E+07
HSO4(-aq) -888045 125.52 338.15 5052.30 -19.50123 0.02105615 -9.6684E+07|c
388.15 -1147.82 5.24516 -0.0067421 1.8890E+07
K(+aq) -252139 101.04 338.15 3542.40 -13.93614 0.01553474 -6.7560E+07
388.15 155.79 -0.22845 -7.514E-05 -6.2379E+06
Mg(+2aq) 467328 -138.07| 338.15| 12702.11| -49.86370|  0.05494475| -2.4374E+08|*dg
388.15 -783.67 4.39435 -0.0064847 3.5475E+06

A2




ApH' S Tax a; a, as a, ref
MgCO3(aq) -1132109 -100.42 338.15 15713.62 -62.75064 0.07063114 -3.0206E+08|h
388.15 1926.61 -6.59671 0.00630251 -5.5723E+07
MgOH(+aq) -691556 7091 33815| -481252| 1089917  -0.0230258|  9.3813E+07|*dg
388.15 -1784.88 7.21225 -0.0081055 4.3084E+07
Mn(+2aq) -217982 -67.78 338.15 8815.22 -34.48792 0.03774795 -1.6938E+08|*d,g
388.15 -1056.80 5.11368 -0.0069591 1.2749E+07
Mn2(0OH)3(+aq) -1293454 -383.28 323.15 17809.42 -68.90648 0.07556981 -3.3700E+08 | *i
Mn20H(+3aq) -721794 -267.78 323.15 17690.05 -68.95251 0.07552029 -3.3817E+08| i
MnHCO3(+aq) -907986 54.98 323.15 19093.83 -74.89567 0.08225238 -3.6696E+08|*g
MnHSO4(+aq) -1104882 107.19 323.15 19146.15 -76.91185 0.0867449 -3.4851E+08|*g
MnO(aq) -380858 -10.46 338.15 10267.78 -40.91891 0.04606162 -1.9695E+08|*d,i
388.15 1285.88 -4.33373 0.00414807 -3.6495E+07
MnO2(-2aq) -554679 -63.60 338.15 36309.20( -143.82293 0.15922652 -7.0067E+08|*d,i
388.15 -985.20 6.56991 -0.011423 -2.0067E+07
MnO2H(-aq) -623855 -38.07 338.15 8965.47 -34.93364 0.03797223 -1.7240E+08| *d,i
388.15 -1598.79 7.33033 -0.009614 2.3587E+07
MnOH(+aq) -446045 1.26 338.15 3026.36 -11.64810 0.01269389 -5.7381E+07|*d,g
388.15 -426.28 2.17810 -0.0028883 6.5442E+06
Na(+aq) -240253 58.41 338.15 5932.23 -23.23964 0.02589846 -1.1268E+08|c
388.15 269.84 -0.32404 -0.0001932 -1.0120E+07
Si02(aq) -877699 75.31 338.15 94172.34| -374.47411 0.42123402 -1.8034E+09|f
388.15 11321.81 -37.17900 0.03500177 -3.2167E+08
Si03(-2aq) -1145880 -227.96 330.65 15270.28 -60.29748 0.0666736 -2.9401E+08|*j
363.15 1447.14 -4.00753 0.00222234 -4.7218E+07
SiO4(-4aq) -1431710 -845.32 330.65 15560.20 -61.27055 0.06790968 -2.9706E+08|*j
363.15 1119.94 -2.50415 0.00065506 -3.8817E+07
SO4(-2aq) -909688 18.83 338.15 36717.87| -145.42634 0.16125247 -7.0769E+08|c
388.15 -454.98 459674 -0.0091097 -3.0447E+07
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Table A.3. Solid stoichiometric pure phases applied in the model.
ApH' S | Tpax a; a, as a, ref
Al(OH)3 —1289000 70.00 373 36.00 0.191 0.00 0 k
Al(OH)3(amorphous) —1293500 68.44 700 30.60 0.209786 0.00 0 |
Al(OH)3(mcr) —1281000 70.00 373 36.00 0.191 0.00 0 m
Al2(S04)3 —3440754| 239.30f 1100| 366.31 0.0625926 0.00 —11162910 |l
Al2(S04)3*17H20 —8649453| 714.18 298| 147548.33 —579.194 0.64 —2814514269 [*n
AICI3 —705632| 109.29 465 62.74 0.0912196 0.00 99997.6 a
373| 30141 0.2467641 0.00 —2065639.388
C2AH8 —5433000| 440.00 373| 324.88 0.7835 0.00 0 Kk
C3.5AH12*0.5CaC03 —8270000| 713.00 373| 558.38 1.1631 0.00 0 m
C3AH10*CaCl2 —7795105| 117.80 323| 7378844 —287.0105 031 —1403137439 [*p
C3AH11*0.5CaS04*0.5CaCl{ —8082666 99.61 323| 9741847 —387.0497 043 —1795858250 |*p
C3AH11*CaCO3 —8250000| 657.00 373| 618.00 0.982 0.00 —2590000 m
C3AH12*CaSO4 —8750000{ 821.00 373| 594.00 1.168 0.00 0 m
C3AH32*3CaC03 —16792000| 1858.00 373| 2042.00 0.559 0.00 —7780000 m
C3AH32*3CaS04 —17535000| 1900.00 373| 1939.00 0.789 0.00 0 m
C3AH6 —5540000{ 419.00 373| 292.00 0.561 0.00 0 k
C4AH13 —8302000{ 700.00 373| 576.75 1.1861 0.00 0 k
Ca(OH)2 —984620 83.39 700| 105.29 0.0119453 0.00 —1896607 *a,0
CaCl2 —795797| 104.60| 1045 89.64 —0.03379 0.00 —841820.8 a
CaCO3 —1206921 92.90| 1200 99.67 0.0269659 0.00 —2154342 a
Ca0 —635089 38.07] 3200 49.62 0.0045187 0.00 —694544 a
CaSO4 —1438963 91.98 340| 46505.70 —166.4827 0.17 —1051084142 |**
381| 8233.08 —12.2169 —0.01 —353274135
423| —10301.30 53.03461 —0.07 89977046.69
CaS04*0.5H20 —1573122| 145.10 340| 45683.66 —164.9119 0.17 —1026293799 [*e
381| 7319.30 —10.30929 —0.01 —326480602.4
423| —11144.82 54.624978 —0.07 116113836.5
CaS04*2H20 —2022059| 196.00 800 91.38 0.317984 0.00 0
Cu(OH)2 —394347| 25254 323| 51917.17 —205.0728 0.23 —999110850.9 |*r
CuCI2 —217986| 108.07 675 78.87 0.0057404 0.00 —774876.8 a
CuCO3 —596220 87.86 500 92.05 0.0389112 0.00 —1799120 a
Cuo —156063 4259| 1397 48.60 0.0074266 0.00 —761488 a
CuS04*5H20 —2276515| 301.25 600| 280.96 0.070877 0.00 —1857696 |
Fe(OH)2.7CI0.3 —857396| —129.72 323| 19445.08 —75.70579 0.08 —370394489.6 |*s
Fe(OH)3 —822997| 106.70{ 1000 8551 0.1232397 0.00 —1512098 a
Fe2(S04)3 —2582992| 307.52| 1500| 287.66 0.192715 0.00 —6852555 a
FeCI3 —399405| 14234 577 62.34 0.11506 0.00 0 a
FeCI3*2KCI*H20 —1402210| 2788.00 323| 83648.99 —324.3491 0.36 —1613588550 [*t
FeCI3*6H20 —2223796| 352.33 300 0.00 0 0.00 0 u
H2504 —813989| 156.76 610 75.99 0.2063088 0.00 1845144 a
K2Ca(S04)2*H20 —3165394| 348.97 340| 79099.40 —309.5104 0.34 —1528305874 |*e
381| 2991.97 —2.472543 —0.01 —143243547.1
423| —31599.39 | 119.24386 —0.13 685052465.4
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ApH' S Tax a; a, as a, ref
K2C03 —1150182| 15552 1174 97.93 0.0920815 0.00 —990771.2 a
K2504 —1437710| 17554 857| 368.28 —0.640801 0.00 —8716109 a
KAI(SO4)2*12H20 —6061800| 687.40 364| —640.99 4.336298 0.00 0 |
KCI —436684 82.55| 1044 40.02 0.025468 0.00 364844.8 a
KOH —423400 81.25 298 —1.06 0.405521 0.00 —3500 a
516 53.87 0.051411 0.00 —23500
M4AH10 —7196000| 549.00 373| —200.19 3.9259 0.00 0 m
Mg(OH)2 —924664 63.14 900 11452 —0.017853 0.00 —3022940 a
Mg2(OH)2C03*3H20 —2920612| 232.92( 1000| 296.52 0.1157294 0.00 —3108712 a
MgAI2(S04)4*22H20 —11455620| 980.21 298| 197349.80 —774.7403 0.86 —3764239346 [*n
MgCI2 —641616 89.63 987 79.08 0.0059413 0.00 —861904 a
MgCO3 —1095798 65.70 700 7791 0.0577392 0.00 —1740544 a
MgCO3*3H20 —1977258| 195.64 307| —6588.98 16.31414 0.00 —174608800 |a
MgSO4 —1284869 91.60| 1400 105.27 0.0469529 0.00 —2085306 a
MgS04*7H20 —3388162| 371.30 550 68.41 1.04759 0.00 0 *an
Mn(OH)2 —695000 99.00 398 0.00 0 0.00 0 a
MnCI2 —481290| 11824 923 75.48 0.0132214 0.00 —573208 a
MnCO3 —894100 85.80 700 92.01 0.0389112 0.00 —1962296 a
MnSO4 —1065251| 112.10 973 122.17 0.0373213 0.00 —2945536 |
MnSO4*4H20 —2258105| 271.96 550 76.00 0.6018265 0.00 —18409.6 |
MnSO4*5H20 —2553441| 313.80 550 101.11 0.7542999 0.00 —30961.6 |
MnSO4*7H20 —3139000{ 393.30 550 81.69 1.003491 0.00 —12133.6 |
MnSO4*H20 —1376536| 154.81 550 25.60 0.3769533 0.00 —7531.2 |
Na2Ca(C03)2*2H20 —2658680| 223.40 400| 388.25 0 0.00 0 v
Na2Ca(S04)2 —2813795| 294.24 340| 83318.87 —324.141 0.36 —1686628174 [*e
381| 3516.60 —2.071766 —0.01 —235558983.9 |*e
423| —32654.07 125.36064 —0.13 628242052.9
Na2C0O3 —1129261| 13448 342| 666.52 —1.956415 0.00 1077313947 |**
386| 666.52 —1.956417 0.00 10773129.46
429| 666.52 —1.956419 0.00 10773108.09
Na2C03*10H20 —4086581| 538.64 336| 4727042 —186.6701 0.20 —893351804.6 |**w
373| 961352 —32.26142 0.03 —231432726.5
Na2C03*7H20 —3199036| 423.11 336| 47212.17 —183.9671 0.20 —895112855.5 |*x
373| 8395.70 —25.11352 0.02 —209854068.8
Na2C03*H20 —1428384| 17131 336| 46131.00 —180.2234 0.20 —883891246.3 |**
373| 6170.26 —17.33952 0.01 —172495630.2
Na2C03*NaHCO3*2H20 —2682111| 303.13 398| 270.00 0 0.00 0 a
Na20 —417982 75.04| 1023 66.22 0.0438651 0.00 —813369.6 a
Na2Si03 —1561511| 113.76( 1362| 11345 0.0752241 0.00 —2006646 a
Na2s04 —1387816| 149.60 458 105.57 0.1151813 0.00 —1046000 a
Na2504*10H20 —4329275| 587.69 336| 48470.90 —188.6515 0.21 —915704301 |**w
373| 10210.87 —31.66539 0.03 —244168625.5
Na2504*2Na2C03 —3566705| 672.18 340| 128833.09 —506.1858 0.56 —2503526534 [*y
Na2S04*Al2(S04)3*24H20 | —12040458| 1386.15(298.15| 196630 —771.30 0.8550957| —3744673085.83|*n
NaCl —411120 7213| 1074 57.26 —0.015485 0.00 —378233.6 a
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NaOH —425931| 6443 572| 11864 —0.250973 0.00 —1520047 a
Si02(amorphous) —903000 41 373 47 0.034 0.00 —113E6 m
NaHCO3 —950824| 95.23| 336| 16087.54 —59.15744 0.07 —414333755.3 |z
373| 1665.01 —0.454988 0.00 —156667697.5
Na2C03*NaHCO3*2H20 —2682110| 303.13| 398 169.04 0.37293 0.00 0 *aa
Na2C03*3NaHCO3 —3984030| 43533| 398 19933 059175 0.00 0 *aa
K2C03*1.5H20 —1606520| 205.02| 300( 163.18 0 0.00 0 *1,0
KNaCO3*6H20 —2930680| 370.37| 300 34026 0 0.00 0 **
K2Ca5(S04)6*H20 —8886562| 830.76| 342 22474271 | —884.3297 0.96 —4072964154 |*aa
386| —2426.25 26.301182 -0.07 116917869.7
429]-105944.23| 388.48169 —042 2623402205

* Calculated based on equilibrium coefficient value and data values for other spe-
cies

** Fitted in this study

In MqC,AyH; notation M =MgO; C = CaO; A = Al;03 and H = H,O

References: a) Outokumpu Research (1999); b) definition; c) Shock and Helgeson
(1988); d) Shock et al. (1997); e) Greenberg and Mgller (1989); f) Shock et al.
(1989); g) Martell and Smith (1989); h) Sverjensky et al. (1997); i) Baes and Mesmer
(1986); j) Seféik and McCormick (1997); k) Matschei et al. (2007); I) Outotec
Research (2011); m) Lothenbach et al. (2008); n) Reardon (1988); o) Harvie et al.
(1984); p) THEREDA (AF Colenco et al., 2011); r) Dirkse (1986); s) Biedermann
and Chow (1966); t) Marion et al. (2008); u) Outotec Research (2015); v) Zakir
(2012); w) Marion (2001); x) Kdnigsberger (2001); y) Bialik et al. (2008); z) Carter
et al. (2014); aa) Haynes (2003)
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Appendix B: Pitzer parameters values applied

Given are the type of the interaction, interacting species and coefficients for the
temperature-dependent parameter equation

X=a+b-(T/K)Y+c -In(T/K)+d - (T/K)+e-(T/K)?+ f - (T/K)™2 (67)

The formalism applied is the one supported by the ChemApp ‘PIMZ’ model, where
the a,(v,l))( and a,(;))( parameters (equations (15)-(17)) can be defined for each cation-
anion pair separately.

Table B.1. Applied Pitzer parameters.

type a b c d e f o ref
H(+aq) Al(OH)4(-aq)

B(0) 0.2106 0. 0. 0. 0 0 0]a
H(+aq) Al(OH)4(-aq)

B(1) 0.5320 0. 0. 0. 0 0 2| a
H(+aq) Al(OH)4(-aq)

C(¢) 0.0000 0. 0. 0. 0 0 0]a
H(+aq) Cl(-aq)

B(0) -1338.0300 27509.6 253.062 | -0.774427 0.00039361 0 0lb
H(+aq) Cl(-aq)

B(1) 1.6355 -43.78 -0.2367 | 0.000589 -2.3946E-07 0 2|b
H(+aq) Cl(-aq)

C(¢) 0.4521 -12.9 -0.0815 | 0.000216 -9.4578E-08 0 0lb
H(+aq) HSO4(-aq)

B(0) 52.6981 -954.74 -10.1142 | 0.033388 -1.8144E-05 | -20.377697 0lc
H(+aq) HSO4(-aq)

B(1) 0.2025 0. 0. 0.001601 -2.6846E-06 0 2|¢c
H(+aq) HSO4(-aq)

C(¢) 0.0000 0. 0. 0. 0 0 0lc
H(+aq) SO4(-2aq)

B(0) -250.4766 4602.83 48.761 | -0.173643 0.00010214 | 98.2414229 0lc
H(+aq) SO4(-2aq)

B(1) 0.0000 0. 0. 0. 0 0 2|¢c
H(+aq) SO4(-2aq)

C(¢) -172.5807 314331 33.2993 | -0.109299 5.573E-05 | 67.089763 0lc
Al(+3aq) Cl(-aq)

B(0) -12.3369 2109.39 0. 0.020113 0 0 0ld
Al(+3aq) Cl(-aq)

B(1) 119.1351 -18415.86 0. | -0.173302 0 0 2|d
Al(+3aq) Cl(-aq)

C(¢) 2.9901 -474.57 0. | -0.004708 0 0 0ld
Al(+3aq) SO4(-2aq)

B(0) 0.8540 0. 0. 0. 0 0 0le
Al(+3aq) SO4(-2aq)

B(1) 18.5300 0. 0. 0. 0 0 2| e
Al(+3aq) SO4(-2aq)

C(d) -0.0911 0. 0. 0. 0 0 0]e
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type a d e f o ref
Al(+3aq) SO4(-2aq)

B(2) -500.0000 0. 0. 0. 0 0] 50| e
AlOH(+2aq) | SO4(-2aq)

B(0) 0.8540 0. 0. 0. 0 0 0 | e#
AlOH(+2aq) | SO4(-2aq)

B(1) 18.5300 0. 0. 0. 0 0 2 | e
AlOH(+2aq) | SO4(-2aq)

C(¢) -0.0911 0. 0. 0. 0 0 0 | e#
type a d e f w ref
AlOH(+2aq) | SO4(-2aq)

B(2) -500.0000 0. 0. 0. 0 0| 50 | e#
Ca(+2aq) Al(OH)4(-aq)

B(0) 0.2145 0. 0. 0. 0 0 0]a
Ca(+2aq) Al(OH)4(-aq)

B(1) 2.5300 0. 0. 0. 0 0 2| a
Ca(+2aq) Al(OH)4(-aq)

C(¢) 0.0000 0. 0. 0. 0 0 0]a
Ca(+2aq) Cl(-aq)

B(0) 151.4553 -3666.18 -27.5312 | 0.069163 -2.9409E-05 | -128.76947 0|f
Ca(+2aq) Cl(-aq)

B(1) 3.4787 0. 0. -0.015417 3.1791E-05 0 2| f
Ca(+2aq) Cl(-aq)

C(¢) 56.8529 -1369.49 -10.3381 | 0.025306 -1.0133E-05 | -45.711625 0|f
Ca(+2aq) HCO3(-aq)

B(0) 0.3998 0. 0. 0. 0 0 0lg
Ca(+2aq) HCO3(-aq)

B(1) 2.9775 0. 0. 0. 0 0 2|9
Ca(+2aq) HCO3(-aq)

C(d) 0.0000 0. 0. 0. 0 0 0lg
Ca(+2aq) HSO4(-aq)

B(0) 0.2145 0. 0. 0. 0 0 0lg
Ca(+2aq) HSO4(-aq)

B(1) -0.6014 775.75 0. 0. 0 0 2 | **
Ca(+2aq) HSO4(-aq)

C(¢) 0.0782 -10.82 0. 0. 0 0 0 | **
Ca(+2aq) OH(-aq)

B(0) -0.1747 0. 0. 0. 0 0 0lg
Ca(+2aq) OH(-aq)

B(1) -0.2303 0. 0. 0. 0 0 2|9
Ca(+2aq) OH(-aq)

C(¢) 0.0000 0. 0. 0. 0 0 0lg
Ca(+2aq) OH(-aq)

B(2) -5.7200 0. 0. 0. 0 0] 12|g
Ca(+2aq) SO4(-2aq)

B(0) 0.1500 0. 0. 0. 0 0 0lh
Ca(+2aq) SO4(-2aq)

B(1) 3.0000 0. 0. 0. 0 0]14]h
Ca(+2aq) SO4(-2aq)

C(¢) 0.0000 0. 0. 0. 0 0 0lh
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type a b d f o ref
Ca(+2aq) SO4(-2aq)

B(2) 302335.0499 -13847355.79 -49258.4405 | 60.802794 | -0.00529094 | 630742615 | 12 | h
Cu(+2aq) Cl(-aq)

B(0) 1.1061 0. 0. | -0.002715 0 0 0| fi
Cu(+2aq) Cl(-aq)

B(1) -1.1356 0. 0. 0.008475 0 0 2 | fi
Cu(+2aq) Cl(-aq)

C(¢) -0.0360 0. 0. 0. 0 0 0| fi
type a b d f w ref
Cu(+2aq) SO4(-2aq)

B(0) 15459 0. 0. -0.0044 0 0 0| fi
Cu(+2aq) SO4(-2aq)

B(1) -4.5690 0. 0. 0.0238 0 0] 14 |fi
Cu(+2aq) SO4(-2aq)

C(¢) -1.4267 0. 0. 0.0048 0 0 0| fi
Cu(+2aq) SO4(-2aq)

B(2) 92.6950 0. 0. -0.473 0 0] 12 | fi
Fe(+3aq) Cl(-aq)

B(0) 0.2362 0. 0. 0. 0 0 0]
Fe(+3aq) Cl(-aq)

B(1) -5.3975 0. 0. 0. 0 0 21
Fe(+3aq) Cl(-aq)

C(¢) -0.0080 0. 0. 0. 0 0 0]
K(+aq) Al(OH)4(-aq)

B(0) -0.0003 0. 0. 0. 0 0 0]a
K(+aq) Al(OH)4(-aq)

B(1) 0.1735 0. 0. 0. 0 0 2| a
K(+aq) Al(OH)4(-aq)

C(d) 0.0000 0. 0. 0. 0 0 0]a
K(+aq) Cl(-aq)

B(0) 26.7373 -758.48 -4.7062 | 0.010072 -3.7599E-06 0 0|f
K(+aq) Cl(-aq)

B(1) 113.7748 -2770.66 -20.7006 0.05204 -2.0645E-05 -65.85452 2 | f
K(+aq) Cl(-aq)

C(¢) -3.3052 91.27 0.5864 | -0.001298 4.9567E-07 0 0|f
K(+aq) CO3(-2aq)

B(0) 0.4568 -97.78 0. 0. 0 0 0| *f
K(+aq) CO3(-2aq)

B(1) 2.7329 -387.58 0. 0. 0 0 2 |+
K(+aq) CO3(-2aq)

C(¢) -0.9028 53.76 0. 0. 0 0 0| *f
K(+aq) HCO3(-aq)

B(0) -0.0107 0. 0. 0. 0 0 0|f
K(+aq) HCO3(-aq)

B(1) 0.0478 0. 0. 0. 0 0 2 | f
K(+aq) HCO3(-aq)

C(¢) 0.0000 0. 0. 0. 0 0 0|f
K(+aq) HSO4(-aq)

B(0) -6.6383 123.08 1.3038 | -0.005014 3.3965E-06 | 2.62687678 0]k
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type a d f o ref
K(+aq) HSO4(-aq)

B(1) 538.4625 -9822.46 -104.0563 | 0.347487 | -0.00018278 | -209.64766 2 |k
K(+aq) HSO4(-aq)

C(¢) -0.0093 0. 0. 0.000008 -1.32E-08 0 0|k
K(+aq) OH(-aq)

B(0) 0.2259 -34.15 0. 0.0006 -1.5113E-06 0 0!
K(+aq) OH(-aq)

B(1) 1.1511 -430.34 0. 0.003917 -6.6888E-06 0 311
K(+aq) OH(-aq)

C(¢) -0.0175 6.68 0. | -0.000057 1.3004E-07 0 0!
K(+aq) OH(-aq)

B(2) -7.6210 3298.61 0. | -0.026377 5.26E-05 0] 121
K(+aq) SO4(-2aq)

B(0) 0.2401 147.17 -0.0168 -0.0014 2.0026E-06 | -35409.072 0| m
K(+aq) SO4(-2aq)

B(1) 1.1986 2659.13 -0.1413 | -0.018606 2.9102E-05 | -509707.73 | 14 | m
K(+aq) SO4(-2aq)

C(¢) 0.0354 -11.42 0.0127 | -0.000191 -1.0272E-09 | -279.41192 0| m
Mg(+2aq) Al(OH)4(-aq)

B(0) 0.4746 0. 0. 0. 0 0 0]a
Mg(+2aq) Al(OH)4(-aq)

B(1) 1.7290 0. 0. 0. 0 0 2| a
Mg(+2aq) Al(OH)4(-aq)

C(¢) 0.0000 0. 0. 0. 0 0 0]a
Mg(+2aq) Cl(-aq)

B(0) 0.5761 0. 0. | -0.000932 5.9392E-07 0 0|f
Mg(+2aq) Cl(-aq)

B(1) 2.6014 0. 0. | -0.010944 2.6017E-05 0 2 | f
Mg(+2aq) Cl(-aq)

C(¢) 0.0595 0. 0. -0.00025 2.4183E-07 0 0|f
Mg(+2aq) HCO3(-aq)

B(0) 0.0330 0. 0. 0. 0 0 0|f
Mg(+2aq) HCO3(-aq)

B(1) 0.8498 0. 0. 0. 0 0 2 | f
Mg(+2aq) HCO3(-aq)

C(¢) 0.0000 0. 0. 0. 0 0 0|f
Mg(+2aq) HSO4(-aq)

B(0) 0.4746 0. 0. 0. 0 0 0|f
Mg(+2aq) HSO4(-aq)

B(1) 1.7288 0. 0. 0. 0 0 2 | f
Mg(+2aq) HSO4(-aq)

C(d) 0.0000 0. 0. 0. 0 0 0|f
Mg(+2aq) SO4(-2aq)

B(0) 5.5988 -625.91 -0.0001 | -0.015672 1.5621E-05 | -5.446E-09 0|n
Mg(+2aq) SO4(-2aq)

B(1) 52.6395 -5713.99 0. -0.14798 0.00015761 014 |n
Mg(+2aq) SO4(-2aq)

C(¢) 0.3428 -115.33 0. 0. -9.7798E-07 | 14123.8466 0|n
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type a b d f o ref
Mg(+2aq) SO4(-2aq)
B(2) 82313.3235 -1545667.29 -15958.3006 | 56.400009 | -0.03434689 | -32152.023 | 12 | n
MgOH(+aq) | Cl(-aq)
B(0) -0.1000 0. 0. 0. 0 0 0|f
MgOH(+aq) | Cl(-aq)
B(1) 1.6580 0. 0. 0. 0 0 2 | f
MgOH(+aq) | Cl(-aq)
C(¢) 0.0000 0. 0. 0. 0 0 0|f
type a b d f w ref
Mn(+2aq) Cl(-aq)
B(0) 0.3322 0. 0. 0. 0 0 0|f
Mn(+2aq) Cl(-aq)
B(1) 15146 0. 0. 0. 0 0 2 | f
Mn(+2aq) Cl(-aq)
C(¢) -0.0227 0. 0. 0. 0 0 0|f
Mn(+2aq) SO4(-2aq)
B(0) 0.2130 0. 0. 0. 0 0 0|f
Mn(+2aq) SO4(-2aq)
B(1) 2.9380 0. 0. 0. 0 014 |f
Mn(+2aq) SO4(-2aq)
C(¢) 0.0155 0. 0. 0. 0 0 0|f
Mn(+2aq) SO4(-2aq)
B(2) -41.9100 0. 0. 0. 0 0] 12 |f
Na(+aq) Al(OH)4(-aq)
B(0) -647.0273 15569.21 117.9626 | -0.296671 0.00012605 | 290.032804 0| op
Na(+aq) Al(OH)4(-aq)
B(1) 2978.5015 -73326.1 -540.2536 1.322168 -0.000544 -1220.411 2| op
Na(+aq) Al(OH)4(-aq)
C(¢) 324.8952 -7784.98 -59.2547 | 0.149111 -6.3351E-05 | -145.66092 0| op
Na(+aq) Cl(-aq)
B(0) 38.3261 -1080.87 -6.7522 |  0.014557 -5.5652E-06 | -9.0812334 0|f
Na(+aq) Cl(-aq)
B(1) 79.6136 -1949.93 -14.4138 |  0.035231 -1.3237E-05 | -44.320823 2 | f
Na(+aq) Cl(-aq)
C(¢) -6.1130 162.93 1.0958 | -0.002577 1.0428E-06 | 3.62065527 0|f
Na(+aq) CO3(-2aq)

qrs
B(0) 46.1224 -2516.71 -6.5134 | -0.007476 1.2146E-05 | 54714.9693 0| #
Na(+aq) CO3(-2aq)

qrs
B(1) 5.8288 6801.35 -3.7068 | 0.019316 -3.7083E-06 -1017024 2 | #
Na(+aq) CO3(-2aq)

qrs
C(¢) 1.1205 -239.67 0.0309 | -0.003316 3.0106E-06 | 20751.8813 0| #
Na(+aq) HCO3(-aq)
B(0) -37.2622 682.89 6.8996 -0.01446 0 0 01s
Na(+aq) HCO3(-aq)
B(1) -61.4627 1129.39 11.4109 -0.02447 0 0 2 |s

BS




type a d f o ref
Na(+aq) HCO3(-aq)

C(¢) 0.0000 0. 0. 0. 0 0 01s
Na(+aq) HSO4(-aq)

B(0) 0.0312 0. 0. 0.000284 -4.7599E-07 0 0lc
Na(+aq) HSO4(-aq)

B(1) 226.7599 -4135.64 -43.8117 |  0.148045 -7.9873E-05 -88.26976 2|¢c
Na(+aq) HSO4(-aq)

C(¢) -0.0067 0. 0. 0.000007 0 0 0lc
Na(+aq) OH(-aq)

B(0) 168.1500 -4353.01 -30.0747 | 0.067359 -2.4673E-05 0 0|b
type a d f W ref
Na(+aq) OH(-aq)

B(1) 462.7600 -10292.1 -85.9397 | 0.238996 | -0.00010793 0 2|b
Na(+aq) OH(-aq)

C(¢) -11.9195 313.37 2.1328 | -0.004831 1.8088E-06 6.19904 0|b
Na(+aq) SO4(-2aq)

B(0) 1.3104 215.52 0.0301 | -0.005991 6.0014E-06 | -86177.664 0| m
Na(+aq) SO4(-2aq)

B(1) 1.9604 1821.92 -0.0108 -0.01749 2.4768E-05 | -377168.37 | 14 | m
Na(+aq) SO4(-2aq)

C(¢) -0.0121 -89.86 0.0033 | 0.000531 -7.2823E-07 | 18913.6192 0| m
H(+aq) K(+aq)

0 0.0050 0. 0. 0. 0 0 0|f
H(+aq) Mg(+2aq)

6 0.1000 0. 0. 0. 0 0 0lg
H(+aq) Mn(+2aq)

6 0.0899 0. 0. 0. 0 0 0|t
H(+aq) Na(+aq)

6 0.0360 0. 0. 0. 0 0 0|t
OH(-aq) SO4(-2aq)

6 -0.0130 0. 0. 0. 0 0 0lg
Al(+3aq) H(+aq)

6 0.1791 0. 0. 0. 0 0 0ld
Al(+3aq) K(+aq)

6 -1.2691 0. 0. 0. 0 0 0ld
Al(+3aq) Na(+aq)

6 0.1323 0. 0. 0. 0 0 0ld
Al(OH)4(-

aq) OH(-aq)

6 0.0140 0. 0. 0. 0 0 olp
Ca(+2aq) H(+aq)

6 0.0920 0. 0. 0. 0 0 0lg
Ca(+2aq) K(+aq)

6 0.5752 -171.48 0. 0. 0 0 0 | **
Ca(+2aq) Mg(+2aq)

6 0.0070 0. 0. 0. 0 0 0lg
Ca(+2aq) Na(+aq)

6 0.0962 0. 0. 0. 0 0 0 | **
Cl(-aq) CO3(-2aq)

0 -0.0200 0. 0. 0. 0 0 0lg
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type a b c d e f ref
Cl(-aq) HCO3(-aq)

6 0.0359 0. 0. 0. 0 0 q
Cl(-aq) HSO4(-aq)

6 -0.0060 0. 0. 0. 0 0 g
Cl(-aq) OH(-aq)

0 -0.0500 0. 0. 0. 0 0 q
Cl(-aq) SO4(-2aq)

0 0.0297 0. 0. 0. 0 0 **
C0O3(-2aq) HCO3(-aq)

6 -0.0400 0. 0. 0. 0 0 g
type a b c d e f ref
CO3(-2aq) OH(-aq)

6 0.1000 0. 0. 0. 0 0 g
C0O3(-2aq) S04(-2aq)

0 0.0200 0. 0. 0. 0 0 g
HCO3(-aq) SO4(-2aq)

6 0.0100 0. 0. 0. 0 0 g
HSO4(-aq) SO4(-2aq)

6 -228.3010 4126.9 437192 | -0.135999 6.5139E-05 | 88.0832821 c
K(+aq) Mg(+2aq)

6 0.0000 0. 0. 0. 0 0 b
K(+aq) Na(+aq)

0 -0.0120 0. 0. 0. 0 0 b
Mg(+2aq) Na(+aq)

6 0.3894 0. 0. -0.00089 0 0 u
Mn(+2aq) Na(+aq)

6 0.0907 0. 0. 0. 0 0 t
H(+aq) K(+aq) Cl(-aq)

U] -0.0070 0. 0. 0. 0 0 b
H(+aq) K(+aq) HSO4(-aq)

U] -0.0265 0. 0. 0. 0 0 g
H(+aq) K(+aq) SO4(-2aq)

U] 0.1970 0. 0. 0. 0 0 g
H(+aq) Mg(+2aq) | C(-aq)

U] -0.0006 0. 0. 0. 0 0 t
H(+aq) Mn(+2aq) Cl(-aq)

U] -0.0092 0. 0. 0. 0 0 t
H(+aq) Na(+aq) Cl(-aq)

U] -0.0040 0. 0. 0. 0 0 b
H(+aq) Na(+aq) HSO4(-aq)

U] -0.0129 0. 0. 0. 0 0 g
OH(-aq) SO4(-2aq) K(+aq)

U] -0.0500 0. 0. 0. 0 0 g
OH(-aq) SO4(-2aq) Na(+aq)

U] -0.0090 0. 0. 0. 0 0 g
Al(+3aq) Ca(+2aq) SO4(-2aq)

U] 0.0300 0. 0. 0. 0 0 e
Al(+3aq) Cu(+2aq) SO4(-2aq)

U] 0.0350 0. 0. 0. 0 0 e
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type a b ref
Al(+3aq) H(+aq) Cl(-aq)

U] -1.2691 183.33 0. 0.002172 d
Al(+3aq) K(+aq) Cl(-aq)

U] 29.8247 -667.12 -5.4357 0.010954 d
Al(+3aq) Mg(+2aq) SO4(-2aq)

U] 0.0300 0. 0. 0. e
Al(+3aq) Na(+aq) Cl(-aq)

] -1.1059 157.98 0. 0.001714 d
Al(OH)4(-aq) OH(-aq) K(+aq)

U] -0.0048 0. 0. 0. p
type a b ref
Al(OH)4(-aq) OH(-aq) Na(+aq)

U] -0.0048 0. 0. 0. p
Ca(+2aq) H(+aq) Cl(-aq)

U] -0.0150 0. 0. 0. g
Ca(+2aq) K(+aq) Cl(-aq)

U] 0.0476 -27.08 0. 0. h
Ca(+2aq) K(+aq) SO4(-2aq)

U] 0.0000 0. 0. 0. b
Ca(+2aq) Mg(+2aq) Cl(-aq)

U] -0.0120 0. 0. 0. b
Ca(+2aq) Mg(+2aq) SO4(-2aq)

U] 0.0500 0. 0. 0. b
Ca(+2aq) Na(+aq) Cl(-aq)

U] -0.0030 0. 0. 0. h
Ca(+2aq) Na(+aq) SO4(-2aq)

U] 0.0267 -23.45 0. 0. **
Cl(-aq) CO3(-2aq) K(+aq)

U] 0.0040 0. 0. 0. g
Cl(-aq) CO3(-2aq) Na(+aq)

U] 0.0085 0. 0. 0. g
Cl(-aq) HCO3(-aq) Mg(+2aq)

U] -0.0960 0. 0. 0. g
Cl(-aq) HCO3(-aq) Na(+aq)

U] -0.0143 0. 0. 0. q
Cl(-aq) HSO4(-aq) H(+aq)

U] 0.0130 0. 0. 0. g
Cl(-aq) HSO4(-aq) Na(+aq)

U] -0.0060 0. 0. 0. g
Cl(-aq) OH(-aq) Ca(+2aq)

U] -0.0250 0. 0. 0. g
Cl(-aq) OH(-aq) K(+aq)

U] -0.0060 0. 0. 0. g
Cl(-aq) OH(-aq) Na(+aq)

U] -0.0060 0. 0. 0. q
Cl(-aq) SO4(-2aq) Ca(+2aq)

U] -0.0180 0. 0. 0. h
Cl(-aq) SO4(-2aq) Cu(+2aq)

U] 0.0234 0. 0. 0. t
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type a b d e f ref
Cl(-aq) SO4(-2aq) K(+aq)

U] 0.0000 0. 0. 0. 0 0 b
Cl(-aq) SO4(-2aq) Mg(+2aq)

U] -0.0040 0. 0. 0. 0 0 b
Cl(-aq) SO4(-2aq) Na(+aq)

U] -0.0049 0. 0. 0. 0 0 h
CO3(-2aq) HCO3(-aq) K(+aq)

U] 0.0120 0. 0. 0. 0 0 g
CO3(-2aq) HCO3(-aq) Na(+aq)

U] 0.0020 0. 0. 0. 0 0 g
type a b d e f ref
CO3(-2aq) OH(-aq) K(+aq)

U] -0.0100 0. 0. 0. 0 0 g
CO3(-2aq) OH(-aq) Na(+aq)

U] -0.0170 0. 0. 0. 0 0 g
CO3(-2aq) SO4(-2aq) K(+aq)

U] -0.0090 0. 0. 0. 0 0 g
CO3(-2aq) SO4(-2aq) Na(+aq)

U] -0.0050 0. 0. 0. 0 0 g
Cu(+2aq) Na(+aq) Cl(-aq)

U] -0.0129 0. 0. 0. 0 0 t
Cu(+2aq) Na(+aq) SO4(-2aq)

U] -0.0235 0. 0. 0. 0 0 t
HCO3(-aq) SO4(-2aq) Mg(+2aq)

U] -0.1610 0. 0. 0. 0 0 g
HCO3(-aq) SO4(-2aq) Na(+aq)

U] -0.0050 0. 0. 0. 0 0 g
HSO4(-aq) SO4(-2aq) K(+aq)

U] -0.0677 0. 0. 0. 0 0 g
HSO4(-aq) SO4(-2aq) Mg(+2aq)

U] -0.0425 0. 0. 0. 0 0 g
HSO4(-aq) SO4(-2aq) Na(+aq)

] 19.1644 -346.41 -3.6698 0.011425 -5.4555E-06 -7.393723 c
K(+aq) Mg(+2aq) | C(-aq)

U] -0.0220 0. 0. 0. 0 0 b
K(+aq) Mg(+2aq) SO4(-2aq)

U] -0.0480 0. 0. 0. 0 0 b
K(+aq) Na(+aq) Cl(-aq)

U] -0.0018 0. 0. 0. 0 0 b
K(+aq) Na(+aq) CO3(-2aq)

U] 0.0048 0. 0. 0. 0 0 g
K(+aq) Na(+aq) HCO3(-aq)

U] -0.0030 0. 0. 0. 0 0 g
K(+aq) Na(+aq) SO4(-2aq)

U] -0.0100 0. 0. 0. 0 0 b
Mg(+2aq) MgOH(+aq) | Cl(-aq)

U] 0.0280 0. 0. 0. 0 0 g
Mg(+2aq) Na(+aq) Cl(-aq)

U] -0.0290 0. 0. -0.00001 0 0 u
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type a b c d e f o ref
Mg(+2aq) Na(+aq) SO4(-2aq)

U] -0.0150 0. 0. 0. 0 0 1]b
Mn(+2aq) Na(+aq) Cl(-aq)

U] -0.0190 0. 0. 0. 0 0 1]t
C0O2(aq) Ca(+2aq)

A 0.0510 0. 0. 0. 0 0 0lg
C0O2(aq) Cl(-aq)

A -0.0050 0. 0. 0. 0 0 0lg
C0O2(aq) H(+aq)

A 0.0000 0. 0. 0. 0 0 0lg
type a b c d e f w ref
C0O2(aq) HSO4(-aq)

A -0.0030 0. 0. 0. 0 0 0lg
C0O2(aq) K(+aq)

A 0.0510 0. 0. 0. 0 0 0lg
C0O2(aq) Mg(+2aq)

A 0.1830 0. 0. 0. 0 0 0lg
C0O2(aq) Na(+aq)

A 0.1000 0. 0. 0. 0 0 0lg
C0O2(aq) SO4(-2aq)

A 0.0970 0. 0. 0. 0 0 0lg

* Calculated based on equilibrium coefficient value and data values for other spe-
cies

** Fitted in this study

# Fitted as a linear combination of the listed values

a) Reardon (1990); b) Pitzer (1986); ¢) Holmes and Mesmer (1994); d) Christov et
al. (2007); e) Reardon (1988); f) Pitzer (1995); g) Harvie et al. (1984); h) Greenberg
and Mgller (1989); i) Silvester and Pitzer (1978); j) Haméalainen et al. (1991); k)
Holmes and Mesmer (1996); I) Li and Pitzer (1996); m) Holmes and Mesmer (1986);
n) Phutela and Pitzer (1986); o) Caiani et al. (1989); p) Wesolowski (1992); q) Peiper
and Pitzer (1982); r) Konigsberger (2001): s) Carter et al. (2014); t) Kim and
Frederick (1988); u) Hernandez-Luis et al. (1997)
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Appendix C: The data for non-stoichiometric
burkeite phase

Table C.1. Data for non-stoichiometric burkeite phase.

ApH' S° | Tpax a; a, as a, ref
Na2s04 -1387599|150.16 600 99.10| 0.138260096 0.00 -901906.7659(a
Na2C0O3 -1129261|134.48 342 666.52| -1.956414919 0.00 10773139.47|**
386 666.52| -1.956416818 0.00 10773129.46
429 666.52| -1.956419013 0.00 10773108.09

** Fitted in this study

a) Outokumpu Research (1999)

The phase was modelled as a regular solution with an interaction energy
G® = —8300(J - mol™1) - x;x,
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Appendix D: A kinetically constrained CaCO3
precipitation model

As an example of a kinetically controlled precipitation system a model for CaCO3
formation in aqueous lime milk solution was constructed. The experimental system
consists of a tubular reactor, to which CO»-gas is first injected at ca 3 bar pressure,
followed by the feed of lime milk as aqueous Ca(OH): slurry, schematically illus-
trated in Figure D1 (left).

04 14
oos-rz—” e
_E 0.06 A 1 AICac03 mol
kb al mol
3 J ) T I PH (3.3 bar)
G o004 o Exp_l
Ca(OH), o ‘ 6
l Flash mixing No reaction 002
-
Water — Tr—> Reactiontube =5 =) ot 2
0 025 05 075 1
T O, (gas) Product PCC titr

Figure D1. The schematic of in-line PCC reactor (left). Measured pH-values with
model curves for pH and PCC formation in terms of dimensionless reaction time

(right).

With a close to stoichiometric feed of CO, and Ca(OH),the reaction is instantaneous
producing precipitated calcium carbonate (PCC) and its progress can be followed
in the reactor e.g. by direct pH-measurement, with pH transmitters situated in sub-
sequent axial positions (experimental points shown in Figure D1 right). Assuming
ideal mixing and plug flow a 1-dimensional model for the system was constructed
and validated against the measured pH-values, which will vary from the original near
neutral to pH ~ 12 at maximum and finally close to neutral again when all reactants
have been consumed. The reaction sequence can be assumed as follows:

Ca(OH), < Ca?*(aq) + 20H(aq) (DA)
C0,(g) > CO,(aq) (DB)
C0,(aq) + 20H (aq) <> C0Z~(aq) + H,0 (DC)
Ca?*(aq) + C0Z™(aq) < CaC0O3(aq) (DD)
CaC03(aq) - CaCO0s(s) (DE)

It is a viable assumption that the reactions which involve phase change appear as
rate determining, while the solvent-solute reactions often can be assumed to be in
mutual (local) equilibrium. When reactions (DA) and (DE) are assumed to be the
rate determining steps (denoted below as 1 and 2), it is necessary to define their
rate equations which then are applicable in the respective kinetically constrained
multiphase model. The formal rate equations are
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. = k1a(CO,(g)) [1 - 1%] = k,a(C0,(g)) [1 - AlllfT] (D1)
r, = ky,a(CaC05(aq) [1 - 1%] = k,a(CaC05(aq) [1 - AZI/fT] (D2)

with the two adjustable rate parameters ki and kz, while all other terms on the right
hand side can be received from the thermodynamic model. Then a(CO,(g)) and
a(CaC05(aq)) denote the activities of gaseous CO, and aqueous CaCO; complex,
respectively and Qi and Ki are the reaction quotients and equilibrium constants for
reactions (b) and (e) as defined by their non-equilibrium and equilibrium activities in
the system. The expressions on the right hand side are further written in terms of
the affinities (4; and A,) for the two reactions, respectively. As the affinities of the
reactions can be received from the activities of the reactants and products by defi-
nition, the advantage of the thermodynamic method is then that the affinity of the
non-equilibrium reactions can be followed during the course of the overall reaction
path.

The constraining of these two reactions in the multicomponent Gibbs'ian model
system is described in the stoichiometric C™ matrix below:
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Immaterial constraints have been set for the CO- in the gas phase as reactant and
for the CaCOs3 precipitate as a product. The reaction advancements are then con-
trolled by calculating incremental input (in molar units) for both the reactant and
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product and introducing these increments sequentially to the Gibbs energy minimi-
sation calculation. The molar increments are given as AN[R(-1)] = r; - At and as
AN[R(+2)] = r, - At, respectively. The cumulative amount of consumed reactant
and formed product is then straightforward to calculate from each increment.

It may be noted that the reaction rates and thus the increments themselves are
dependent on the changing activities as function of time. As both constituents have
been included in the thermodynamic system also as aqueous neutrals the activities
of CO2(g) and CaCOs(aq) as well as the respective reaction quotients (Q1 and Q)
are calculated for each sequential step and thus the discretised model can be based
on their subsequent values and the equilibrium constants (K; and K3). All other re-
actions between the constituents defined in matrix (D3) are assumed to be in mutual
equilibrium) in the multiphase model. These fast reactions then necessarily include
the reactions between various solute species, which represent the key factors in the
key observables, which are the axial pH change and formation of solid CaCOs in
the reactor. The curves in figure X (right) have been received by fitting the two rate
parameters (k; and kz) to the multicomponent model by using the measured points
shown. The 2-reaction plug flow model indicates both the pH 'hump’ and CaCOs;
conversion rate in fair agreement with experiments. Then, these reaction rates can
be used for further predictive studies with different reactant feed rates and reactor
dimensions (Koukkari et al., 2011).

From Figure D2, it is evident that the overall precipitation reaction is all but finished
at t/tr ~1, i.e. when the allowed length of the reactor tube has been fully utilised. Yet,
the as the pH has not stabilised fully, some reaction may further continue outside
the reactor zone, which may cause undesired fouling of the downstream process
equipment while operated in-line (http://www.wetend.com/admin/media/Newslet-
ter_2013.pdfn). To prevent such malfunction, an additional feed of antiscalant can
be used, as predicted by the affinity curve of Figure D2.

3
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0 2 . i
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time (t/tr)
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Figure D2. Calculated effect of added anti-scalant on precipitation conversion and
pH-curve with equal inputs as in figure X (left). Results from a pilot experiment with
and without anti-scalant (A and B, respectively, right?).

Assuming ideal mixing of the chemical used as an anti-scalant and added into the
end section of the reactor tube (levelled range of the conversion curve) a set of

2 Courtesy of WetEnd Technologies, http://www.wetend.com
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calculations were made to support experimentation. A typical result is shown in Fig-
ure D2 (left). In the calculation an abrupt decrease of pH to a stable value of ca.
6.8 is received while the affinity of the precipitation reaction drops to zero (reaction
rate rp = 0), due to the injection of the anti-scalant. The model prediction was then
used to design pilot tests. The anti-scalant composition was added in the final sec-
tion of the reactor tube with its feed positioned to the ‘flat’ area of the conversion
curve with efficient flash mixing. The sampling tubes were positioned just outside
the allowed reaction zone to follow formation of undesired precipitate. While the
solvent-solute reactions of the anti-scaled system are very fast and allow the level-
ling of pH, they also lead to cessation of the precipitation reaction, which is also
confirmed with the affinity calculation.
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Industrial and mine water chemistry
Advanced aqueous database for modelling industrial
processes
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Solubility data and titration curves provide the basic instruments
for hydrometallurgical practice and industrial water management.
As a rule, the data is interpreted in terms of solubilities of
stoichiometric electrolytes as well as in the form of pH — Eh-
dependent stability diagrams for stoichiometric compounds.

While such predictions provide a practical tool for experimental
and laboratory work, their accuracy is not good enough for such
multicomponent solutions that one encounters in industrial
practice. For complex industrial solutions appearing in a variety of
pH ranges and in changing temperatures, it is important to take
into account the non-ideality of the solutions to gain reliable results
with engineering calculations. VTT has collected ionic interaction
(activity) data for over 15 years. The database allows for reliable
predictive simulations of the metal cations most commonly
occurring in aqueous sulphate, carbonate and chloride systems,
thus effectively serving industrial needs in mining and
hydrometallurgy as well as in chemical and pulp-making
processes.
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The complex calculation is made easy in VTT's ChemSheet
software, which can be used in Microsoft's Excel. The models then
provide a fast and inexpensive tool for both troubleshooting and
problem solving as well as for developing new economical and
environmentally benign approaches for industrial and mine water
management.
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