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ABSTRACT: The linear growth rate is an essential parameter to describe and simulate the crystal growth processes of solid
materials. Concerning the calcite mineral, indirect methods (by depletion of calcium concentration) and direct methods (ex. using
microscopic measurements) have been reported in the literature. Here, homogeneous (solution—solution) or heterogeneous
(solution—solid) systems are systematically considered. Conversely, the estimation of linear growth rate of calcite for the triphasic
gas—liquid—solid systems under high gas pressure and temperature has not been reported in the literature to the best of our
knowledge. In the present study, we propose a new method to estimate the linear growth initial rate of submicrometric calcite
produced in a triphasic gas—liquid—solid system under high gas pressure (55 and 90 bar) and moderated to high temperature (30
and 90 °C) by using Rietveld refinements of X-ray diffraction (XRD) patterns. These Rietveld refinements allowed the estimation
on the variation of the coherent domain average size r (nm) with reaction time 7 (s). Then, a kinetic pseudo-second-order model was
satisfactory used to fit the experimental—calculated data and determine the linear growth initial rate of submicrometric calcite. The
results showed that the values of linear growth rate of calcite were equivalents for both systems, i.e., 0.14 nm/s at 30 °C and 55 bar
and 0.12 nm/s at 90 °C and 90 bar. However, the average size of calcite crystals, here expressed as a maximum of coherent domain
average size, was clearly higher at 90 °C and 90 bar (174 nm) than at 30 °C and 55 bar (63 nm). The main advantage for this method
is the possibility to estimate the linear growth rate of crystalline fine particles (> 40 nm) growing in triphasic gas—liquid—solid
systems. Here, it is considered that depressurization of cell reaction has insignificant physicochemical effect on the solid
precipitates; obviously, this is not the case for the interacting solutions.

1. Introduction reactors) has been also proposed to contribute on the
reduction of CO, emissions into atmosphere. For this
case the natural alkaline minerals or alkaline solid—liquid
waste (municipal-waste combustion fly ash, bottom ash,
brine alkaline solutions, waste concrete and cements, steel
slag, coal combustion fly ash, alkaline paper mill waste,
asbestos, etc.) can be used to mineralize the CO,.>77 Ob-
viously, the capacity to sequester CO, using alkaline resi-
dues depends directly on the proportion and chemical-
availability of binary oxides (CaO and MgO) and/or hydro-

The natural weathering processes of calcium or magnesium
silicates, frequent in the Earth’s crust produce solid particles
and ions that are transported via the rivers to the lakes and
oceans. For example, the global hydrolysis reaction of a
calcium pyroxene can be expressed as

CaSiO;(s)+H,0(1)+2CO,(aq) — SiO,(aq or s)+Ca>*
+2HCO; ™ (1)

In the lakes or oceans, the HCO; ™ ions can precipitate as
carbonates via chemical or biogenic routes

Ca’" +2HCO; ~<=CaCOs(s)+H,0(1)+CO;(aq or g) (2)

The natural weathering of alkaline silicates followed by
carbonates formation consumes carbon dioxide and repre-
sents therefore a clear example of natural mineralization
of CO,

CaSiO;(s)+CO;(aq) — SiOz(aq or s)+CaCOs(s)  (3)

This fundamental concept supports the possibility to storage
permanently anthropogenic CO, into geological formations
(in situ mineral sequestration of CO,) in order to reduce the
carbon dioxide emissions into the atmosphere, which are
directly associated with global warming.'** In the last decades,
the ex situ mineral sequestration of CO, (controlled industrial
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xides (Ca(OH), and Mg(OH),) contained in the waste
matrix. Conversely, when the natural alkaline minerals
are used as reactants, the mineralization of CO, is mainly
controlled by the dissolution process of these reactants.
Obviously, the in situ or ex-situ sequestration of CO,
involve generally the triphasic gas—liquid—solid systems
under hydrothermal or solvothermal conditions. For
example, the reaction mechanism of calcite precipitation
via aqueous carbonation of Ca(OH), in a triphasic
gas—liquid—solid system is described by the global exother-
mic reaction®

Ca(OH),(s)+COs(aq) — CaCO;(s)+H,O(1)  (4)

that concerns the spontaneous chemical dissolution of
Ca(OH),

water

Ca(OH),(s) — Ca*" +20H ~ (5)

and a complete dissociation of dissolved CO, due to
alkaline conditions in interacting solution. Note that the
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alkaline conditions are in situ produced by the dissolution
of calcium hydroxide (pH > 10.2),

CO;(aq)+H,0() — CO;* ~+2H" (6)

these processes producing a fast supersaturation of solution
with respect to calcite and then a spontaneous nucleation of
calcite (formation of nuclei or critical cluster)

Ca?"+C03*~ — CaCOs(s nuclei) (7)

Finally, crystal growth occurs spontaneously until a
thermodynamic equilibrium between calcite and the solu-
tion is reached in this closed system

CaCOs;(s nuclei) — CaCOs(s calcite) (8)

As a consequence, the aqueous formation of carbonates in
natural or artificial systems depends mainly on the physico-
chemical parameters such as supersaturation degree, pH,
Pcon, temperature, ionic force, fluid composition, pressure,
and presence of impurities. It also depends on the hydro-
dynamics (discontinuous or continuous reactors and static
or stirred conditions) and nature (homogeneous or hetero-
geneous reaction and biotic or abiotic formation) of the
system. This experimental information has been widely
discussed and frequently supported by macroscopic or
atomistic models in the literature (see for example refs
9—23). For example, in closed systems involving heteroge-
neous reactions (solution—solid interfaces), the crystal growth
rate is classically determined using the mass growth rate per
unit surface area of crystal expressed as follows>*

ldm _pgdVs  3pyfydL 9)
Adt — Ad  f, dt

where A, Vs, and ps are the surface area, volume, and density

of seed crystals, respectively. Here, the linear growth rate is

related to the mass growth rate by the following equation
_dL fy dm
T At 3fup A dr

(10)

where mass growth rate, dm/dt, can be estimated from deple-
tion of calcium ion into the interacting solution.

dm _ d[Ca™]
(A

where M is the molecular weight of calcium carbonate, V the
volume of solution, and [Ca®"] the molar concentration of
calcium ion. Assuming rhombohedral morphology for calcite
crystals, the value of f;/3f, is close to 2. Substituting this value
and eq 11 into eq 10, the linear growth rate becomes

2+

G_dL_2MV(_d[Ca ]> (12)

dt p.A dt
Equation 12 describes the linear growth rate as a function of
calcium ion concentration. Once the concentration profile of
calcium ion is available, the linear growth rate can be calcu-
lated at any instance of an experiment. Obviously, this
simplified method can not be wused for thiphasic
gas—liquid—solid systems under high gas pressure and tem-
perature. Because the ex situ measurements of calcium ion
concentration generally carried out at ambient temperature
after filtration, cooling, and degasification are not represen-
tative of in situ calcium ion concentration behavior
during nucleation/growth of calcite. Moreover, the above

Montes-Hernandez et al.

cited model considers only rhombohedral morphology for
calcite, scalenohedral morphology, axial elongations, and
complex agglomeration are then excluded. For these reasons,
we propose in the present study a new method to estimate the
linear growth initial rate of submicrometric calcite by using
Rietveld refinements of X-ray diffraction (XRD) patterns.
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).
Herein, Rietveld refinements of XRD patterns allowed the
calculation of the coherent domain average size r (nm) of
calcite precipitates. These experimental—calculated data were
then correlated with duration of the reaction ¢ (s) (r vs 1).
Finally, a kinetic pseudo-second-order model was satisfactory
used to fit the data and estimate the linear growth initial rate of
submicrometric calcite. For this approach, the concentration
profile of calcium ion during calcite growth was not necessary
to estimate the linear growth rate, and the crystal morphology
was not a limitative condition.

2. Materials and Methods

2.1. Growth of Calcite in a Thiphasic Gas—Liquid—Solid System
(Stirred Reactor). One liter of high-purity water with electrical
resistivity of 18.2 MQ-cm and 74.1 g of commercial calcium
hydroxide (provided by Sigma-Aldrich) with 96% chemical purity
(3% CaCO; and 1% other impurities) were placed in a titanium
reactor (autoclave with internal volume of two liters). The hydro-
xide particles were immediately dispersed with mechanical agita-
tion (400 rpm). The dispersion was then heated to 90 °C with a
heating jacket adapted to the reactor. When the dispersion tem-
perature was reached, 80.18 g of CO, with 99.995% chemical
purity (provided by Linde Gas S.A.) were injected in the reactor
and the total pressure in the system was immediately adjusted to 90
bar by argon injection. Under these pressure—temperature condi-
tions, the vapor phase consists mainly of an Ar + CO, mixture with
the CO, in a supercritical state. In order to estimate the linear
growth rate of calcite, five different durations of reaction were
considered (0.25, 0.5, 4, 15, and 24 h). The experiments were also
carried out at 30 °C and 55 bar for reaction durations of 0.25, 4,
and 24 h. For this second case, 96.05 g of CO, was initially injected
in the reactor. At 55 bar and 30 °C, the vapor phase consists mainly
of compressed gaseous CO,. A complete description on the
experiments and samples recovery/preservation was reported by
Montes-Hernandez et al.?®

2.2. X-ray Diffraction Analysis of the Solid Phase. X-ray Powder
Diffraction (XRD) analyses were performed using a Kristalloflex
810, SIEMENS diffractometer in Bragg—Brentano geometry. The
XRD patterns were collected using Co ko (Akeq = 1.7889 A) and
ko, (Akez =1.7928 A) radiation in the range 260 = 5—80° with a step
size of 0.02° and a counting time of 8 s per step.

The widths of the diffraction peaks in a diffraction pattern are
mainly affected by two contributions: (1) the instrumental resolu-
tion and (2) microstructural effects related to the size of the crystal-
lites or to the strains within their crystal structure. Both effects are
convoluted in a diffraction pattern but can be separated by the use
of convolution or deconvolution methods. A convolution method
(Rietveld refinement) has been used in this study to accountz for size
and strain effects. For this purpose, an X-ray diffraction pattern of a
microstructure-free sample (SiO, in our case) has been measured, in
order to isolate the instrumental resolution effect. In this way,
further Rietveld refinements of the samples using size and strain
models account only for microstructural effects.

To get a more detailed knowledge on the texture of the calcite
particles, we have performed microstructural analyses within the
Rietveld refinement of the X-ray diffraction data. The method is
sensitive to the anisotropy of the crystallites, as a refinement of the
full X-ray pattern is performed, which includes reflections of
different reciprocal space directions. Rietveld refinement of the
powder diffraction patterns has been carried out using the FullProf
package (Windows version, February 2007).%° The pseudo-Voigt
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Figure 1. (a) Schematic representation for Rietveld refinement method of each X-ray diffraction pattern, allowing the calculation of coherent

domain average size, r (nm).

profile function of Thompson, Cox, and Hastings?’ was used to fit
the peak shapes. The parameters constituting the angular-depen-
dent microabsorption correction were refined for each sample.
Multiphase analysis was performed introducing a portlandite
phase (calcium hydroxide) in the samples when the portlandite
to calcite phase transition was not completely accomplished.
Structural refinements of calcite were performed considering the
R3C space group and taking as initial values those obtained in the
X-ray powder diffraction study reported by Maslen et al.”® Scale
factor, zero point, cell dimensions, atomic coordinates, and
Debye—Waller factors were refined. Background was refined by
adjusting a fourth-order polynomial. The instrumental contribu-
tion to peak broadening was determined with a SiO, sample. > The
asymmetry parameters of the L. Finger correction S_Land S_D, *°
and the Cagliotti parameters’’ were refined for the standard
sample of SiO, and kept fixed during the refinements of the calcite
patterns. Anisotropic size broadening was modeled in terms of
spherical harmonics, and the coherent domain average apparent
size along each reciprocal lattice vector was calculated. Coherent
domain average size was calculated averaging the resulting size of
each of the reciprocal space distances measured. A schematic
representation of this refinement method for each X-ray pattern
is reported in Figure 1. The Cagliotti parameter U was refined in
order to account for some isotropic strain in the Gaussian compo-
nent of the peak profile. The strain is given in % %: a strain of x % %
means a strain ratio of ¢ = (d&; — dy)/d; x 10000, with ¢ and
dr being the strain-free crystallite size and the strained crystallite
size, respectively. Errors in size and strain have been estimated by
performing refinements with different starting points, thus prob-
ing the stability of the result. Errors in size and strain are better
than 10%.

2.3. Size and Morphology of Calcite Crystals. Isolated fine
particles (oriented on carbon Ni grids) of calcite powder were
studied using a JEOL 3010 Transmission Electron Microscope
(TEM) equipped with an energy-dispersive X-ray analyzer (EDS)
to image the morphology and size of calcite crystals.

3. Results and Discussion

3.1. General Comments. In two previous publications by
Montes-Hernandez et al.,”>3? it was demonstrated that the
hydrothermal carbonation of calcium hydroxide
(Ca(OH),) at high pressure of CO, (initial Pco, = 55 bar)
and moderate to high temperature (30 and 90 °C) led the
formation of submicrometric particles of calcite (<1 um).
This method allowed a high carbonation efficiency (about
95% of Ca(OH),-CaCOj; conversion), a significant produc-
tion rate (48 kg/m>h), and high purity of product (about
96%). It was also demonstrated that the pressure (P),

temperature (7)), and dissolved amount of CO, (x) had
significant effects on the average particle size, specific sur-
face area, initial mass growth rate, and the morphology of
calcium carbonate crystals. In contrast, these P—7T—Xx con-
ditions used had insignificant effects on the carbonation
efficiency of Ca(OH),. Concerning the calcite-crystal mor-
phology, a preferential precipitation/growth of submicro-
metric particles of calcite (<1 um) with rhombohedral
morphology was observed at 90 °C and 90 bar, whereas a
preferential precipitation/growth of nanometric particles of
calcite (<0.2 um) with scalenohedral morphology was
observed at 30 °C and 55 bar (see Figure 2). Here, the mass
growth rate was globally proportional to amount of dis-
solved CO,. This could justify a higher mass growth rate of
calcite at lower temperature (see Figure 3). In fact, the mass
growth rate of calcite at 30 °C and 55 bar was equal to 15.9
mol/h, whereas the mass growth rate of calcite at 90 °C and
90 bar was equal to 4.3 mol/h. The variation of precipitated
calcium carbonate with the reaction time was estimated by a
masse balance method. For more details on the data fitting
and on the calculation of mass growth rate, see Montes-
Hernandez et al. %

3.2. Estimation of Linear Growth Initial Rate of Calcite. In
a discontinuous reactor, the nucleation rate is related to the
particle number concentration while the crystal growth
rate is related to the variation of the crystal size with time.
During precipitation process, new particles are created by
nucleation events. The rate of nucleation can play an
important role on the final characteristics of the solid.
However, this step remains the most difficult and the lesser
studied because the size of particles involved. With new
developments in the measurements of sizes of fine particles,
some authors attempted to study this process experimen-
tally (e.g., ref 33 and references therein). In the past decade,
the simultaneous determination of nucleation and growth
rates from batch spontaneous precipitation has been pro-
posed by Aoun et al.*® Unfortunately, this method is
difficultly applied to the triphasic gas—liquid—solid sys-
tems because this method was based on the in situ simul-
taneous measurements of the concentration (by a con-
ductometer) and the crystal size distribution (by a laser
diffraction granulometer) during a batch sponta-
neous precipitation (solution-solution interaction) under
atmospheric pressure—temperature conditions. For our
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Figure 2. Experimental conditions represented on a pressure—temperature phase diagram for carbon dioxide. Submicrometric particles of
calcite (<1 um) with rhombohedral morphology were grown at 90 °C and 90 bar, whereas nanometric particles of calcite ( <0.2 um) with

scalenohedral morphology were grown at 30 °C and 55 bar.
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Figure 3. Kinetic behavior of calcite growth in a triphasic
gas—liquid—solid system under high gas pressure (55 and
90 bar) and moderate to high temperature (30 and 90 °C). Here,
the precipitated calcium carbonate was estimated by a
masse balance method. For more details on the data fitting
and on the calculation of mass growth rate, see Montes-
Hernandez et al.?

experiments, the nucleation step was not isolated from
the growth process; in fact, the ex situ measurements on
the variation of the crystal size with reaction time were
performed by using the Rietveld refinement of each
X-ray pattern. This refinement method allowed such the
estimation of coherent domain average size as a function
of reaction time (r = f{(¢)) (see Table 1 and subsection
2.2). Here, a kinetic pseudosecond-order model was satis-
factory used to describe the growth process of calcite
in a triphasic gas—liquid—solid system. Finally, the fitt-
ing parameters allowed the calculation of linear growth
initial rate of calcite. Note that a kinetic pseudo-
second-order model predicts a fast mass transfer followed
by a slow equilibration of mass transfer in closed systems.
The differential form for this kinetic model can be written

Table 1. Coherent Domain Average Size (r) estimated by Using Rietveld
Refinement of X-ray Diffraction Patterns (powder diffraction data); Error
for All Values Is Better than 10%

P (bar) T (°C) reaction time, 7 (s) r (nm)¢
55 30 900 42
14400 59
86400 64
90 90 900 112
1800 99
14400 157
54000 157
86400 185
“r = Coherent domain average size.
200
Tangentto t — 0
O
= —
£
= 150 -
)
% Linear growth initial-rate
[ Frx
% Vig = t_
g 100 4 1/2
£ o Vax L
§ ‘ Ly, tt
‘g 50 4 ‘ form of Kinetic pseud d-order model|
o \
5
[&] ‘ O Growth of calcite at 90 °C and 90 bar (data)
04 IJJ‘ — Kinetic pseudo-second-order model
|
7 T T T T
0 20000 40000 60000 80000

Reaction time, £ (s)

Figure 4. Graphical representation of linear growth initial rate of
submicrometric calcite produced in a triphasic gas—liquid—solid
system.

as follows

ﬂ = kG(rmax _")2

7 (13)

where kg is the rate constant of calcite-crystal growth [1/
nm s], "max 1 the maximum of coherent domain average size
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at equilibrium [nm], and r is the coherent domain average
size at any time, ¢ [nm].

The integrated form of eq 13 for the boundary conditions
t=0to r=tand r=0tor=risrepresented by a hyperbolic

200
O
3
T m]
= 150 o
[
N
@ ax oL
:‘% 7= max
5 t,, +t
2 100 172
© Kinetic model
£
©
g °
©
2 50
[
o
S O Growth of calcite at 90 °C and 90 bar
O ®  Growth of calcite at 30 °C and 55 bar
0 — Kinetic pseudo-second-order model
0 20000 40000 60000 80000

Reaction time, £ (s)

Figure 5. Kinetic behavior of calcite growth in a triphasic
gas—liquid—solid system under high gas pressure (55 and 90 bar)
and moderate to high temperature (30 and 90 °C). Note that the
domain coherent average size was estimated by using Rietveld
refinements of X-ray diffraction patterns. The fitting parameters
and the linear growth rate of calcite are reported in Table 2.

Table 2. Fitting Parameters Estimated by Eq 14, Linear Growth Initial
Rate of Calcite Calculated by Eq 15 and Correlation Factor”

T—P system (°C—bar)  ryax (nm) 12 (s) VLG (nm/s) R
30—55 63+2 450 + 65 0.14000 0.99
90—90 174 £10 1394 £480 0.12482 0.99

“T = temperature, P = pressure, ry.,x = maximum of coherent
domain average size, t1» = half-growth time, vy g = linear growth initial
rate of calcite, R = correlation factor.
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relationship

r :% (14)

1
(/\' Glmax ) +

Note that the rate constant kg (1/nm s) has no physical
interpretation. For this reason, a new parameter can be
defined, 1/(kGrmax) = t12, Which represents the duration after
which half of the maximum of coherent domain average size
was obtained. In the current study, #,, is called “half-growth
time” and can be used to calculate the linear growth
initial rate of calcite, vpg [nm/s] by using the following
expression

T'me
VG = max _ kG (rmax)z (15)
t2

Graphically, the linear growth initial-rate v g is defined as
the slope of the tangent line when the time ¢ tends toward
zero on the r vs ¢ curve (see Figure 4).

The fitting of kinetic data (r vs ) by using eq 14 allows the
estimation of #;, and r.x parameters. Here, a nonlinear
regression by the least-squares method was performed. In the
Figure 5, the experimental—calculated data and fitting
curves are reported. Moreover, the fitting parameters (¢
and rpay), the linear growth rate of calcite (vi ) (calculated
by eq 15), and the correlation factor values are summarized
in Table 2. These results revealed that the values of linear
growth rate of calcite were equivalents for both systems,
0.14 nm/s at 30 °C and 55 bar and 0.12 nm/s at 90 °C and 90
bar. However, the average size of calcite crystals, here
expressed as a maximum of coherent domain average size,
was clearly higher at 90 °C and 90 bar (174 nm) than at 30 °C
and 55 bar (63 nm). This particular characteristic on the
crystal size is in agreement with TEM (transmission electron
microscope) observations (see Figure 2). Note that the
variation on the average size of calcite crystals with reac-
tion time could also provide relevant information on the

Evidences of dissolution process

. Of calcite crystals

0.15 pm

Figure 6. Evidence of a secondary dissolution process of rhombohedral crystals during calcite growth at 90 °C and 90 bar in a triphasic

gas—liquid—solid closed system. TEM micrographs.
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Table 3. Summary of Growth Rate Values, Produced Calcium Carbonate
Weight, and Specific Surface Area of Calcite Growth at High Gas
Pressure (55 and 90 bar) and Moderate to High Temperature (30 and

900(:)(1
T—P system Vop SBET product MCaCO3  V0.p—LG VLG
(°C—bar) (mol/h) (m”/g) (2) (nm/s)  (nm/s)
30—55 15.9 9.72 94.9 0.17684  0.14000
90—90 4.3 5.95 92.2 0.08042 0.12482

“vop = Mass growth rate (see Figure 3 in this study); SpeT product =
specific surface area of product at equilibrium state (see ref 32);
Mcacos = produced calcium carbonate weight (see ref 25); v 1.6 =
linear growth rate of calcite deduced from mass growth rate (see eq 16 in
this study); vi.g = linear growth rate deduced from Rietveld refinement
of XRD patterns (see section 3.2 in this study).
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Figure 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 in coherent domain
average size) as a function of reaction time. Coherent domain
average size was determined by Rietveld refinement of X-ray
diffraction patterns.

secondary physicochemical processes. For example, the
coherent domain average size as detected by X-ray diffrac-
tion is accompanied by a dissolution process of the crystal-
lites in their very early stage of nucleation (first 0.5 h). This
fact can be clearly observed following the kinetic experimen-
tal—estimated data of growing of the crystallites from the
XRD coherent domain average size shown in Table 1 and/or
Figure 4: they reflect a continuous growing of the average
size of the coherent domains at 30 °C and 55 bar (only three
points), whereas the average size decreases from 112 to 99 nm
when passing from 900 to 1800 s of reaction at 90 °C and 90
bar. This behavior is suspected later in the reaction. This
decrease can be interpreted in terms of a dissolution process
of calcite crystals, given that there is a molar excess of carbon
dioxide with respect to calcium hydroxide in the reactor
(CO,/Ca(OH), molar ratio = 1.82) leading to an acidic
condition which would explain this behavior. The micro-
scopic observations (by TEM) provide the evidence of a
secondary dissolution process of crystals during calcite for-
mation at 90 °C 90 bar in this closed system (Figure 6).

3.3. Masse growth Rate vs Linear Growth Rate. The masse
growth rate can be defined as the global mass flux incorpo-
rated and/or nucleated at solid—fluid interfaces during
crystal growth processes. This mass flux can be related
to the particle size in order to deduce the linear growth
rate.’**3** This concept was adapted to our measurements
reported in Figure 3. For this case, the linear growth rate of

Montes-Hernandez et al.

calcite from mass growth rate can be deduced as follows

_ Mcacos P
Vo,Pp — LG = Vo, P (16)
Pcaco3 SBETproduct Mcaco3

where MCaCO3a PCaCco3, and Mcaco3 are the molecular
weight, the density, and the produced weight of calcium
carbonate, respectively. The Sger product 1S the specific sur-
face area of product and it is equivalent to specific surface
area of calcium carbonate in our experiments (measurements
reported in 32), assuming a complete transformation of
calcium hydroxide (Ca(OH),) to calcium carbonate
(CaCO5).”> Note that eq 16 represents only an “a posteriori”
calculation, knowing the specific surface area of solid pro-
duct and the produced calcium carbonate weight at the
equilibrium. Obviously, this global calculation not takes into
account the temporal variation of the specific surface area of
solid during calcite-crystal growth. But, in our experiments
was demonstrated that this calculation can be a well approxi-
mation to deduce the linear growth rate (see Table 3 and
Figure 7). Figure 7 shows the discrepancy of linear growth
rate values with respect to theoretical line (with slope = 1).
Table 3 summarizes the growth rates values, the produced
calcium carbonate weight, and the specific surface areas of
calcite growth at high gas pressure (55 and 90 bar) and
moderate to high temperature (30 and 90 °C).

4. Conclusion

The main goal for this study was to propose a novel method
allowing the estimation of the linear growth rate of calcite in a
triphasic gas—liquid—solid system under high gas pressure (55
and 90 bar) and moderate to high temperature (30 and 90 °C).
This was successfully reached by using Rietveld refinement of
X-ray diffraction patterns. Herein, an average variation of
particle size (coherent domain average size) was determined as
a function of reaction time. Then, a kinetic pseudo-second-
order model was satisfactory used to deduce the linear growth
initial rate. The results showed that the values of linear growth
rate of calcite were equivalents for both systems, in other
words, 0.14 nm/s at 30 °C and 55 bar and 0.12 nm/s at 90 °C
and 90 bar. However, the average size of calcite crystals, here
expressed as a maximum of coherent domain average size, was
clearly higher at 90 °C and 90 bar (174 nm) than at 30 °C and
55 bar (63 nm).

The main advantage for this method is the possibility to
estimate the linear growth rate of crystalline fine particles
(>40 nm) growing in triphasic gas—liquid—solid systems.
Here, we consider that depressurization of cell reaction has
lesser physicochemical effect on the solid precipitates than on
the interacting solutions.
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