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a  b  s  t  r  a  c  t

The  linear  growth  rate  is  an essential  parameter  to  describe  and  simulate  the  crystal  growth  processes  of
solid  materials.  In  the  present  study,  two  independent  methods  were  used  to estimate  how  calcite  parti-
cle size  was  increasing  with  reaction  time.  First,  a direct  method  by using  Rietveld  refinements  of X-ray
diffraction  patterns  quantifies  the  variation  of  the  coherent  domain  average  size  r  with  reaction  time  t.
Second,  we  used  a mass  balance  method  where  the  formed  calcite  amount  MolCaCO3,t was  determined
as a function  of  time  and  the  linear  growth  rate  was  deduced  from  mass  growth  rate.  For  both  methods,
a  kinetic  pseudo-second-order  expression  was  successfully  used  to fit the  data  and  estimate  the  initial
growth rates  of nanosized  calcite.  The  results  deduced  from  Rietveld  refinements  showed  that  such  rates
were roughly  equivalent  for two  different  temperature  conditions,  i.e.  0.35  nm/s  at  30 ◦C and  20  bar,  and
0.27 nm/s  at 60 ◦C and  20 bar.  However,  these  results  were  significantly  different  from  those  deduced
from  mass  growth  rate.  For  this  case, values  of  0.09  nm/s  at 30 ◦C and  20  bar,  and  0.06  nm/s  at 60 ◦C  and
20  bar  were determined.  This  significant  discrepancy  could  be ascribed  to  other  simultaneous  processes
during  crystal  growth  of calcite  such  as  agglomeration  and  possibly  dissolution–reprecipitation  reactions,

complicating  considerably  the  measurement  of linear  growth  rate  by  mass  balance.  The  latter  process
was  possibly  enhanced  by the  release  of water  into  the  reactor  during  the  gas–solid  carbonation  reac-
tion  (Ca(OH)2 +  CO2 →  CaCO3 + H2O), and  suggested  to be experimentally  evidenced  for  reaction  extents
greater  than  80%.  Taken  together,  these  results  suggest  that  the  method  based  on  Rietveld  refinements
may  be  more  reliable  to  determine  initial  linear  growth  rates  for  reactions  initiated  in biphasic  (gas–solid)

ethod
systems,  whereas  both  m

. Introduction

The gas–solid carbonation processes using alkaline sorbents are
f growing interest because of their potential to capture CO2 via
on-catalytic exothermic reactions, allowing the selective miner-
lization of CO2 from a complex mixture of several gases. Recently,
t was demonstrated that nanosized portlandite (Ca(OH)2) can

e completely transformed into nanosized calcite (<100 nm)  via
as–solid carbonation under moderate CO2 pressure (<40 bar) and
ow temperature (<60 ◦C). For this case, the mineralization of CO2
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s  were  previously  demonstrated  to  be equivalent  for  triphasic  systems.
© 2011 Elsevier B.V. All rights reserved.

does not form a protective carbonate layer around the reacting
particles of portlandite as typically observed by other carbonation
methods (e.g. [1–5]). For this reason, the gas–solid carbonation of
portlandite could be efficiently performed to produce nanosized
calcite with high potential for industrial applications (e.g. filler in
papermaking industry and printing inks, antacid tablets, adsor-
bents etc.). Nanosized calcite particles with low aggregation and
agglomeration states could actually offer better dispersion when
they are used as additive in printing inks or better particle distribu-
tion when they are used as a brightness additive in cellulose fibres
for paper fabrication. Nanosized calcite particles are whished as
well for antacid tablets because their dissolution is faster than that
of microsized particles. Moreover, the separation of solid product
from fluid phase is simpler than in precipitation methods [6].  The

present study is particularly focused on the kinetic behaviour of
calcite growth in order to determine the linear growth initial-rate,
an essential parameter to be used in predictive models to simu-
late the nucleation and growth processes of minerals and solid

dx.doi.org/10.1016/j.cej.2011.11.020
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:german.montes-hernandez@obs.ujf-grenoble.fr
dx.doi.org/10.1016/j.cej.2011.11.020
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Fig. 1. Flow-chart diagram for production of nanosized calcite particles via gas–solid
38 G. Montes-Hernandez et al. / Chemica

aterials, like the prediction of crystal size distribution (CSD) or
article size distribution (PSD) (see e.g. [7,8]).

In a discontinuous reactor, the nucleation rate of calcium car-
onate particles is related to the evolution of particle number
oncentration while the crystal growth rate is related to the varia-
ion of the crystal size with time. During crystal growth processes,
ew particles can be created by nucleation events. The rate of nucle-
tion can play an important role on the final textural properties
f the solid (e.g. specific surface area and particle size distribu-
ion.). However, this step remains the most difficult and the less
tudied because of the small particle size. With new developments
n the measurements of sizes of fine particles, several authors
ttempted to study this process experimentally (e.g. [9] and ref-
rences therein).

The simultaneous determination of nucleation and growth rates
rom batch spontaneous precipitation has been proposed by sev-
ral authors (e.g. [9]). Unfortunately, this method is difficult to
pply to multiphasic gas–liquid–solid or biphasic gas–solid sys-
ems under high temperature–pressure conditions because it is
ased on the in situ simultaneous measurements of the solu-
ion concentration (by a conductometer) and the crystal size
istribution (by a laser diffraction granulometer) during a batch
pontaneous precipitation (solution–solution interaction), under
tmospheric pressure–temperature conditions. Recently, Montes-
ernandez et al. [10] have proposed a method to estimate the

nitial linear growth rate of sub-micrometric particles of calcite
y using Rietveld refinements of X-ray diffraction (XRD) patterns.

n that study, the calcite crystals were produced in a triphasic
as–liquid–solid system under high gas pressure (55 and 90 bar)
nd moderate and high temperature (30 and 90 ◦C). The Rietveld
efinements of XRD patterns allowed estimating the variation of
he coherent domain average size r [nm] with reaction time t [s].
hen, a kinetic pseudo-second-order expression was  successfully
sed to fit the data and to determine the linear growth initial-rate
f sub-micrometric particles of calcite.

The present study shows that the abovementioned method can
lso be used to determine the linear growth initial-rate of nano-
ized calcite synthesized via gas–solid carbonation of portlandite
Ca(OH)2) particles in a static bed reactor. In particular, here we
how that the calculated linear growth rate using the method
eveloped in [10] is at odds with mass growth rates determined
rom mass variation of solid with time, using the final surface area
f particles determined by BET measurements. As a consequence,
uch discrepancies emphasize the importance of the new method
e used to obtain the kinetic data gathered in the present study,
hich possibly overcome the shortcomings of the mass growth rate
ethod.

. Experimental

.1. Growth of nanosized calcite via gas–solid carbonation in a
tatic bed reactor

A powder sample of 74.1 g (≈1 mol) of commercial portlandite
a(OH)2 (provided by Sigma–Aldrich with 96% of chemical purity,
bout 3% of CaCO3 and 1% of other impurities) was placed in a tita-
ium reactor (Parr© autoclave with internal volume of 2 L). The
eactor, containing nanosized particles of portlandite, was slightly
eated to 30 ◦C using an oven specifically fitted to the reactor. When
he system temperature was stabilized, 20 bar of CO2 (provided by
inde Gas S. A. with 99.995% of chemical purity) was injected into
he static bed reactor. This pressure of CO2 corresponds to the total

nitial pressure in the system. At these pressure and temperature
P–T) conditions, the vapour phase consists mainly of CO2 gas in
deal state. To estimate the linear growth rate of calcite, five differ-
nt reaction durations were considered (5, 10, 30, 90 and 180 min).
carbonation of nanosized Ca(OH)2 particles by using a static bed reactor under
anisobaric conditions (modified from Montes-Hernandez et al. [6]).

The experiments were also carried out at 60 ◦C and 20 bar for the
same reaction durations in order to determine the effect of reaction
temperature on the linear growth rate of calcite. For each experi-
ment, when the established duration of reaction was reached, the
CO2 gas was immediately removed from the reactor by flash purge
down to the atmospheric pressure. The residual CO2 and in situ
produced molecular water (Ca(OH)2(s) + CO2(g) → CaCO3(s) + H2O
(v or l)) were removed from the reactor by in situ vacuum drying
(<8 mbar and 110 ◦C) for 24 h (Fig. 1).

At the end of the experiment, i.e. after carbonation reaction,
flash purge and in situ vacuum drying, the autoclave was disas-
sembled. The dry solid product was manually recovered, weighed
and stored in plastic flasks for further characterization by X-ray
diffraction (XRD). For additional information on the synthesis and
characterization of nanosized calcite refer to a previous study [6].

2.2. X-ray diffraction analysis of solid phase

X-ray diffraction (XRD) data were collected with a Rigaku
ultraX18HFCE Bragg–Brentano diffractometer equipped with a
rotating copper anode (Cu K� radiation). The conditions for gen-
erating the X-ray beam were 300 mA  and 50 kV. Scans were taken
for 2� ranges from 15◦ to 90◦ with 0.01◦/s steps.

Starting material (portlandite) and carbonated powders were
placed in a glass sample holder and pressed against a ground
glass slide in order to avoid preferential orientation of the pow-
der. Because of the small size of the crystallites, this process was
sufficient to obtain powders with random orientation.

Rietveld refinement of XRD patterns was carried out with the
program Fullprof [11], following a standard procedure [10,12,13].
Starting values for cell parameters, as well as atomic positions and
atomic displacement parameters, were taken from Sitepu et al.
[14] for calcite and Nagai et al. [15] for portlandite. The accuracy
of the quantitative-phase analysis was estimated better than ± 3%
based on the refinement of XRD patterns of standard mixtures
with known proportions of calcite and portlandite. The quantita-

tive Rietveld refinement revealed that about 3 wt% of the starting
material was composed of calcite, in agreement with commercial
specifications for this material.
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Fig. 2. Schematic representation of size variation with time by using Rietveld refine-
ment of XRD patterns. XRD patterns of starting material (t = 0) and carbonated
material (t > 0) at 30 ◦C and 20 bar. The red squares indicate the experimental data
points of the diffractogram, the solid black line the modelled diffractogram, the
solid blue line the difference between experimental and modelled diffractograms
G. Montes-Hernandez et al. / Chemica

The microstructural features of calcite and portlandite crystals
ere determined following the method described in Daval et al.

13]. In a first step, the contribution of the diffractometer itself to
he peak broadening was calculated by performing refinement of
n XRD pattern of a strain-free sample (gadolinium gallium garnet
GGG), Gd3Ga5O12). This first step allowed for the determination
f the instrumental resolution function (IRF) for the diffractome-
er. All the corresponding parameters were then kept fixed. In

 second step, the XRD patterns of the reacted portlandite pow-
ers were then modelled, any further refinement thus accounting
or microstructural effects only [16]. When enough calcite was
resent in the powder (i.e. > 15 wt %), anisotropic size broadening
as modelled in terms of spherical harmonics, allowing the coher-

nt domain average apparent size corresponding to each reciprocal
attice vector to be calculated. Coherent domain average size was
alculated by averaging the resulting size of each of the reciprocal
pace distances measured. A schematic representation of size vari-
tion with time by using this Rietveld refinement method of XRD
atterns is reported in Fig. 2.

The Cagliotti parameter U was refined to account for some
sotropic strain in the Gaussian component of the peak profile. By
erforming refinements with different starting values of the pre-
iously described parameters an estimation of the errors and the
tability of the results can be calculated. When peak broadening
as not limited by instrumental resolution, errors in size were

ound to be ∼20%; errors in strain were less than 10%. The quality
f the fit between the calculated and observed diffraction-profiles
as evaluated using standard indices of agreement, such as the

educed �2 index defined in [11]. For all refinements, the �2 value
as smaller than 1.94, thus corresponding to reliable values of the

utput parameters (e.g. apparent size of each reciprocal lattice)
nvolved in the modelling of the XRD patterns.

. Results and discussion

.1. General comments

In a previous study [6],  it was demonstrated that nanosized
a(OH)2 particles can be completely transformed into nanosized
alcite particles via gas–solid carbonation under moderate CO2
ressure (20<PCO2 <40 bar) and temperature (30–60 ◦C). Com-
aring these results with others from experiments performed
n Ca(OH)2 with identical grain size but at lower CO2 pressure
PCO2 <2 bar) (see [17]) suggests that the gas–solid carbonation of
a(OH)2 particles was enhanced with compressed CO2. Thus, in
he present study, the mineralization of CO2 does not form a pro-
ective carbonate layer around the reacting particles of Ca(OH)2.
erein, the growth of nanosized calcite particles was preferen-

ially observed. These previous results have also revealed that the
as–solid carbonation efficiency with compressed CO2 was inde-
endent of CO2 pressure when the CO2/Ca(OH)2 molar ratio was
igher than 1, independent of the reaction temperature (30 and
0 ◦C) and independent of the initial relative humidity. These new
ata may  therefore increase the interest to use the gas–solid car-
onation of powdered portlandite with compressed CO2 (≤40 bar)

n order to produce nanosized calcite particles. The main advan-
age compared with aqueous precipitation methods is a simple
eparation of solid product from fluid phase by degassing and
onventional drying processes (although it is worth noticing that
gglomeration can be reduced when working with dispersions of
olids in solvents and the risk of inhalation of nanopowders is
voided when working with dispersions of the particles in the

olvents instead of working with dry powder). In the following
aragraphs we report and discuss particularly on the linear growth
ate of nanosized calcite particles, which is an essential parameter
o be used in predictive models to simulate the nucleation-growth
(residue). The vertical black lines indicate the positions of the Bragg reflections for
each phase. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

processes of minerals and other solid materials (see for example
[7,8].)

3.2. Linear growth rate of nanosized calcite particles

For our experiments, the nucleation step was not isolated from
the growth process. However, we  will show below that the initial
linear growth rate was estimated on a time interval where the num-
ber of newly formed calcite crystals was  roughly constant, such that
virtually, the system evolved with a fix amount of seeds, supposedly
formed in a time duration shorter than what was  experimentally
reachable (i.e. ≤5 min). In such a way, we are confident that the

reported measurements actually reflect the initial linear growth
rate of the calcite seeds.

The ex situ measurements of the variation of crystal size with
reaction time were performed by using the Rietveld refinement of
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Table  1
Coherent domain average size for calcite (r) and Ca(OH)2 (l) estimated by using
Rietveld refinement of X-ray diffraction patterns (powder diffraction data). The error
for  all values is better than 10%.

P (bar)* T (◦C) Reaction
time, t (s)

r (nm) l (nm)

0 0 31
300 27 27
600 30 25

20  30 1800 31 25
5400 34 24
10,800 37 22
24 h** 94 0
0  0 31
300 26 28
600 27 26

20 60 1800 33 26
5400 34 24
10,800 36 22
24 h** 43 0

r: Coherent domain average size for calcite; l: coherent domain average size for
Ca(OH)2.

* Initial CO2 pressure into the reactor (anisobaric conditions).
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Table 2
Parameters for the fit of Eq. (2), linear growth initial-rate of calcite calculated by Eq.
(3)  and correlation factor.

T–P system (◦C – bar) rmax (nm) t1/2 (s) vLG (nm/s) R2

30–20 35.0 ± 1.0 98.7 ± 27.4 0.35 0.99
60–20  35.3 ± 0.9 130.0 ± 25.7 0.27 0.99

revealed that the values of linear growth rate of calcite were roughly
equivalents for two  different temperatures, 0.35 nm/s at 30 ◦C and
20 bar and 0.27 nm/s at 60 ◦C and 20 bar. Moreover, the estimated
average size of calcite crystals, here expressed as a maximum of

Fig. 3. Linear growth rate of calcite via gas–solid carbonation of Ca(OH)2 particles
** Equilibrium state, i.e. the pressure drop or CO2 consumption by carbonation is
o  more detected in the system (see [6]).

ach X-ray pattern. This refinement method allowed for the estima-
ion of how the average particle size (expressed as coherent domain
verage size) was increasing as a function of reaction time (r = f(t))
see Table 1 and Section 2.2). A sharp increase of the average size of
alcite particles is initially observed, followed by a much more grad-
al evolution during the first 3 h of reaction (out of equilibrium) (see
ig. 3). Our strategy for determining the initial linear growth rate of
alcite relies on fitting the experimental r = f(t) data with an ad hoc
xpression, as successfully applied in previous studies [10,18,19].

The particle growth behaviour portrayed in Fig. 3 can be ade-
uately fitted with a kinetic pseudo-second-order equation such
s demonstrated in a previous study [10]. This equation was cho-
en because it generates suitable curves for mimicking a process
onsisting in a fast mass transfer followed by a slow equilibration
f mass transfer in closed systems. Note that the kinetic pseudo-
econd-order model has been widely used to fit the experimental
inetic data of several physicochemical reactions at solid–fluid
nterfaces (see e.g. [18,19]). The differential form for this kinetic

odel can be written as follows:

dr

dt
= kG(rmax − r)2 (1)

here kG [1/nm s] is the rate constant of calcite-crystal growth, rmax

nm] is the maximum of coherent domain average size at equi-
ibrium, r [nm] is the coherent domain average size at any time,
,.

The integrated form of Eq. (1) for the boundary conditions t = 0
o t = t and r = 0 to r = r, is represented by a hyperbolic relationship:

 = rmax.t

(1/kG.rmax) + t
(2)

emark that the rate constant kG has no physical interpretation.
or this reason a new parameter can be defined (1/kG.rmax) = t1/2,
hich represents the duration after which half of the maximum

f coherent domain average size (within the considered range of
ime, i.e. <3 h) was obtained. In the current study, t1/2 is called “half-
rowth time” and can be used to calculate the linear growth initial-
ate of calcite, vLG [nm/s] by using the following expression:
LG = rmax

t1/2
= kG(rmax)2 (3)
T: temperature; P: pressure; rmax: maximum of coherent domain average size (i.e.
at  equilibrium); t1/2: half-growth time; vLG: linear growth initial-rate of calcite; R2:
correlation factor.

Graphically, the linear growth initial-rate vLG is defined as the slope
of the tangent line when t tends towards zero on the r vs. t curve
(see also: [10]).

Fitting the kinetic data (r vs. t) by using Eq. (2) allows for the
estimation of the values of t1/2 and rmax. Here, a non-linear regres-
sion by the least-squares method was performed. In the Fig. 3, the
data and fitting curves are reported. Moreover, the fitting param-
eters (t1/2 and rmax), the linear growth initial-rate of calcite (vLG)
(calculated by Eq. (3)) and the correlation factor values are summa-
rized in the Table 2 and reported directly in the Fig. 3. These results
under anisobaric conditions (a) at 30 ◦C and 20 bar, and (b) 60 ◦C and 20 bar. Note
that the coherent domain average size was estimated by using Rietveld refinements
of  X-ray diffraction patterns. The fitting parameters and the linear growth rate of
calcite are also reported in Table 2.
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oherent domain average size after 3 h was identical for both sys-
ems, within uncertainties (35.0 ± 1.0 nm at 30 ◦C vs. 35.3 ± 0.9 nm).
onversely, if one was  to suppose that these estimated lengths
epresent the equilibrium values of particle size (because of the
symptotic behaviour of the fitting curves), then we evidence that
hese predictions of particle size are in disagreement with data at
quilibrium reported in Table 1. Here, the coherent domain aver-
ge size at equilibrium (after 24 h of reaction) is clearly higher for
oth temperatures, 94 ± 9 nm at 30 ◦C and 20 bar and 43 ± 4 nm at
0 ◦C and 20 bar (see also: [6]). Moreover, note that any model (sim-
le pseudo-first or second-order) would have failed to describe the
hole range of data from 0 to 24 h.

This result suggests in turn that a supplementary process took
lace for extents of carbonation greater than 80%. The mechanisms
esponsible for such discrepancies may  be better understood by
stimating roughly the mean number of calcite particles at any time
hroughout carbonation. If one considers, for the sake of simplic-
ty, that all crystallites consist in spheres, then the total amount of
articles at a given extent of reaction Np(t) is given by:

p(t) = 6MCaCO3 .MolCaCO3,t

��CaCO3 r3
(4)

here MCaCO3 , MolCaCO3,t , �CaCO3 and r are respectively the molar
ass [g/mol], the amount [mol], the specific gravity [g/cm3] and

he coherent domain average size [cm] of calcite at any time.
he results are shown in Fig. 4. A first striking point is that, for
olCaCO3,t<0.8, the number of calcite particles is roughly constant,
ithin experimental uncertainties, all along the carbonation pro-

ess for both experiments. This result ensures that a linear growth
ate was computable on the corresponding time interval, with-
ut (or with only minor) interferences by other processes such
s secondary nucleation events. Conversely, Np(t) decreases dra-
atically for MolCaCO3,t>0.8 (about one order of magnitude of

iscrepancies for the experiment carried out at 30 ◦C). Such a result
mplies that for an extent of carbonation comprised between 0.8
nd 1.0, the calcite nuclei undergo a complex evolution (possi-
ly, by dissolution–reprecipitation, see below), where some of the

eeds keep growing at the expense of the others, which tend to
isappear. Note that such features had already been evidenced for
he aqueous carbonation of portlandite (e.g. [10,12]). Note also that
uch a process may  have a huge impact when determining initial
neering Journal 180 (2012) 237– 244 241

linear growth rate of calcite by using physical properties of reaction
products determined for MolCaCO3,t>0.8, which is the case with the
mass growth rate method (see Section 3.3).

A possible explanation for this complex process, which becomes
really significant at high extent of carbonation only (>0.8) and
which, as a consequence, does not invalidate the previous fitting
realized for an extent of carbonation <0.8, is that the calcite disso-
lution step could be linked to the release of water into the reactor
during the reaction: Ca(OH)2(s) + CO2(g) → CaCO3(s) + H2O (v or l).
Such a release may  have an impact on the stability of the calcite
nuclei only when there is enough water to dissolve CO2, implying
local acidic conditions and subsequent calcite dissolution.

3.3. Mass growth rate of nanosized calcite particles

The mass growth rate can be defined as the global mass flux
incorporated and/or nucleated at solid–fluid interfaces during crys-
tal growth processes. This mass flux can be related to the particle
size in order to deduce the linear growth rate (e.g. [9,20,21]),
assuming that secondary nucleation events are insignificant during
growth processes. This concept was suitable to our measurements.
For this case, the carbonation extent as a function of time was calcu-
lated using a simple mass balance method, based on the theoretical
overall carbonation reaction. Herein, the carbonation extent (CEt) at
any established reaction time was then calculated by the following
equation:

CEt = wdry−product,t − wCa(OH)2(initial)

wtheoretical − wCa(OH)2(initial)
(5)

where wdry−product,t [g] is the experimental mass of dry solid prod-
uct at any time, t (in situ vacuum drying (<8 mbar and 110 ◦C)),
wtheoretical [g] is the theoretical mass of calcium carbonate [con-
sidering 100% of carbonation (Ca(OH)2–CaCO3 transformation),
wCa(OH)2(initial) [g] is the initial mass of calcium hydroxide loaded
in the reactor. Consequently, the unreacted calcium hydroxide in
the solid product [g] as a function of time was calculated by:

wCa(OH)2(unreacted),t = wCa(OH)2(initial) − wCa(OH)2(initial) × CEt (6)

Then, the amount of calcite [g] at any given time was  calculated by
a simple mass balance:

wCaCO3(growth),t = wdry product − wCa(OH)2(unreacted),t (7)

All the temporal values calculated by Eqs. (5)–(7) are summarized
in Table 3. Particularly, the amount of calcite as a function of time
was used to determine the mass growth rate of calcite. To reach
this goal, a kinetic pseudo-second-order equation was  also used
because the amount of calcite increased sharply with time first
and was  followed by a slower step during the first 3 h of reaction
(out-equilibrium) (see data in Fig. 5). For this case, the differential
form for kinetic pseudo-second-order expression can be written as
follows:

d[MolCaCO3,t]
dt

=  kn−g(MolCaCO3,max − MolCaCO3,t)
2 (8)

where kn−g [1/mol s] is the rate constant of calcite formation for a
given initial amount of Ca(OH)2, MolCaCO3,max [mol] is the max-
imum amount of calcite at equilibrium, MolCaCO3,t [mol] is the
formed amount of calcite at any time, t.

The integrated form of Eq. (8) for the boundary conditions t = 0
to t = t and MolCaCO3,t = 0 to MolCaCO3,t = MolCaCO3,t , is expressed
by the following hyperbolic equation:
MolCaCO3,t = (MolCaCO3,max)t
t∗
1/2 + t

where t∗
1/2 = 1

(kn−g)(MolCaCO3,max)
(9)
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Table  3
Mass variation of calcite and Ca(OH)2 during gas–solid carbonation process estimated by a simple mass balance method (see Eqs. (5)–(7)). The error for all values is better
than  5%.

P (bar)* T (◦C) t (s) wdry−product,t (g) CEt wCa(OH)2(unreacted),t (g) wCaCO3(growth),t (g)

20 30 0 74.10 0 74.10 0
300 83.08 0.34 48.49 34.58
600  84.60 0.40 44.16 40.43
1800  88.34 0.54 33.50 54.83
5400  91.82 0.68 23.57 68.24
10800 93.70 0.75 18.21 75.48
24  h** 99.12 0.96 2.76 96.35

20 60 0 74.10 0 74.10 0
300  81.85 0.29 52.00 29.84
600  83.31 0.35 47.84 35.46
1800  87.41 0.51 36.15 51.25
5400  89.97 0.61 28.85 61.11
10800 92.43 0.70 21.83 70.59
24  h** 99.13 0.96 2.73 96.39

not m

P
o
s
“

F
u
fi

* Initial CO2 pressure into the reactor (anisobaric conditions).
** Equilibrium state, i.e. the pressure drop or CO2 consumption by carbonation is 

hysically the parameter t∗
1/2 represents the time after which half

f the maximum amount of calcite was obtained, within the con-
idered time interval (i.e. <3 h). In the current study, t∗

1/2 is called

half-formation time for calcite” and is used to calculate the mass

ig. 5. Mass growth rate of calcite via gas–solid carbonation of Ca(OH)2 particles
nder anisobaric conditions (a) at 30 ◦C and 20 bar, and (b) 60 ◦C and 20 bar. The
tting parameters and the mass growth rate of calcite are also reported in Table 4.
ore detected in the system (see [6]).

growth initial-rate of calcite, vMG , [mol/s] by the following expres-
sion:

vMG = MolCaCO3,max

t∗
1/2

= kn−g(MolCaCO3,max)2 (10)

The fit of the kinetic data (MolCaCO3,tvs. t) using Eq. (9) is shown
in Fig. 5. The parameters t∗

1/2 and MolCaCO3,max were estimated
by applying non-linear regression by the least squares method.
These two  fitting parameters, the mass growth initial-rate of cal-
cite (vMG) (calculated by Eq. (10)) and the correlation factor values
are summarized in the Table 4 and reported directly in the Fig. 5.
These results revealed that the values of mass growth rate of calcite
were also equivalent for both systems, 16.3 × 10−4 mol/s at 30 ◦C
and 20 bar, and 13.3 × 10−4 mol/s at 60 ◦C and 20 bar. In summary,
the fitting strategy we used describes correctly the experimental
kinetic data for reaction time ranging from 0 to 3 h, but the cor-
responding equilibrium parameters (MolCaCO3,max = 0.74 (30 ◦C;
20 bar) and 0.69 (60 ◦C, 20 bar)) are in significant disagreement
with experimental measurements corresponding to the achieve-
ment of a macroscopic equilibrium (24 h of reaction) (i.e. complete
Ca(OH)2-to-calcite transformation, where MolCaCO3 (t = 24h) = 1,
see [6]).

In order to solve this fitting problem, two  kinetic regimes dur-
ing carbonation process should be assumed. This assumption fitting
implies a more complex physical explanation of kinetic behaviour
and additional fitting parameters. The physical explanation could
imply the complex process proposed above: (1) dry to wet  car-
bonation for extent of carbonation < 0.8 and then (2) aqueous
carbonation of portlandite for extent of carbonation > 0.8, in which
calcite nuclei undergo a dissolution step followed by a growth
step of the remaining nuclei. This later reaction could follow an
Ostwald ripening-like mechanism, where only the biggest calcite
nuclei keep on growing, at the expense of the smallest. For exam-
ple, one can assume a double kinetic pseudo-second-order model
(i.e. two kinetic regimes), for which the integrated form is given by
the following hyperbolic equation:

MolCaCO3,t = (MolCaCO3,max1 )t
t∗
1/2a

+ t
+ (MolCaCO3,max2 )t

t∗
1/2b

+ t
(11)
Obviously, a better fitting was found with this kinetic formulation
(Eq. (11)) and a realistic Ca(OH)2-to-CaCO3 molar transformation
at equilibrium was  also estimated (see Fig. 6, corresponding to the
experiment performed at 30 ◦C).
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Table  4
Parameters for the fit of Eq. (9),  mass growth initial-rate of calcite calculated by Eq. (10) and correlation factor.

T–P system (◦C – bar) MolCaCO3,max (mol) t0.5 (s) vMG (mol/s) R2

30–20 0.74 ± 0.03 455 ± 90 16.3 × 10−4 0.99
60–20 0.69 ±  0.03 517 ± 98 13.3 × 10−4 0.99

T: temperature; P: pressure; MolCaCO3,max: maximum amount of calcite (i.e. at equilibrium) according to the fit of the data; t0.5: half-growth time; vMG: mass growth initial-rate
of  calcite; R2: correlation factor.

Table 5
Summary of growth rate values, calcite weight and specific surface area of calcite synthesized at 30 ◦C and 20 bar, and at 60 ◦C and 20 bar via gas–solid carbonation of Ca(OH)2

particles under anisobaric conditions.

T–P system (◦C – bar) vMG (mol/s) SBET product (m2/g) mCaCO3 (g) vMG→LG (nm/s) vLG (nm/s)

30–20 16.3 × 10−4 7.0 96.3 0.089 0.35
60–20 13.3  × 10−4 8.1 96.4 0.063 0.27

v oduct at equilibrium state (see [6]); mCaCO3 : formed calcite weight at equilibrium; vMG→LG:
l ar growth rate deduced from Rietveld refinement of XRD patterns (see Section 3.2).
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Fig. 7. Comparison of linear growth rate values deduced from mass growth rate
with linear growth rate values deduced by the average variation of crystal size (i.e.
variation of coherent domain average size) as a function of reaction time. Coherent
MG: mass growth rate (see Fig. 5 in this study); SBET product : specific surface area of pr
inear  growth rate of calcite deduced from mass growth rate (see Eq. (12)); vLG: line

Finally, the linear growth rate of calcite from mass growth rate
an be deduced as follows:

MG→LG = MCaCO3

�CaCO3 SBET productmCaCO3

vMG (12)

here MCaCO3 , �CaCO3 and mCaCO3 are the molar mass, the density
nd the produced weight of calcite, respectively. The SBET product is
he specific surface area of product and it is equivalent to specific
urface area of calcite in our experiments, assuming a complete
ransformation of calcium hydroxide (Ca(OH)2) to calcite (CaCO3).
able 5 summarizes the growth rate values, the produced weight
nd the specific surface areas of calcite synthesized at 30 ◦C and
0 bar, and at 60 ◦C and 20 bar.

Note that the Eq. (12) represents only an “a posteriori” calcu-
ation, knowing the specific surface area of solid product and the
roduced calcite weight at the equilibrium. This global calculation
oes not take into account the temporal variation of the specific
urface area of solid during calcite-crystal growth, which could
epresent a major shortcut in the treatment of the data. However,
espite this assumption, it has been previously shown that such a
alculation could be a relevant approximation to deduce the linear

rowth rate (see [10]).

Conversely, in this present study a significant discrepancy was
ound: the estimated values from this indirect method were about

 times smaller than linear growth rates estimated by a direct

ig. 6. Fit of the kinetic experimental data for 30 ◦C and 20 bar system by assuming
wo kinetic regimes (double kinetic pseudo-second-order expression). A better fit
as  found compared to single kinetic model and a realistic Ca(OH)2-to-CaCO3 molar

ransformation at equilibrium was also estimated.
domain average size was  determined by Rietveld refinement of X-ray diffraction
patterns. Circles indicate experiments in which calcite was synthesized in a triphasic
gas–liquid–solid system under hydrothermal conditions (see [10]).

method (i.e. estimation of coherent domain average size as a func-
tion of time by Rietveld refinement of XRD patterns). Fig. 7 shows
the discrepancy of linear growth rate values with respect to the-
oretical line (with slope = 1). Several explanations could account
for such discrepancies such as agglomeration processes of the
calcite crystals or dissolution–reprecipitation events which
occurred at the very end of the reaction. As a consequence, these
processes make challenging the extrapolation of kinetic parameters
for linear growth rate of calcite using the latter approach, such that
this method most likely fails in providing reliable linear growth rate
data. As emphasized in Section 3.2,  the use of parameters extrap-
olated at the very end of the reaction (such as the specific surface
area of the powder), whose state is not representative of that of the
products during the initial growth stage, could be the main source of
errors in the treatment of the data following this second approach.

4. Conclusion

The main goal for this study was to apply two indepen-
dent methods in order to estimate how particle size of calcite

was increasing with reaction time. Firstly, a direct method by
using Rietveld refinements of X-ray diffraction (XRD) patterns was
applied to determine the variation of the coherent domain aver-
age size r [nm] with reaction time t [s]. Second, we  used a mass
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The main advantage for these methods is that they make possi-
le the estimation of linear growth rate of crystalline fine particles
rowing in multiphasic fluid–solid (including gas–solid reactions)
ystems under high pressure and temperature. However, the com-
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