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h i g h l i g h t s

� Passivation behavior of amorphous silica is quantitatively described.
� Single- and two-step semi-continuous mineralization set-up is built.
� The kinetic models can quantitatively predict the mineralization performances.
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a b s t r a c t

A systematic approach to characterize and to predict the CO2 mineralization performances of partially
dehydroxylated lizardite particles at low temperatures (6 90 �C) and at low CO2 partial pressures
(6 1 bar) was developed in this study. The dissolution kinetics of partially dehydroxylated lizardite par-
ticles was accurately described, and the passivating effect of amorphous silica precipitation on the dis-
solving particles was quantitatively measured. The passivation by amorphous silica was found to
inhibit the Mg release rates, and the inhibitory effect was stronger at 60 �C than at 30 �C. An empirical
correction to the dissolution rates was found to be sufficient to describe this inhibitory effect. A well con-
trolled, semi-continuous experimental set-up that could run both single- and two-step CO2 mineraliza-
tion experiments was built, and the empirical correction together with the kinetic models that
describe the various events that occur during a CO2 mineralization process were quantitatively validated.
The presence of NaCl or NaHCO3 did neither reduce the passivation behavior of amorphous silica nor
enhance the CO2 mineralization performances significantly at these operating conditions.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

The climate goal of the Paris Agreement adopted during COP21
in December 2015 is to hold ‘‘the increase in the global average
temperature to well below 2 �C above pre-industrial levels and to
pursue efforts to limit the temperature increase to 1.5 �C above
pre-industrial levels” [1]. In order to achieve this objective, techni-
cal mitigation solutions such as carbon capture and storage (CCS)
are imperative [2]. In a conventional CCS operation, CO2 is captured
from a point source, compressed and transported in order to be
stored underground in a suitable geological formation. Under cir-
cumstances where geological storage of CO2 is infeasible, alterna-
tive technologies for the permanent storage of CO2 are necessary.
Mineral carbonation or CO2 mineralization is one such alternative
that offers an unquestionably permanent storage of CO2 in a chem-
ically stable carbonate form [3]. The natural analogue of this CO2

mineralization process is called silicate weathering where calcium
(Ca) and magnesium (Mg) bearing rocks (the source mineral) react
with atmospheric carbon dioxide to form carbonate rocks at geo-
logical time scales [3].

In order to speed up the kinetics of this process, ex situ CO2

mineralization was proposed where the source mineral is reacted
with a higher concentration of CO2 in a reactor. The huge abun-
dance of serpentine, a magnesium silicate, makes it an attractive
feedstock for large scale mineralization of CO2. Global estimates
for accessible serpentine reserves are expected to significantly
exceed the total Mg requirement to neutralize the CO2 from all
worldwide coal resources (which is estimated at 10 000 Gt) [4].
However, the rates of extraction of Mg from serpentine under lean
operating conditions is extremely slow. In order to have fast disso-
lution rates for serpentine in an aqueous medium, the use of addi-
tives in the mineralization process is necessary [5,6]. Alternatively,
natural serpentine particles when heated to a high temperature
(> 600 �C) undergo dehydroxylation, which results in destruction
of crystal lattice, formation of forsterite grains, and the generation
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of pores that result in an increased reactive surface area for disso-
lution [7]. The ability to carbonate thermally activated serpentine
at both low and high temperatures/ CO2 partial pressures has been
demonstrated in literature [8,9].

The dissolution of any silicate mineral is inhibited by several
kinetic phenomena. This makes the accurate estimation of these
phenomena extremely important in order to engineer solutions that
overcome most of these limitations. In this regard, there have been
several studies in literature that have performed detailed investiga-
tions on the dissolution kinetics of various silicate minerals and on
the precipitation kinetics of carbonates. However, to the best of
our knowledge, none of these kinetic models has been successfully
extended in order to quantitatively predict the dynamics of an ex
situ CO2 mineralization process. The ability of the kinetic models

to predict the performance of mineralization experiments is essen-
tial before these models can be used to design optimal processes.

In our earlier studies [10–12], we have described the complete
dissolution kinetics of partially dehydroxlated lizardite (PDL) par-
ticles of a narrow and well defined 20–63 lm particle size fraction
at low temperatures (30 �C 6 T 6 90 �C) and under flue gas atmo-
sphere (CO2 partial pressure, pCO2

, below 1 atm). We have devel-
oped a kinetic model that accounted for the effect of pH, the
inhibition of silicate dissolution rates by Mg2+ ions, and the reduc-
ing chemical affinity for the dissolving species as they approach
their corresponding solubility equilibrium. All experiments in our
earlier studies were conducted in a well controlled reaction setting,
where the precipitation of secondary phases was carefully avoided.
However, the precipitation of amorphous silica and/or magnesium

Nomenclature

b exponent in the description of the surface area of a por-
ous shell [–]

_J particle dosing rate [min�1]
lj stoichiometric index for Mg during the dissolution of

silicate species j [–]
qc crystal density of hydromagnesite [g m�3]
qs solution density [kg m�3]
rj stoichiometric index for Si during the dissolution of sil-

icate species j [–]
aBETsp specific surface area of the PSD measured by BET meth-

od [m2 g�1]
ashellsp specific surface area of the porous shell [m2 g�1]
c concentration of aqueous solute [mol kg�1]
d32 Sauter mean diameter [m]
Dcore
j dissolution rate of silicate species j from the core of the

particle [mol min�1]
Dshell
j dissolution rate of silicate species j from the shell of the

particle [mol min�1]
f Lð Þ particle size distribution [m�1]
f CO2

fugacity of CO2 [bar]
Fin molar flow rate of the gas entering the reactor

[mol min�1]
FMT molar flow rate of the gas absorbed into the solution

[mol min�1]
Fout molar flow rate of the gas exiting the reactor

[mol min�1]

f corej mcore
j

� �
particle size distribution for species j in the core of
the particle [mol�1]

f shellj mshell
j

� �
particle size distribution for species j in the shell of
the particle [mol�1]

G growth rate [m min�1]
J particle dosing rate [mg min�1]
j index for a silicate species in a particle [–]
kSi lumped rate constant for the precipitation of amor-

phous silica [mol min�1]
kMT lumped mass transfer coefficient [m3 min�1]
Ksp solubility product [–]
kv volume shape factor [–]
L characteristic length of hydromagnesite particle [m]
M molar mass [g mol�1]
mw mass of water in the reactor [kg]
mcore

j moles of silicate species j present in the core of the par-
ticle [mol]

mshell
j moles of silicate species j present in the shell of the

particle [mol]

NMg total number of moles of a Mg remaining in the entire
PSD of dissolving PDL particles [mol]

NSi total number of moles of a Si remaining in the entire
PSD of dissolving PDL particles [mol]

P total pressure [bar]
pCO2

partial pressure of CO2 [bar]
Q flow rate of solvent [kg min�1]
RCO2 mass of CO2 captured per unit mass of PDL particles

[gCO2/gPDL]
RHy overall precipitation rate of hydromagnesite

[mol min�1]
RSi overall precipitation rate of amorphous silica

[mol min�1]
rj specific dissolution rate for a silicate species

j [mol m�2 min�1]
Sj saturation index of silicate species j [–]
Scorej time varying reactive surface area of a silicate species

j in the core of a particle [m2]
Sshellj time varying reactive surface area of a silicate species

j in the shell of a particle [m2]
T temperature [K]
t time [min]
tJ dosing period [min]
Vg;m molar volume of gas phase [L mol�1]
Vg volume of gas phase [L]
w mass of serpentine added to the reactor [mg]
yCO2 ;in CO2 composition of the gas entering the reactor [–]
yCO2 ;out CO2 composition of the gas exiting the reactor [–]
yCO2

mole fraction of CO2 in the reactor gas phase [–]
yH2O mole fraction of H2O in the reactor gas phase [–]
yN2

mole fraction of N2 in the reactor gas phase [–]

Acronyms
CCS carbon capture and storage
COP21 21st yearly session of the Conference of the Parties
MFC mass flow controller
MFM mass flow meter
MS mass spectrometer
PBE population balance equation
PDL partially dehydroxylated lizardite
PEEK polyether ether ketone
PID piping and instrumentation diagram
PSD particle size distribution
PTFE polytetrafluoroethylene
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