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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 Molcaco,,r 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
0.27nm/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);, +CO, — CaCOs +H,0), 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)
systems, whereas both methods were previously demonstrated to be equivalent for triphasic systems.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The gas-solid carbonation processes using alkaline sorbents are
of growing interest because of their potential to capture CO, via
non-catalytic exothermic reactions, allowing the selective miner-
alization of CO, from a complex mixture of several gases. Recently,
it was demonstrated that nanosized portlandite (Ca(OH);) can
be completely transformed into nanosized calcite (<100 nm) via
gas-solid carbonation under moderate CO, pressure (<40 bar) and
low temperature (<60 °C). For this case, the mineralization of CO,
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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
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materials, like the prediction of crystal size distribution (CSD) or
particle size distribution (PSD) (see e.g. [7,8]).

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

The simultaneous determination of nucleation and growth rates
from batch spontaneous precipitation has been proposed by sev-
eral authors (e.g. [9]). Unfortunately, this method is difficult to
apply to multiphasic gas-liquid-solid or biphasic gas-solid sys-
tems under high temperature-pressure conditions because it is
based on the in situ simultaneous measurements of the solu-
tion concentration (by a conductometer) and the crystal size
distribution (by a laser diffraction granulometer) during a batch
spontaneous precipitation (solution-solution interaction), under
atmospheric pressure-temperature conditions. Recently, Montes-
Hernandez et al. [10] have proposed a method to estimate the
initial linear growth rate of sub-micrometric particles of calcite
by using Rietveld refinements of X-ray diffraction (XRD) patterns.
In that study, the calcite crystals were produced in a triphasic
gas-liquid-solid system under high gas pressure (55 and 90 bar)
and moderate and high temperature (30 and 90°C). The Rietveld
refinements of XRD patterns allowed estimating the variation of
the coherent domain average size r [nm] with reaction time t [s].
Then, a kinetic pseudo-second-order expression was successfully
used to fit the data and to determine the linear growth initial-rate
of sub-micrometric particles of calcite.

The present study shows that the abovementioned method can
also be used to determine the linear growth initial-rate of nano-
sized calcite synthesized via gas—solid carbonation of portlandite
(Ca(OH),) particles in a static bed reactor. In particular, here we
show that the calculated linear growth rate using the method
developed in [10] is at odds with mass growth rates determined
from mass variation of solid with time, using the final surface area
of particles determined by BET measurements. As a consequence,
such discrepancies emphasize the importance of the new method
we used to obtain the kinetic data gathered in the present study,
which possibly overcome the shortcomings of the mass growth rate
method.

2. Experimental

2.1. Growth of nanosized calcite via gas-solid carbonation in a
static bed reactor

A powder sample of 74.1 g (~1 mol) of commercial portlandite
Ca(OH), (provided by Sigma-Aldrich with 96% of chemical purity,
about 3% of CaCO3 and 1% of other impurities) was placed in a tita-
nium reactor (Parr® autoclave with internal volume of 2L). The
reactor, containing nanosized particles of portlandite, was slightly
heated to 30 °Cusing an oven specifically fitted to the reactor. When
the system temperature was stabilized, 20 bar of CO, (provided by
Linde Gas S. A. with 99.995% of chemical purity) was injected into
the static bed reactor. This pressure of CO, corresponds to the total
initial pressure in the system. At these pressure and temperature
(P-T) conditions, the vapour phase consists mainly of CO, gas in
ideal state. To estimate the linear growth rate of calcite, five differ-
ent reaction durations were considered (5, 10, 30, 90 and 180 min).
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Fig.1. Flow-chartdiagram for production of nanosized calcite particles via gas-solid
carbonation of nanosized Ca(OH), 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
CO, gas was immediately removed from the reactor by flash purge
down to the atmospheric pressure. The residual CO, and in situ
produced molecular water (Ca(OH),(s)+CO,(g) — CaCO3(s)+H,0
(v or 1)) 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 (CuKa radiation). The conditions for gen-
erating the X-ray beam were 300 mA and 50kV. Scans were taken
for 260 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 4+ 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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The microstructural features of calcite and portlandite crystals
were determined following the method described in Daval et al.
[13]. In a first step, the contribution of the diffractometer itself to
the peak broadening was calculated by performing refinement of
an XRD pattern of a strain-free sample (gadolinium gallium garnet
(GGG), Gd3Gas013). This first step allowed for the determination
of the instrumental resolution function (IRF) for the diffractome-
ter. All the corresponding parameters were then kept fixed. In
a second step, the XRD patterns of the reacted portlandite pow-
ders were then modelled, any further refinement thus accounting
for microstructural effects only [16]. When enough calcite was
present in the powder (i.e.>15wt %), anisotropic size broadening
was modelled in terms of spherical harmonics, allowing the coher-
ent domain average apparent size corresponding to each reciprocal
lattice vector to be calculated. Coherent domain average size was
calculated by averaging the resulting size of each of the reciprocal
space distances measured. A schematic representation of size vari-
ation with time by using this Rietveld refinement method of XRD
patterns is reported in Fig. 2.

The Cagliotti parameter U was refined to account for some
isotropic strain in the Gaussian component of the peak profile. By
performing refinements with different starting values of the pre-
viously described parameters an estimation of the errors and the
stability of the results can be calculated. When peak broadening
was not limited by instrumental resolution, errors in size were
found to be ~20%; errors in strain were less than 10%. The quality
of the fit between the calculated and observed diffraction-profiles
was evaluated using standard indices of agreement, such as the
reduced x? index defined in [11]. For all refinements, the 2 value
was smaller than 1.94, thus corresponding to reliable values of the
output parameters (e.g. apparent size of each reciprocal lattice)
involved in the modelling of the XRD patterns.

3. Results and discussion

3.1. General comments

In a previous study [6], it was demonstrated that nanosized
Ca(OH), particles can be completely transformed into nanosized
calcite particles via gas—solid carbonation under moderate CO,
pressure (20<Pco,<40bar) and temperature (30-60°C). Com-
paring these results with others from experiments performed
on Ca(OH), with identical grain size but at lower CO, pressure
(Pco, <2 bar) (see [17]) suggests that the gas-solid carbonation of
Ca(OH), particles was enhanced with compressed CO,. Thus, in
the present study, the mineralization of CO, does not form a pro-
tective carbonate layer around the reacting particles of Ca(OH),.
Herein, the growth of nanosized calcite particles was preferen-
tially observed. These previous results have also revealed that the
gas—solid carbonation efficiency with compressed CO, was inde-
pendent of CO, pressure when the CO,/Ca(OH), molar ratio was
higher than 1, independent of the reaction temperature (30 and
60°C) and independent of the initial relative humidity. These new
data may therefore increase the interest to use the gas-solid car-
bonation of powdered portlandite with compressed CO, (<40 bar)
in order to produce nanosized calcite particles. The main advan-
tage compared with aqueous precipitation methods is a simple
separation of solid product from fluid phase by degassing and
conventional drying processes (although it is worth noticing that
agglomeration can be reduced when working with dispersions of
solids in solvents and the risk of inhalation of nanopowders is
avoided when working with dispersions of the particles in the
solvents instead of working with dry powder). In the following
paragraphs we report and discuss particularly on the linear growth
rate of nanosized calcite particles, which is an essential parameter
to be used in predictive models to simulate the nucleation-growth
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Fig.2. Schematicrepresentation of size variation with time by using Rietveld refine-
ment of XRD patterns. XRD patterns of starting material (t=0) and carbonated
material (¢>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
(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 fixamount of seeds, supposedly
formed in a time duration shorter than what was experimentally
reachable (i.e. <5min). 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); (I) 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 r(nm) 1(nm)
time, t (s)
0 0 31
300 27 27
600 30 25

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

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

r: Coherent domain average size for calcite; I: coherent domain average size for
Ca(OH),.

" Initial CO, pressure into the reactor (anisobaric conditions).

" Equilibrium state, i.e. the pressure drop or CO, consumption by carbonation is
no more detected in the system (see [6]).

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

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

dr
dr = kc(rmax — r)2 (1)
where k¢ [1/nm s] is the rate constant of calcite-crystal growth, rpax
[nm] is the maximum of coherent domain average size at equi-
librium, r [nm] is the coherent domain average size at any time,
t,.

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

I'max-t
__ Tmaxt 2
"= (ke rmax) - £ 2)

Remark that the rate constant kg has no physical interpretation.
For this reason a new parameter can be defined (1/k¢.rmax) = t12,
which represents the duration after which half of the maximum
of coherent domain average size (within the considered range of
time, i.e. <3 h) was obtained. In the current study, ¢, is called “half-
growth time” and can be used to calculate the linear growth initial-
rate of calcite, v;c [nm/s] by using the following expression:

.
Vi = 22 — ke (rmax)? 3)
t12

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) Tmax (NM) ti2 (s) Ve (nm/s) R?
30-20 35.0+ 1.0 98.7 £ 274 0.35 0.99
60-20 353 £ 0.9 130.0 £+ 25.7 0.27 0.99

T: temperature; P: pressure; rmq: maximum of coherent domain average size (i.e.
at equilibrium); ), half-growth time; vig: linear growth initial-rate of calcite; R?:
correlation factor.

Graphically, the linear growth initial-rate v, 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 t;j; and rinax. 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 and rmqy), the linear growth initial-rate of calcite (vic)
(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
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
20bar 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
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Fig. 3. Linear growth rate of calcite via gas-solid carbonation of Ca(OH), particles
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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Fig.4. Evolution of the number of formed calcite particles as a function of the extent
of carbonation for both experimental conditions. The red line represents the average
number of particles calculated from the data obtained for Molcaco,,r<0.8, and the
dotted lines represent the confidential interval, calculated from the propagations of
errors on the parameters determined by Rietveld refinement. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

coherent domain average size after 3 h was identical for both sys-
tems, within uncertainties (35.04+1.0nmat30°Cvs.35.3+0.9 nm).
Conversely, if one was to suppose that these estimated lengths
represent the equilibrium values of particle size (because of the
asymptotic behaviour of the fitting curves), then we evidence that
these predictions of particle size are in disagreement with data at
equilibrium reported in Table 1. Here, the coherent domain aver-
age size at equilibrium (after 24 h of reaction) is clearly higher for
both temperatures, 94+ 9 nm at 30°C and 20 bar and 43 £4 nm at
60°Cand 20 bar (see also: [6]). Moreover, note that any model (sim-
ple pseudo-first or second-order) would have failed to describe the
whole range of data from 0 to 24 h.

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

_ 6Mcaco;-Molcacos ¢
T Pcacos r3

Ny(t) (4)

where Mcaco,, Molcacos.¢» Ocaco, and r are respectively the molar
mass [g/mol], the amount [mol], the specific gravity [g/cm3] and
the coherent domain average size [cm]| of calcite at any time.
The results are shown in Fig. 4. A first striking point is that, for
Molcaco,,¢ <0.8, the number of calcite particles is roughly constant,
within experimental uncertainties, all along the carbonation pro-
cess for both experiments. This result ensures that a linear growth
rate was computable on the corresponding time interval, with-
out (or with only minor) interferences by other processes such
as secondary nucleation events. Conversely, Np(t) decreases dra-
matically for Molcaco,,¢>0.8 (about one order of magnitude of
discrepancies for the experiment carried out at 30 °C). Such a result
implies that for an extent of carbonation comprised between 0.8
and 1.0, the calcite nuclei undergo a complex evolution (possi-
bly, by dissolution-reprecipitation, see below), where some of the
seeds keep growing at the expense of the others, which tend to
disappear. Note that such features had already been evidenced for
the aqueous carbonation of portlandite (e.g. [10,12]). Note also that
such a process may have a huge impact when determining initial

linear growth rate of calcite by using physical properties of reaction
products determined for Molcaco,,¢>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),(s)+CO5(g) — CaCOs3(s)+Hy0 (v orl).
Such a release may have an impact on the stability of the calcite
nuclei only when there is enough water to dissolve CO,, 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 carbonationreaction. Herein, the carbonation extent (CE;) at
any established reaction time was then calculated by the following
equation:

Wdry—product,t — Wca(OH), (initial)
CE; =

(5)
Wtheoretical — WCa(OH)Z(initial)

Where Wy _product,¢ [8] 1S the experimental mass of dry solid prod-
uct at any time, t (in situ vacuum drying (<8 mbar and 110°C)),
Weneoretical 18] 1S the theoretical mass of calcium carbonate [con-
sidering 100% of carbonation (Ca(OH),-CaCO3 transformation),
Wca(oH),(initial) [8] 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), (unreacted),t = WCa(OH),(initial) — WCa(OH)y(initial) X CEt (6)

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

WCaCO;,(growth),t = Wdry_product — WCa(OH)z(unreacted),t (7)

All the temporal values calculated by Eqgs. (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[Mol
% = knfg(MOICaCO;;,max - MOlCaCO3,t)2 (8)

where ky_g [1/mols] is the rate constant of calcite formation for a
given initial amount of Ca(OH);, Molcaco,,max [Mol] is the max-
imum amount of calcite at equilibrium, Molcaco,,c [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 Molcaco,,¢ = 0 to Molcaco,,t = Molcaco,, ¢, 1S expressed
by the following hyperbolic equation:

(Molcacoy max)t 10 1
tT/Z +t 1/2 (knfg)(MOICaCOymax)

(9)

Molcaco,,c =
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Table 3
Mass variation of calcite and Ca(OH); during gas-solid carbonation process estimated by a simple mass balance method (see Eqgs. (5)-(7)). The error for all values is better
than 5%.
P (bar)’ T(°C) t(s) Wary—product,¢ (&) CE; WCa(OH), (unreacted).t () Weacos (growth). (8)
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
24h" 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
24h" 99.13 0.96 2.73 96.39

" Initial CO, pressure into the reactor (anisobaric conditions).

" Equilibrium state, i.e. the pressure drop or CO, consumption by carbonation is not more detected in the system (see [6]).

Physically the parameter t} 12 represents the time after which half

of the maximum amount of calcite was obtained, within the con-
sidered time interval (i.e. <3 h). In the current study, tf/z is called

“half-formation time for calcite” and is used to calculate the mass
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Fig. 5. Mass growth rate of calcite via gas-solid carbonation of Ca(OH), particles
under anisobaric conditions (a) at 30°C and 20 bar, and (b) 60°C and 20 bar. The
fitting parameters and the mass growth rate of calcite are also reported in Table 4.

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

MOlCaCO3,max

B

UmG = = knfg(MOICaCOg,,max )2 (10)

The fit of the kinetic data (Molcaco,,Vs.t) using Eq. (9) is shown
in Fig. 5. The parameters ¢} /2 and Molcaco,,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 (vpyc) (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 x 10~4 mol/s at 30°C
and 20bar, and 13.3 x 10~% 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 (Molcaco,,max = 0.74 (30°C;
20bar) and 0.69 (60°C, 20bar)) 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),-to-calcite transformation, where Molcaco,(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:

(MOICaCO3,max1 s (M01C3C03,max2 )t

(11)
6 jag 6oy T

Molcaco,,¢ =

Obviously, a better fitting was found with this kinetic formulation
(Eq. (11)) and a realistic Ca(OH),-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) Molcaco,,max (mol) to.s (S) vmc (mol/s) R?
30-20 0.74 + 0.03 455 + 90 163 x 1074 0.99
60-20 0.69 + 0.03 517 + 98 133 x 1074 0.99

T: temperature; P: pressure; Molcaco,,max: mMaximum amount of calcite (i.e. at equilibrium) according to the fit of the data; to 5: half-growth time; vy¢: mass growth initial-rate

of calcite; R?: 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),

particles under anisobaric conditions.

T-P system (°C - bar) vmc (mol/s) SBET_product (M?/g) Mcaco, (8) UmG—1c (NMm/s) vic (nm/s)
30-20 163 x 104 7.0 96.3 0.089 0.35
60-20 13.3x104 8.1 96.4 0.063 0.27

Upmc: mass growth rate (see Fig. 5 in this study); Sger_produc: : Specific surface area of product at equilibrium state (see [6]); Mcaco, : formed calcite weight at equilibrium; vmc_..ic:
linear growth rate of calcite deduced from mass growth rate (see Eq. (12)); vi¢: linear growth rate deduced from Rietveld refinement of XRD patterns (see Section 3.2).

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

VMG LG = UMG (12)
Cac05 SBET _product Mcaco,

where Mcaco,, Ocaco; and Mcaco, are the molar mass, the density
and the produced weight of calcite, respectively. The Sger proguct 1S
the specific surface area of product and it is equivalent to specific
surface area of calcite in our experiments, assuming a complete
transformation of calcium hydroxide (Ca(OH),) to calcite (CaCO3).
Table 5 summarizes the growth rate values, the produced weight
and the specific surface areas of calcite synthesized at 30°C and
20bar, and at 60°C and 20 bar.

Note that the Eq. (12) represents only an “a posteriori” calcu-
lation, knowing the specific surface area of solid product and the
produced calcite weight at the equilibrium. This global calculation
does not take into account the temporal variation of the specific
surface area of solid during calcite-crystal growth, which could
represent a major shortcut in the treatment of the data. However,
despite this assumption, it has been previously shown that such a
calculation could be a relevant approximation to deduce the linear
growth rate (see [10]).

Conversely, in this present study a significant discrepancy was
found: the estimated values from this indirect method were about
4 times smaller than linear growth rates estimated by a direct
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Fig. 6. Fit of the kinetic experimental data for 30 °C and 20 bar system by assuming
two kinetic regimes (double kinetic pseudo-second-order expression). A better fit
was found compared to single kinetic model and a realistic Ca(OH),-to-CaCO3; molar
transformation at equilibrium was also estimated.
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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
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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balance method where the calcite amount Molcaco,,r [mol] was
determined as a function of time ¢ [s] and the linear growth rate
was deduced from mass growth rate. To the best of our knowledge,
here we reported for the first time data on the linear growth rate of
nanosized calcite particles synthesized via gas-solid carbonation of
nanosized Ca(OH), particles under anisobaric conditions. Note that
the linear growth initial-rate is an essential parameter to be used
in predictive models to simulate the nucleation-growth processes
of minerals and solid materials. Specifically, the data extrapolated
from the present study could be useful to extrapolate the growth
rate of calcite particles in biphasic (gas—solid) systems where water,
a by-product of the reaction we studied, would be continuously
removed.

The main advantage for these methods is that they make possi-
ble the estimation of linear growth rate of crystalline fine particles
growing in multiphasic fluid-solid (including gas—solid reactions)
systems under high pressure and temperature. However, the com-
plex processes affecting the fate of calcite nuclei for high extent
of carbonation (>0.8 according to the experimental results of the
present study), in relation with the release of molecular water,
was measured to modify considerably the equilibrium size, and
possibly the agglomeration state, of calcite particles at the very
end of the reaction. This latter process can be suggested to modify
potentially the specific surface area of the final calcite, thus mak-
ing challenging the use of a simple mass growth balance method.
As a consequence, such complex effects emphasize that the use of
alternative techniques, such as the one described in this study using
Rietveld refinements of XRD patterns, should be preferred in future
to studies to obtain more accurate and reliable linear-growth rate
data.
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