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H I G H L I G H T S

• A dynamic model of forsterite carbonation is presented.

• Nonideal thermodynamics of gas, liquid, and solid phases are considered.

• Discretized population balance with nucleation and growth.

• High index DAE with equilibrium and non-equilibrium reactions is reformulated.

• Evaluation of reaction conditions and future considerations in modeling carbonation.
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A B S T R A C T

Mineral carbonation is a promising method to sequester large amounts of carbon dioxide and to produce value-
added substitutes for the cement, paper, and plastic industries. In understanding carbonation reaction me-
chanisms in batch operation, dynamic models play a crucial role, and they allow to evaluate the effects of
important process quantities such as temperature, pressure, particle size of solid phases and additives on reaction
kinetics. We develop a mechanistic, dynamic forsterite carbonation model that accounts for gas, liquid, and
multiple solid phases. In this model, gas-liquid and dissociation equilibria and surface-controlled reactions be-
tween solids and liquid phase are based on nonideal thermodynamics. We account for particle size distribution of
raw material and product phases by formulating population balances considering nucleation and growth of
particles. We model gas and liquid phases each as a homogeneous phase and we use isopotential conditions to
describe equilibrium. The resulting high index system of differential and algebraic equations (DAE) is re-
formulated to obtain a DAE of differential index 1. Model predictions qualitatively match experimental data
taken from literature and thus, we can quantify influences of key process conditions by simulation.

1. Introduction

In mineral carbonation processes, carbon dioxide (CO2) can be se-
questered by binding CO2 to alkaline earth metals, e.g., to magnesium
or calcium bearing minerals [1]. The reaction is spontaneous ( <GΔ 0r )
and the product stable. Abundant mineral deposits enable large-scale
mineral carbonation for significant sequestration of anthropological
carbon emissions [2,3]. Furthermore, tailor-made mineral carbonation
processes may produce value-added substitutes and filling materials for
the cement, plastic, and paper industries [4,5]. Therefore, this method
may contribute to the reduction of the anthropological carbon footprint
while supplying industry with value-added products.

Accelerated carbonation of minerals occurs by dissolving mineral
feedstock and CO2 in an aqueous solution, and precipitating mineral

carbonates at increased temperature and pressure [6]. The dissociation
of dissolved species, e.g., of CO2 into bicarbonate ( −HCO3 ) and carbo-
nate ( −CO3

2 ), and interactions of the liquid phase with gas and solid
phases result in a complex reactive multi-phase system. Additionally,
additives such as dissociating acidic and alkaline substances strongly
influence the reaction system by changing pH and dissolution/pre-
cipitation mechanisms on the surface of solid phases [7].

Experimentally, two setups have been investigated, namely direct
and indirect carbonation [6]. In direct carbonation, dissolution and
precipitation take place simultaneously in a single reactor [8–11]. In
contrast, indirect carbonation refers to spatially-separated dissolution
of feedstock material from precipitation [12,13]. The separation allows
adjusting reaction conditions for each reaction step to fit the respective
purpose, whereas direct carbonation benefits from lower complexity.
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Herein, we focus on direct mineral carbonation and propose a dynamic
model with the aim to examine important mechanisms and derive op-
timal operating conditions.

Several approaches exist to mechanistically model the interaction of
aqueous systems with gas and solid phases. With high rates of gas-liquid
and dissociation reactions, a common approach assumes gas and liquid
species to be at chemical equilibrium. The rigorous criterion for equi-
librium is global minimum of Gibbs free energy, which is challenging to
implement [14–16]. Thus, isopotential is typically used to calculate the
equilibrium; this is a necessary-only equilibrium criterion [17]. Even
isopotential equations are sometimes difficult to solve because of dif-
ferent orders of magnitudes of the equilibrium, and nonlinearity due to
nonideal thermodynamics. A common method is to calculate iso-
potential by the use of temperature-dependent equilibrium constants
K T( )eq given in multiple databases, as applied in PHREEQC [18]. Gibbs
Free Energy Minimization Software (GEMS) applies a different ap-
proach, which locally minimizes Gibbs free energy for equilibrium
calculation [19]. Commercial process modeling tools such as dis-
tributed by OLI Systems [20] contain built-in thermodynamic models
for complex electrolyte systems, that are used to simulate entire flow-
sheets with interfaces to other process engineering software such as
Aspen Plus [21] and gPROMS [22]. However, to theoretically in-
vestigate mineral carbonation, which is experimentally operated in
batch mode, dynamic simulation is necessary. The available commer-
cial tools do not allow dynamic simulation with incorporation of par-
ticle size information and mole balances.

The open literature provides a limited number of mechanistic, dy-
namic models describing mineral carbonation. Na et al. develop a
mechanistic model for the carbonation of calcium hydroxide at ambient
conditions and up to a temperature of 70 °C with simplistic thermo-
dynamic models [23]. Oliver et al. formulate a mechanistic model with
focus on gas-liquid mass transfer to describe serpentinite carbonation
and include thermodynamic data from PHREEQC [24]. Besides dy-
namic modeling, mainly calculations of phase equilibria with partial

incorporation of dissolution reactions of raw material in PHREEQC and
other software tools are considered [25–29]. The publication of Pan
et al. gives an overview on reaction mechanisms and phenomenological
modeling approaches in CO2-mineral-water systems, but the authors do
not apply them to a mineral carbonation process [30]. The recent work
of Wang et al. provides a thorough experimental study of different
process conditions at moderate pressures ( <p 45 bar). They propose an
empiricial correlation of mineral carbonation efficiency with different
process conditions, i.e., temperature, pressure, particle size and addi-
tion of NaHCO3 and NaCl [10,11]. They find a stoichiometric dissolu-
tion of feedstock particles at increased partial pressure of CO2 and in-
creased addition of sodium salts.

We propose a dynamic mechanistic model of direct carbonation of
forsterite, that incorporates effects of pressure, temperature, additives,
and particle size of solid phases including nucleation and growth.
Forsterite constitutes a good substitute for widely available olivine as it
contains roughly 80 mol-% of forsterite [31]. Olivine shows a similar
carbonation potential as serpentine as pointed out by Ostovari et al.
who investigate different reaction pathways for olivine and serpentine
in a state-of-the-art scenario [32]. The choice of olivine further allows
to disregard the influence of heat pretreatment, which is necessary for
the use of serpentine as feedstock. In our model, we use general species
mole balances that may be adapted to different mineral carbonation
case studies with alternative feedstock. The model is based on detailed
thermodynamics of gas, liquid and solid phases [33–39]. The model is
presented in Section 2. Parameter values for incorporated thermo-
dynamic models to describe phase interaction are taken from literature
[40,37,41–44] and evaluated in Section 3. In Section 4, we demonstrate
the model’s applicability based on a comparison with experimental data
[8,10,11] and we close with concluding remarks in Section 5.

2. Carbonation model

First, we present the model structure, which is based on the

Nomenclature

DAE System of differential and algebraic equations
DE Dissociation equilibrium
GLE Gas-liquid equilibrium
HKF Helgeson-Kirkham-Flowers
KKT Karush-Kuhn-Tucker
NE Non-equilibrium
ODE Ordinary differential equation
PBE Population balance equation
PDE Partial differential equation
PR Peng-Robinson
PSD Particle size distribution
f Final
0 Initial
C Critical nucleus
DE Dissociation equilibrium
eq Equilibrium
G Gas
GLE Gas-liquid equilibrium
init Initialization
L Liquid
m Reaction mechanism
N Particle size node
ref Reference
S Solid

̃n Reformulated amount of substances vector [mol]
x Differential states [–]
α Parameter for reinitialization of PSD [–]

λ Matrix of null vectors of stoichiometry matrix [–]
Θ Parameters [–]
y Algebraic states [–]
γ Activity coefficient [–]
ν Stoichiometric coefficient [–]
Ω Saturation [–]
θ Contact angle between foreign particle and nucleus [°]
∼J Thermodynamically calculated nucleation rate [1/s]
∼L Size of nucleus [m]

+ξH Reaction order of H+ [–]
ζ Reaction order of solid forming ions [–]
A Pre-exponential factor in Arrhenius term [mol/m2/s]
a Activity [–]
b Molality [mol/kg]
E Activation energy [J/mol]
f Fugacity coefficient [bar]
G Linear growth rate [m/s]
J Nucleation rate [1/s]
L Diameter of particle [m]
M Number of species [–]
N Number of particles [–]
n Amount of substance [mol]
p Pressure [bar]
r Net reaction rate [mol/s]
S Surface area [m2]
T Temperature [°C]
t Time [s]
vm Molar volume [m3/mol]
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interaction of species in different phases and introduce differential mole
balance equations in Section 2.1. We set temperature T and pressure p
as input to the model, thereby allowing us to omit the energy balance.
The obtained model comprises a high index differential algebraic
system of equations (DAE), that is analyzed and modified in Section 2.3.
The DAE is nonlinear with variable values of different orders of mag-
nitude. To alleviate this issue, we scale model equations and implement
an initialization scheme discussed in Section 2.4.

2.1. Model structure and assumptions

In direct forsterite carbonation processes, solid, liquid, and gas
phases are present. The raw material forsterite (Mg SiO2 4) and gas spe-
cies CO2 dissolve in an aqueous solution and two product phases pre-
cipitate from the solution, namely magnesite (MgCO3) and amorphous
silica (SiO2). Thus, the direct carbonation model consists of a gas phase
(G), a liquid phase (L), and three solid phases (S) as illustrated in Fig. 1.

Gas and liquid phase are each modeled as a homogeneous phase and
the solid phases are modeled as separate disperse phases as described in
detail in Section 2.1.1. The reaction system encompasses dissolution of
gases, liquid phase dissociations, and solid-liquid mass transfer. The gas
phase containing CO2 and H O2 is in equilibrium with the liquid phase,
denoted as gas-liquid equilibrium (GLE):

↔CO (G) CO (L),2 2 (1)

↔H O(G) H O(L).2 2 (2)

Dissociation reactions in the liquid phase are assumed to be in
equilibrium, referred to as dissociation equilibrium (DE):

+ ↔ +− +CO (L) H O(L) HCO (L) H (L),2 2 3 (3)

↔ +− − +HCO (L) CO (L) H (L),3 3
2 (4)

↔ +− +H O(L) OH (L) H (L).2 (5)

The equilibrium assumptions are applied to fast reactions to omit
parameterization of reaction rates. Each solid phase may precipitate or
dissolve depending on its saturation in the liquid phase. In mineral
carbonation, rate-based surface-controlled reactions are dominating
diffusive interactions between solid and liquid phases [45,46]. Wang
et al. further narrowed this down to increased pressure and increased
salt concentration [11].The solid-liquid mass transfer reactions are
given by

+ ↔ + ++ +Mg SiO (S) 4H (L) 2Mg (L) SiO (L) 2H O(L),2 4
2

2 2 (6)

↔ ++ −MgCO (S) Mg (L) CO (L),3
2

3
2 (7)

↔SiO (S) SiO (L).2 2 (8)

Experimental observations show that an additional solid hydro-
magnesite (Mg (CO ) (OH) ·4H O5 3 4 2 2 ) is formed during reactor heat up at
low temperature [47,30]. However, only small amounts are formed that
are converted to magnesite at increased temperatures. Therefore, we
neglect formation of additional phases in our model. In addition, we
assume no interaction of solid phases with each other, i.e., they do not
mix or coagulate. Furthermore, we do not consider breakage or ag-
glomeration of particles. In literature on mineral carbonation, these
effects have not been reported in detail at reaction conditions. Thus,
kinetics, that are strongly dependent on feedstock and experimental
setup, are unknown. Therefore, it is difficult to make any statement on
validity of this assumption. We model nucleation effects based on
classical nucleation theory [38]. According to the theory, nucleation
may occur spontaneously in a solution without any solids (homo-
geneous nucleation), by formation on dissimilar solid particles (het-
erogeneous nucleation), or from attrition of solid particles, e.g., due to
stirring or collision of particles (secondary nucleation) [38]. Homo-
geneous nucleation takes place only in the absence of foreign particles

and secondary nucleation rates are orders of magnitudes lower at in-
creased saturation compared to heterogeneous nucleation rates, e.g.,
shown for the case of gypsum nucleation [48]. Therefore, we assume
only heterogeneous nucleation on undissolved forsterite particles as the
nucleation mechanism.

We formulate general mole balances for MG gaseous and ML liquid
species as follows:

∑= = …
=

n t ν r t i Ṁ ( ) ( ), 1, , ,i
j

M

i j jG,
1

G, ,
GLE GLE

G

GLE

(9)

∑ ∑= + + = …
= =

n t r t ν r t ν r t i Ṁ ( ) ( ) ( ) ( ), 1, , ,i i
j

M

i j j
j

M

i j jL, L,
s

1
L, ,
GLE GLE

1
L, ,
DE DE

L

GLE DE

(10)

= = = …n t n i M( 0) , 1, , ,i iG, G,
0

G (11)

= = = …n t n i M( 0) , 1, , ,i iL, L,
0

L (12)

where n iG, and n iL, are the amounts of substance of species i in the gas
and liquid phase, respectively, and MGLE and MDE are the number of
GLE and DE reactions. ν ν,i j i jG, ,

GLE
L, ,
GLE, and ν i jL, ,

DE are stoichiometric coeffi-
cients and rj

GLE and rj
DE denote the GLE and DE net reaction transfer

rates, respectively. Note that mass transfer between phases is con-
sidered as a reaction here. Due to the equilibrium assumptions, no ex-
plicit algebraic equations are given for rj

GLE and rj
DE, cf. Section 2.3. r iL,

s

denotes the overall mass transfer rate from solid phases into the liquid
phase given in the following section.

2.1.1. Modeling of solid phases
We model each solid phase as a pure disperse phase formulated as a

population balance equation (PBE). That way, we account for the sur-
face area and particle size distribution (PSD) of the solid phases.

The general population balance equation for a solid phase k reads

∂
∂

+
∂

∂
=

⎛

⎝
⎜

⎞

⎠
⎟ = …

N
t

G N
L

J t L k M
( · )

, , 1, , ,k

t L

k k

k t L
k k

S,

,

S, S,

S, ,
S, S, S

k kS, S, (13)

where N kS, is the number of particles in diameter range
+L L L G( , d ),k k k kS, S, S, S, is the radial growth rate of particle with dia-

meter L kS, , and J kS, is the nucleation rate of particle size L kS, .
Mantzaris et al. provide robust and computationally efficient

Fig. 1. Structure of carbonation model with one homogeneous gas phase, one
homogeneous liquid phase, three disperse solid phases (each contains a single
species), and their interactions.
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methods to numerically solve partial differential equations (PDE)
arising from population balance equations. They convert the PDE to
ordinary differential equations (ODE) based on finite difference
methods [49], spectral methods [50] and finite volume methods [51]
and provide numerically stable integration algorithms. Since our focus
is to model the mineral carbonation system as DAE, we transform the
PDE in Eq. (13) into a system of ordinary differential equations (ODE).
An intuitive approach is to discretize the partial derivative with respect
to particle size L kS, , e.g., by a finite-difference discretization for si-
multaneous growth and nucleation [52]. However, a high number of
nodes is needed to keep numerical diffusion low. Instead, we use the
method of characteristics to solve the PBE [53]. Rather than defining a
constant grid of particle sizes, the particle size L k lS, , changes with the
growth rate G k lS, , of solid phase k at particle size node l. Assuming
constant molar volume v k

m
S,

,ref of solid k, Eq. (13) can be reformulated to

= = … = …L t G t k M l Ṁ ( ) ( ), 1, , , 1, , ,k l k lS, , S, , S N (14)

= = = … = …L t L k M l M( 0) , 1, , , 1, , ,k l k lS, , S, ,
0

S N (15)

where L k lS, , is the particle size of solid phase k at particle size node l M, N
is the total number of particle nodes, and L k lS, ,

0 is the initial particle size.
The change in molar volume at varying temperature and pressure

calculated from the equation of state [54] is low and therefore, the
assumption of constant molar volume v k

m
S,

,ref of solid phase k is justified.
Assuming spherical particles, the linear growth rate is given by

= − = … = …G r v k M l M2 , 1, , , 1, , ,k l k l k
m

S, , S, , S,
,ref

S N (16)

where r k lS, , is the solid-liquid mass transfer rate of one particle at size
node l. Note that r k lS, , is greater than zero for dissolution and less than
zero for precipitation. The mole amount of one particle at size node l is
then calculated by

= = … = …n π L
v

k M l M
6

( )
, 1, , , 1, , .k l

k l

k
mS, ,
S, ,

3

S,
,ref S N

(17)

Eq. (14) only discloses the particle size of each node. Therefore, we
need additional differential equations to consider the number of par-
ticles N k lS, , of solid phase k at particle size node l:

= = … = …N t J t k M l Ṁ ( ) ( ), 1, , , 1, , ,k l k lS, , S, , S N (18)

= = = … = …N t N k M l M( 0) , 1, , , 1, , ,k l k lS, , S, ,
0

S N (19)

where J k lS, , and N k lS, ,
0 are the nucleation rate and initial number of

particles of solid species k at particle size node l, respectively. Particles
with critical nucleation size ∼L kS, nucleate only in the next larger particle
size node L kS, ,C, as illustrated in Fig. 2. Thus, the nucleation rate J k lS, , is
given by

= ⎧
⎨⎩

< ⩽ = … = …
∼ ∼

−J J L L L k M l M, if ,
0, otherwise,

1, , , 1, , ,k l
k k l k k l

S, ,
S, S, , 1 S, S, ,

S N

(20)

where ∼J kS, is the thermodynamically calculated nucleation rate from
classical nucleation theory [38]. Note that in heterogeneous nucleation,
the contact angle Ω kS, between foreign particle and precipitating par-
ticle is decisive for nucleation and thus evaluated in detail in Section
4.1.

Since the growth of particle nodes L k lS, , is greater than ∼L kS, ,C and
non-constant ∼L kS, ,C, the particle node L kS, ,C – where nucleation takes
place – may diverge from the thermodynamically calculated nucleation
particle size ∼L kS, ,C [38]. To ensure that L kS, ,C is always in the range of

∼L kS, ,C, a new node of size ∼L kS, ,C and initial zero particle number is added
to the differential states when the condition

⩽ = …∼L α L k M, 1, ,k k kS, ,C S, S, ,C S (21)

is violated. The parameter α kS, is greater than 1. Nucleation kinetics
become more accurate, the closer α kS, tends to 1 due to increased ad-
dition of new nodes. However, at the same time, the number of dif-
ferential equations increases. Therefore, we set the parameter value to

=α 1.03kS, , which results in a fine grid in the range of nucleating par-
ticle size and a coarse grid for growing particles.

The surface-controlled dissolution rate for solid phase k at particle
size node l reads [39]

∑= ⎡
⎣

− − ⎤
⎦

= … = …
=

+
+( )r S A a

k M l M

exp (1 Ω ) ,

1, , , 1, , .

k l k l
j

M

k j
E

RT

ξ
k l

ζ
S, , S, ,

1
S, , H S, ,

S N

k
k j k j k j

m,
S, , H ,S, , S, ,

(22)

where S k lS, , and Ω k lS, , are the surface area and saturation in the liquid
phase of solid phase k with particle size l. M km, is the number of reaction
mechanisms of solid phase k. A k jS, , and E k jS, , are pre-exponential factor
and the activation energy in the corresponding Arrhenius term. +aH and

+ξ k jH ,S, , are the activity of +H and its reaction order, and ζ k jS, , is the
reaction order with respect to solid forming ions. We use rate parameter
values given in a compilation for numerous minerals [43].

With the phenomena of growth and nucleation, the overall mass
transfer from solid phases to species i in the liquid phase denoted as r iL,

s

in Eq. (10) is given as

∑ ∑= ⎡

⎣
⎢ − ⎤

⎦
⎥ = …∼

= =

r ν N r π L
v

J i M
6

( )
, 1, , ,i

k

M

k i
l

M

k l k l
k

k
m kL,

s

1
S, ,

1
S, , S, ,

S, ,C
3

S,
,ref S, L

S N

(23)

where the first term in the brackets accounts for growth of each particle
size node l and the second term accounts for nucleation of solid species
k. ν k iS, , is the stoichiometric coefficient of solute i forming solid phase k.

2.2. Thermodynamic models

Carbonation of forsterite is experimentally reported to have favor-
able operating conditions at a pressure up to 150 bar and a temperature
of °185 C [8,9]. The proposed model uses detailed thermodynamics in
this range for calculation of saturation of solid phases, isopotential of
DE and GLE, and calculation of phase volumes.

Solute properties at infinite dilution are based on the revised
Hegeson-Kirkham-Flowers (HKF) equation of state [34] with parameter
values taken from the software package SUPCRTBL [40]. In contrast to
[40], water (solvent) properties are calculated with the temperature
and pressure explicit Helmholtz model IF97 [36] instead of IAPWS84
[55]. In general, solvent property models used for parameterization of
the HKF model should be applied when using these parameter values.
However, discrepancies at temperatures below °500 C are small when
using different solvent property models [56]. To account for nonideal
contribution at increased ionic strength, the Bromley equation with
Meissner extension for increased temperature is applied [41,42]. When
applying this method in modeling mineral carbonation, a major draw-
back emerges, as temperatures up to °200 C are possible, exceeding the
temperature limit of °150 C given in [42]. Since alternative para-
meterized models to determine activity coefficients in mixed electrolyte
systems at increased ionic strength and temperature are not available,
we stick to the Bromley model with Meissner extension as excess Gibbs
free energy model for solutes. We consider the volume contribution of

Fig. 2. Particle nucleation on particle size
grid with ∼LS k, ,C being the critical nucleation
size.
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solutes to overall volume of the liquid phase to be ideal.
We assume pure solid phases that do not intermix with each other

and activities are therefore always unity. We adapt the heat capacity
polynomial and the equation of state for solids [54] with parameters
from SUPCRTBL for calculation of chemical potential of solids and as-
sume constant molar volume vk

m,ref . Present solid phases in our model
do not undergo phase transition which is therefore excluded in our
model.

Gas volume is calculated from Peng-Robinson (PR) equation of state
[37] with parameters from [44]. The PR model in combination with a
heat capacity polynomial from SUPCRTBL accounts for calculation of
Gibbs free energy at temperature and pressure of interest.

2.3. DAE analysis

The proposed discretized model with temperature T and pressure p
as inputs is a semi-explicit DAE:

=x f x y ut t t t Θ̇ ( ) ( ( ), ( ), ( ), ), (24)

=0 g x y ut t t( ( ), ( ), ( )) (25)

where x t( ) and y t( ) are the differential and algebraic states, respec-
tively, Θ are parameters, and u t( ) the inputs to the differential and
algebraic equations f and g, respectively. Common numerical solvers
can solve DAE systems of differential index 1 [57]. In the proposed
model, the algebraic states rj

DE and rj
GLE denoting net reaction rates of

DE and GLE, respectively, only appear in differential Eqs. (9) and (10),
but not in algebraic equations. The only implicit information with re-
spect to these rates is given by isopotential conditions. Consequently,
the algebraic equations cannot be solved for rj

DE and rj
GLE and thus, the

differential index is higher than 1 [58]. Originally, the same formula-
tion of reaction systems with equilibrium assumptions is obtained by a
time-scale analysis of a dynamic reaction system with fast and slow
reactions [59–61]. In the time-scale of slow reactions, the differential
equations may be transformed into a DAE of high index by a singular
perturbation, where the obtained algebraic equations then denote the
isopotential condition. Common methods to reduce the differential
index of the DAE system to 1 are differentiation [62] and reformulation
[63]. The differentiation of algebraic equations avoids loss of in-
formation on reaction rates rj

DE and rj
GLE, but is cumbersome to realize

due to the nonlinearity of the system. We thus follow the reformulation
method proposed in [63], and reformulate the DAE by eliminating rj

DE

and rj
GLE from the DAE. The model complexity remains similar to the

original model [63]. For the reformulation, we collect all gas and liquid
species moles in a vector R∈ +n M ML G and combine the species mole
balances given in Eqs. (9) and (10) as:

= + ⊺n r ν rt t ṫ ( ) ( ) ( ),s (26)

where r s comprises solid-liquid mass transfer rates, which are zero for
gas species. The vector R∈ +r t( ) M MDE GLE contains GLE and DE reaction
rates, and R∈ + × +ν M M M M( ) ( )DE GLE L G is the corresponding stoichiometric
matrix. From a Gauss-Jordan algorithm, we calculate a matrix

R∈ + × + − −λ M M M M M M( ) ( )L G L G DE GLE for which

=⊺ ⊺λ ν 0 (27)

holds, i.e., λ is the nullspace of stoichiometry matrix ν. We multiply Eq.
(26) by ⊺λ to obtain

= +⊺ ⊺ ⊺ ⊺λ n λ r λ ν rt t ṫ ( ) ( ) ( ),s (28)

or equivalently

̃ = ⊺n λ rt ṫ ( ) ( )s (29)

with initial conditions

̃ = = ⊺n λ nt( 0) ,NE,0 (30)

where ̃ = ⊺n λ n. nNE,0 is a vector of initial gas and liquid species moles
not in equilibrium (NE) further discussed in the following section. We

replace species mole balances given in Eqs. (9) and (10) with Eq. (29)
and obtain a reduced number of differential states

R̃ ∈ + − −n t( ) M M M M( )L G DE GLE . This reformulation eliminates rj
DE and rj

GLE

and thus, we obtain a DAE of differential index 1.

2.4. DAE initialization

The index-reduced mineral carbonation model of differential index
1 consists of + − − +M M M M M M( 2 )L G DE GLE S N differential equations
given in Eqs. (14), (18) and (29). Therefore, the same number of initial
conditions has to be provided. By providing both the initial particle
sizes =L t( 0)k lS, , and the initial numbers =N t( 0)k lS, , of each solid phase
k and particle size node l, the solid phases are fully initialized. These
initial conditions can be determined by PSD measurements. For pre-
cipitating phases that are initially not present, =L t( 0)k lS, , and

=N t( 0)k lS, , are set to zero. Finally, initial conditions for differential
states ̃n are determined. For this purpose, similar to the reformulation
of gas and liquid species mole balances in the previous section, the set
of initial conditions is given in Eq. (30). Here, nNE,0 consists of gas and
liquid species moles added to the system before equilibration [63]. We
therefore determine initial amounts of each species nNE,0 to calculate

̃ =n t( 0). The initial state of the DAE is at DE and GLE and therefore
= ≠n t n( 0)i iG, G,

NE,0 and = ≠n t n( 0)i iL, L,
NE,0. By providing the initial

conditions for solid phases =L t( 0)k lS, , , and =N t( 0)k lS, , and initial va-
lues for ̃ =n t( 0), the model is fully initialized. The determination of the
initial amounts of gas and liquid species n iG,

NE,0 and n iL,
NE,0 is, however, not

always trivial in case of overall volume and initial pressure require-
ments of the system, i.e., if the overall volume is fixed and not all mole
quantities can be freely chosen. For this purpose, an implicit system of
algebraic equations must be solved in order to obtain initial moles n iG,

NE,0

and n iL,
NE,0, and thus ̃ =n t( 0). Without good initial guesses, the implicit

system of algebraic equations is difficult to solve due to different orders
of magnitudes of variable values. Therefore, we alternatively use a
dynamic initialization model proposed by Zinser et al. to calculate
chemical and phase equilibria and to obtain initial values ̃ =n t( 0)
while considering volume and pressure constraints [64]. The general
idea is to write dynamic mole balances without isopotential conditions,
but instead defining net reaction rates rj

GLE,init and rj
DE,init that tend to-

wards equilibrium. In our case, we write dynamic mole balances of gas
and liquid species as in Eqs. (9) and (10), but without mass transfer
from non-equilibrium solid phases:

∑= = …
=

n t ν r t i Ṁ ( ) ( ), 1, , ,i
j

M

i j jG,
1

G, ,
GLE GLE,init

G

GLE

(31)

∑ ∑= + = …
= =

n t ν r t ν r t i Ṁ ( ) ( ) ( ), 1, , .i
j

M

i j j
j

M

i j jL,
1

L, ,
GLE GLE,init

1
L, ,
DE DE,init

L

GLE DE

(32)

Net reaction rates ri j,
GLE,init and ri j,

DE,init are defined as the distance
between non-equilibrium and equilibrium state being the driving force
[64]:

∏ ∏⎜ ⎟=
⎛

⎝
⎜ − ⎛

⎝
⎞
⎠

⎞

⎠
⎟ = …

= =

r k K
f

p
a j M· , 1, , ,j j j

i

M
i

ν

i

M

i
νGLE,init GLE,init GLE

1
ref

1
GLE

i j
i j

G G, ,
GLE

L
L, ,
GLE

(33)

∏= ⎛

⎝
⎜ − ⎞

⎠
⎟ = …

=

r k K a j M, 1, , ,j j j
i

M

i
νDE,init DE,init DE

1
DE

i j
L

L, ,
DE

(34)

where kj
GLE,init and kj

DE,init are parameters without physical meaning,
Kj

DE and K j
GLE are equilibrium constants, fi is the fugacity coefficient of

gas species i and ai is the activity of liquid species i. By providing
+M ML G initial conditions, e.g., + −M M 1L G species moles and an

overall volume V, the DAE is fully initialized and can be solved for a
time frame tf until steady state, i.e., →r 0j

GLE,init and →r 0j
DE,init . Then,
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with final states n t( )i fG, and n t( )i fL, , the initial conditions ̃ =n t( 0) can
be calculated from Eq. (30). Furthermore, final values of algebraic
states are used as initial guesses for efficient initialization of the DAE at
GLE and DE. Specifically, we use final values of the initialization si-
mulation to give initial guesses for mole fractions yi and xi in gas and
liquid phase, respectively, activity coefficients γi, and molar volume of
the gas phase vg.

3. Applicability of thermodynamic models

Since thermodynamic property models and parameters are taken
from various sources, we compare thermodynamic models given in
Section 2.2 with experimental results at different temperatures, pres-
sures, and ionic strengths. Fig. 3 illustrates simulation results of a liquid
phase containing NaCl in equilibrium with a gas phase consisting of
CO2 and H O2 . The comparison of our results with experimental data
[65] and a model based on regression of experimental data [66] shows
that our proposed model generally underestimates the dissolution of
CO2 in water with increasing differences at high pressure. With in-
creasing molality of NaCl, the differences are reduced. The referenced
model (green lines in Fig. 3) uses two different models for different
temperature regimes and does not consider dissociation of species [66].
Furthermore, they carry out a regression in each temperature regime to
match an experimental data compilation. For the consideration of the
system of − −H O CO NaCl2 2 , the referenced model [66] shows accu-
rate predictions. In our proposed model, each phase is based on one
nonideal thermodynamic model with parameter values taken from
different references. The discrepancies at increased pressures arise be-
cause only ionic strength dependent activity coefficient of neutral
species are taken into account to describe the salting out effect
( =γ bIln CO2 , where b is a constant). The activity model is missing
consideration of interaction of alike neutral species and of neutral
species with water. At the same time, the choice of thermodynamic
models allows to take CO2 dissociation reactions into account. Due to
low dissociation of CO2 in water, dissociated species − − −HCO , CO , OH3 3

2 ,
and +H are not plotted in Fig. 3. Considering dissociation reactions
enables the model to calculate pH in the solution, which is an essential
factor for mineral carbonation. Experimental data [67] shows that the
pH is predicted within the confidence interval of experiments at tem-
peratures up to = °T 100 C. Experimental data on pH for temperatures

> °T 100 C are not available and therefore the pH in Fig. 3b cannot be
evaluated. With the implemented thermodynamics, increased NaCl
molality has minor influence on pH at = °T 200 C. In the following, the
evaluated thermodynamic models serve as a basis for simulation of our
mineral carbonation model.

4. Insights from carbonation model simulation

The presented model is implemented in Modelica [68] and simu-
lated using Dymola 2020 [69]. The implemented model including
presented simulation results is provided in the Supplementary
Information. We use the DAE integrator DASSL [70] with an integration
tolerance −10 8. Since the number of states in the equation-oriented
modeling language Modelica has to be constant during simulation, we
introduce dummy differential states L k lS, , and N k lS, , that are initially
zero and are reinitialized, whenever the condition in Eq. (21) is vio-
lated. Our proposed model has several degrees of freedom, namely
temperature, pressure, initial PSD, amount of feedstock forsterite, and
initial amount of H O, CO2 2 and additives. Furthermore, unknown
parameter values exist, i.e, contact angles between feedstock and pre-
cipitating phases θS,MgCO3 and θS,SiO2. Since detailed kinetics of nuclea-
tion of product phases on feedstock particles are not given in literature,
we first perform a sensitivity study with respect to unknown contact
angles θS,MgCO3 and θS,SiO2 in Section 4.1. Subsequently, we investigate
the influence of remaining degrees of freedom on model predictions for
fixed contact angles in Section 4.2.

4.1. Influence of unknown contact angles at varying temperature and
pressure

To investigate the influence of unknown contact angles θS,MgCO3 and
θS,SiO2 on carbonation, we compare the model predictions for varying
parameter values to experimental data from literature. For this purpose,
we set contact angles to the equal value = =θ θ θS,MgCO S,SiO3 2 and use
experimental data from a compilation of numerous fed-batch carbo-
nation experiments at constant temperature and pressure [8]. The ex-
perimental data is obtained at mixtures of 0.64mol /kgNaHCO solvent3 and
1mol /kgNaCl solvent in the liquid phase and the authors find that this
composition cuts experimental time by a factor of four while obtaining
similar yields. In a first step, to disregard the effect of additives, we set
the simulation horizon to four times the experimental time ( =t 4 hf )
and analyze influence of additives afterwards. We set the initial amount
of solids in the system to 15 wt.% as reported in the experiments.
However, instead of providing detailed PSD of feedstock, O’Connor
et al. only state feedstock particles to be <75 μm. In order to investigate
the sensitivity of contact angles θ kS, of precipitating species MgCO3 and
SiO2, we set the initial PSD of feedstock to a mean value of

=L 30 μmMg SiO2 4 with standard deviation =σ 5 μm.
Fig. 4a illustrates the influence of pressure on the extent of carbo-

nation at constant temperature = °T 185 C. The experimental data
shows an increased extent of reaction for high pressures. This trend is
also reflected in the simulation results for all contact angles resulting
from increased molality of CO2. Fig. 4b shows the temperature depen-
dence on extent of carbonation. We do not show simulation results for
temperatures below °150 C since the model does not account for

Fig. 3. Molality of CO2 and pH over pressure p in different NaCl solutions at (a)
°100 C and (b) °200 C. We compare our model (black lines) with a model by

[66] (green lines), experimental data of mCO2 with uncertainty of ± 0.57% [65]
and experimental data of pH at 1 mol

kgsolvent
and 3 NaClmol

kgsolvent
with uncertainty of

± 0.2 pH units at 95% confidence [67]. No experimental data is available on pH
at = °T 200 C. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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formation of hydrated magnesium carbonates that are observed ex-
perimentally at lower temperatures. Temperature influence shows a
maximum in experiments at °185 C at 150 bar. Simulation results for
different contact angles qualitatively show a maximum, as well. How-
ever, for chosen PSD the maximum is at higher temperatures. Most
recently, a compilation on different experimental data from different
references shows an optimal temperature range for olivine carbonation
of 185–200 °C [71]. Wang et al. find a maximum at = °T 175 C for their
experimental investigation of temperature influence at moderate pres-
sure ( <p 45 bar) [10,11]. Simulations at the same reaction conditions
with particle size between 0 and 25 μm without consideration of ad-
ditives and a simulation horizon of =t 5 hf similarly show a maximum
at lower temperature of ≈ °T 170 C, illustrated in Fig. 5b. The lower
temperature optimum may result from a reduced concentration of
carbon species due to lower pressure. The pressure influence shown in
Fig. 5a shows a similar trend as in Wang et al., however with lower
overall conversions. In general, our model underestimates conversions
achieved by Wang et al.

In summary, temperature and pressure influence seem to be suffi-
ciently consistent with the experimental data for contact angles of

= °θ 15S,MgCO3 and = °θ 15S,SiO2 . If we take into account different ex-
perimental data with focus on product particle size [72,73], magnesite
particles and amorphous silica particles are obtained in the particle size
order of μm and nm, respectively. The model predicts product particle
sizes in the same order of magnitude.

4.2. Model predictions of influence of relevant inputs

For the analysis of relevant model inputs, we use fixed contact an-
gles of = °θ 15S,MgCO3 and = °θ 15S,SiO2 . We now consider the influence
on carbonation of the model inputs PSD, and additives, as temperature
and pressure influence is readily investigated in the previous section.

4.2.1. Influence of particle size
In mineral carbonation, the particle size of raw material and its

particle size distribution are important factors for carbonation. In
general, a feed of large feedstock particles is desirable due to the high
energy demand for grinding. However, the specific surface area corre-
lates quadratically to particle size, and, therefore, dissolution rate given
in Eq. (22) is drastically reduced. The trade-off between energy demand
and dissolution rate is not part of this study, but we can quantify the
influence of particle size on carbonation. Fig. 6 shows the amount of
magnesite obtained for different initial mean particle sizes of forsterite.

We compare the original case with initial particle size distribution

with mean particle size =L 30 μmMg SiO2 4 and standard deviation
=σ 5 μm with two other cases with mean particle sizes of

=L 10 μmMg SiO2 4 and =L 60 μmMg SiO2 4 and standard deviations of
=σ 2 μm and =σ 5 μm, respectively. The simulations in all three cases

show that within the first minutes, particles nucleate to create sufficient
surface area for their subsequent growth. The remaining simulation
horizon is dominated by growth of nucleated particles. The growth of
magnesite particles is faster for higher surface area of forsterite re-
sulting in higher amounts of product. Consequently, the reduction of
forsterite particle size shows a positive and strong effect on carbona-
tion. By reducing mean particle size from =L 60 μmMg SiO2 4 to

=L 10 μmMg SiO2 4 the extent of carbonation can be increased from about
40% to almost 100% within a simulation horizon of 6 h.

O’Connor et al. [8] report experiments on carbonation of synthetic
forsterite with a retention time of 3 h and they obtain 76% extent of
carbonation for particle sizes smaller 45 μm at °186 C and pressure
ranging from 126 to 107 bar. With the assumption of small initial PSD
( = =L σ10 μm, 2 μmMg SiO2 4 ), the simulation results are in the range of
their experimental data after a simulation horizon of 3 h. Wang et al.
show a strong influence of feedstock particle size, i.e., a strong increase
of amount of carbonates with reduced particle size [10,11]. They pro-
vide data for specific surface area of feedstock particles, namely
1.53m /g2 for feedstock particles in the range of −0 25 μm. The simu-
lation scenarios from Fig. 5 with an initial particle size of −0 25 μm
yield a specific surface area of 0. 50 m /g2 due to the assumption of
spherical particles. Therefore, shape factors for rigorous representation
of specific surface area seem to be necessary to quantitatively predict
influence of particle size. In summary, the model qualitatively matches
experimental data and thus may form the basis for quantification of the
trade-off between particle size and grinding energy.

4.2.2. Influence of additives
In literature, two assumptions of the mechanistic effect of additives

are found. First of all, additives may accelerate feedstock dissolution by
effects on the surface of feedstock material, i.e., by influencing the
surface charge [8]. Secondly, additives may buffer the liquid phase to a
pH that is beneficial for mineral carbonation, i.e., by providing suffi-
cient dissociated CO2 [28]. Various bicarbonate salts (NaHCO , KHCO3 3,
and RbHCO3) with the same molalities and complete dissociation show
different effects on carbonation [74]. Therefore, not only the buffered
solution, but also positively charged ions Na+, K+ and Rb+ have en-
hancing effects on the surface of feedstock material. Wang et al. find
that the formation of a passivating layer limiting further dissolution is
prevented by addition of NaHCO3, which supports the surface enhan-
cing effects of bicarbonates [11]. It has also been reported that organic
acids, e.g. oxalic acid, have a positive effect on mineral carbonation by

Fig. 4. Influence of contact angle θS,MgCO3 and θS,SiO2 set to the same value on
extent of carbonation of solids after simulation horizon of =t 4f h compared to
experimental data [8]: (a) Extent of carbonation increases with increasing
pressure and reduced contact angle; (b) Extent of carbonation shows a max-
imum for each contact angle qualitatively similar to experimental data.

Fig. 5. Comparison of simulation results with experimental data [11]. Simu-
lations are carried out with simulation horizon of =t 5hf , initial PSD of feed-
stock between 0 and 25 μm taken from [11] and without consideration of ad-
ditives. Comparison shows qualitative agreement of temperature and pressure
influence.
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leaching +Mg2 ions on the surface of feedstock particles [75,12].
However, organic acids may thermally decompose at temperatures
necessary for carbonation [76], and thus, their use should be avoided.

With the proposed model, only the buffering effects of additives can
be evaluated. We compare a simulation with and without the use of
0.64mol /kgNaHCO solvent3 and 1mol /kgNaCl solvent while keeping all other
model inputs fixed. With initial 15 wt.% feedstock, simulation horizon
of 4 h, mean particle size of 30 μm with standard deviation of 5 μm and
constant temperature and pressure of °185 C and 150bar, respectively,
the investigation indicates (results not shown) an extent of carbonation
of 43.2% for the case without additives and 8.6% for the case with ad-
ditives. The reduction of extent of carbonation is due to increased pH
from about 5 without additives to a value of 7.1 lowering dissolution of
feedstock material. The same applies for a comparison with experi-
mental data from Wang et al. [11]. With consideration of
1 mol /kgNaHCO solvent3 and 1 mol /kgNaCl solvent at = ° =T p185 C, 34.5 bar,
and a simulation horizon of 5 h, the extent of carbonation is reduced to
a value of 0.7 %, compared to a value of 66 % in the experimental
study.

As the model does not account for surface enhancing effects of Na+

on the dissolution of forsterite, the model cannot yet predict the ben-
eficial influence of additives as shown experimentally. Still, we gain
insight on shifts of solute concentrations resulting from consideration of
additives in the system.

5. Conclusion and outlook

We propose a dynamic mechanistic model for direct mineral car-
bonation. We formulate general species mole balances that may be
adapted to case studies of different minerals. The model accounts for
interaction of multiple phases, i.e., gas, liquid, and three solid phases
based on detailed thermodynamics and a population balance approach
for solid phases. With simultaneous equilibrium and rate-based reac-
tions, a reformulated DAE of differential index 1 is presented, and un-
known parameter values and degrees of freedom are evaluated. We
investigate the influence of contact angles of precipitating phases by
comparison with experimental data from literature. We further use the
model to simulate predictions for different model inputs. The simula-
tions show qualitative agreement with experimental data while pro-
viding detailed information on, e.g., composition of the liquid phase
and PSD. However, at the same time we show limits of the proposed
model as the enhancing of additives is not yet represented correctly.
Additionally, heterogeneous nucleation kinetics depending on shape

and surface of dissimilar particles, i.e., contact angles between un-
dissolved raw material particles and nucleating particles, need to be
determined. To address these drawbacks, further research on influence
of dissolved species and particle surface on kinetics of the solid-liquid
interface is necessary. Furthermore, to evaluate heating, cooling, and
potential usage of heat of reaction, the model needs to be extended for
an energy balance. Moreover, alternative numerical schemes for the
representation of PBE may be necessary depending on potential use of
the model, e.g., optimization. We emphasize that this model is a first
step to understand influences on mineral carbonation and point out that
model extensions could lead to more precise results. Model extensions
and different set-ups can be easily realized and alternative mineral
carbonation systems can be investigated.
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