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ABSTRACT: The gas—solid carbonation of nanosized portlandite was experimentally investigated using a static bed reactor
under anisobaric conditions. The effects of initial CO, pressure (10—40 bar), reaction temperature (30 and 60 °C), and relative
humidity were investigated. Three steps of the carbonation process were determined: (1) instantaneous CO, mineralization
during CO, injection period. From 25 to 40 wt % of initial portlandite grains were transformed into calcite during the CO,
injection period (from 0.9 to 2 min). (2) Fast CO, mineralization after gas injection period (<5 h) followed by (3) a slow CO,
mineralization until an equilibrium state (<24 h). The results revealed high efficiency from portlandite-to-calcite transforma-
tion (> 95%). For this case, the mineralization of CO, does not form a protective carbonate layer around the reacting particles
of portlandite as typically observed by other gas—solid carbonation methods. This method could be efficiently performed to
produce nanosized calcite. Moreover, the separation of calcite particles from the fluid phase is most simple compared with
precipitation methods. A kinetic pseudo-second-order model was satisfactorily used to describe the three CO, mineralization
steps except for the carbonation reaction initiated at 40 bar. In this latter case, a kinetic pseudo-first-order model was
satisfactorily used; indicating that the slow CO, mineralization step appears less significant during the carbonation process.

1. Introduction to be the main, but nonexclusive, controlling factor.”> Many
experimental studies have been realized on the synthetic
precipitation of the various forms of calcium carbonate and
the conditions under which these may be produced, including
the importance of initial supersaturation, temperature, pH,
and hydrodynamics. The effect of impurities and additives has
also been extensively studied (e.g., refs 3—16).

The mechanism pathways and/or conditions determine the
textural properties (such as average particle size, particle size
distribution, crystal morphology, and specific surface area) of
the obtained product. For example, in classic aqueous synthe-
ses, the morphology of the precipitated calcite, at typical
temperatures of the industrial process (between 30 and 70 °C),
is normally the scalenohedral one bounded by the {211} form.
Synthetic scalenohedral calcite is generally produced through
a batch carbonation method. The rhombohedral morphology,
bounded by the {104} form, is usually precipitated by using
homogeneous systems (i.e., solution—solution interactions)
but rarely by the mentioned industrial process. The carbonation
of Ca(OH), suspension without the addition of additives allows
control of the textural properties of calcite precipitates.!” 1
Therefore, the development of new industrial carbonation
routes for the production of nanosized calcite particles in the
absence of expensive additives and in the absence of liquid
media in order to make easier their recovery and use is of great
interest. For this reason, we propose the production of nano-
sized calcite crystals via gas—solid carbonation of powdered
portlandite under anisobaric conditions. Whereas most of
the previous portlandite carbonation studies were carried out
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Basically, carbonate minerals can be formed in natural or
artificial environments by three different mechanism pathways
and/or conditions: (I) aqueous nucleation-growth in homo-
geneous or heterogeneous systems (aqueous conditions), for
example, the chemical or biogenic formation of carbonates in
lakes, oceans, CO, storage sites, natural caves; (IT) gas—solid
carbonation of alkaline minerals (fine particles) in the presence
of adsorbed water (water humidity conditions, 0 < water
activity < 1), for example, carbonate formation in water-
unsaturated soils, in terrestrial or extraterrestrial aerosols;
(I1T) dry gas—solid carbonation of granular/porous materials
(dry conditions, water activity ~ 0), for example, the industrial
mineralization, recovery or capture of CO, at high tempera-
tures in the presence of alkaline binary oxides (CaO, MgO...)
or metastable, nanoparticle alkaline silicates.

Calcium carbonate particles have three crystal polymorphs,
namely, calcite, aragonite, and vaterite, which respectively
show rhombohedral, needle-like, and spherical morphologies.
Calcite belonging to the trigonal class is the most stable phase
at room temperature under normal atmospheric conditions,
while aragonite and vaterite (e.g., ref 1) belong to the orthor-
hombic- and hexagonal class, respectively. The later are
metastable polymorphs which spontaneously transform into
the stable calcite. The specific formation of one of the poly-
morphs of crystalline calcium carbonate particles depends
mainly on the precipitation conditions, such as pH, temperature,
and supersaturation. Supersaturation is usually considered
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compressed dry CO, as the reactant had not yet been experi-
mentally studied, to the best of our knowledge.

The gas—solid carbonation processes using alkaline sor-
bents are also of growing interest because of their potential to
capture CO, via noncatalytic exothermic reactions, allowing
the selective mineralization of CO, from a complex mixture of
several gases. Once carbonated, the resulting crystals are then
decarbonated to high temperature (the effective value depend-
ing on the nature of produced carbonate®' %), releasing pure
CO, by a calcination (or decarbonation) process. This overall
carbonation—calcination route allows the recovery of pure
CO, prior to its injection underground and reuse. Various
alkaline sorbents have been proposed to capture and miner-
alize CO, via gas—solid carbonation such as binary oxides
(e.g., CaO and MgQO), hydroxides (e.g., Ca(OH),, Mg(OH),,
and NaOH), and metastable powdered silicates (e.g., Li;SiOs3,
Na,Si0s, CaSiOs, and MgSiO5).>** For all cases, the CO»-
sorbent reaction is described by the formation of a dense
nonporous layer of carbonate minerals (or protective carbo-
nate layer) around the reacting particles, so that carbonation
efficiency can be hardly complete (<80%) (e.g., refs 21, 23,
25, 30, and 34), except for high relative humidity (HR >
95%), small particle size (nanometric scale), and nature of
sorbent.>> 37 The formation of a protective carbonate layer
produces physically an increase of the volume at the grain
scale (expansion or swelling process) or a decrease of porosity
(pore closure process) when porous materials are partially
carbonated.?>**3 With respect to the reaction kinetics, the
gas—solid carbonation can be catalyzed by the water activity
(or relative humidity) at moderate temperature (< 60 °C) and
low CO, pressure (<2 bar), low water activity (<0.4) ulti-
mately inhibiting the reaction.***’ From a mechanistic stand-
point, this means that the adsorbed molecular water onto
hydrophilic and basic surface sites allows the ion carbonate
formation at the gas—solid interfaces followed by the solid
carbonate formation around reacting particles. Conversely,
for dry gas—solid carbonation (i.e., in the absence of adsorbed
water onto reacting particles (water activity ~ 0)), high
temperature (> 120 °C) and preferentially low CO, pressure
(<1 bar) are required.*® In this latter case, the optimized
reaction temperature depends directly on the textural proper-
ties (e.g., particle size, porosity...) and chemical nature of
absorbent.”***3 Note that the reaction mechanism for dry
gas—solid carbonation is still a debated question. For instance,
some studies have proposed that the atomic excitation at high
temperature allows the migration of oxygen atoms from the
solid toward adsorbed gaseous CO, producing its mineralization
into carbonate around the reacting particles.*” Consequently,
the formation of a dense nonporous layer of carbonate minerals
around the core of the grains produces a passivation process
due to a blocking of intraparticle diffusion of CO, through the
core of reacting particles.”?

The gas—solid carbonation has been usually studied at the
laboratory scale by using small reactors coupled to thermo-
gravimetric and/or chromatographic measurements.*"*® Conver-
sely, at the pilot plant scale, fluidized bed reactors have usually
been proposed to perform the solid—gas carbonation.*®3! As
previously mentioned, solid—gas carbonation reactions are
generally incomplete (<80%) for both cases due to the
formation of a protective carbonate layer around the reacting
particles.

The main goal of this study is to demonstrate that a moderate
CO, pressure makes possible the completion of solid—gas
carbonation of nanosized portlandite even with low water
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Figure 1. Flow-chart diagram for production of nanosized calcite
via gas—solid carbonation of powdered portlandite by using a static
bed reactor under anisobaric conditions.

activity, whereas identical starting materials were previously
demonstrated to exhibit limited, not to say any carbonation at
low CO, pressure.*” We show hereafter that this method can
be efficiently performed to produce nanosized calcite crystals.
Herein, the laboratory experiments on the gas—solid carbo-
nation of powdered portlandite Ca(OH), were performed by
using a static bed reactor under anisobaric conditions. The
effects of initial CO, pressure (from 10 to 40 bar), reaction
temperature (30 and 60 °C), and two hydration states on solid
particles (in situ vacuum drying (P < 10 mbar, 7 = 110 °C)
and without drying (water activity ~ 0.6) were investigated.
The reaction products were characterized by X-ray diffraction
(XRD) (including Rietveld refinements of X-ray diffrac-
tion patterns), thermogravimetric (TGA), N, adsorption (i.e.,
BET measurements), and microscopic (FESEM and TEM)
measurements.

2. Material and Methods

2.1. Growth of Nanosized Calcite. 74.1 g (=1 mol) of commercial
portlandite Ca(OH), (provided by Sigma-Aldrich with 96% of
chemical purity, about 3% of CaCOs and 1% of other impurities)
were placed in a titanium reactor (Parr autoclave with internal
volume of 2 L). The reactor containing solid particles of portlandite
was slightly heated to 30 °C using an oven specifically adapted to the
reactor. When the system temperature was stabilized, 10, 20, 30, or
40 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—7) conditions, the
vapor phase consists mainly of CO, gas in the ideal state. After CO,
injection period, from 0.5 to 2 min depending on the initial pressure,
the pressure drop was visually monitored on a manometer as a
function of time until the CO, pressure reached an equilibrium value
in this anisobaric gas—solid system (Figure 1). The CO, consump-
tion (or CO, pressure drop) was monitored as a function of time and
directly related to the carbonation kinetics of portlandite at the
gas—solid interfaces. However, preliminary tests had revealed an
instantaneous significant carbonation of portlandite during the
CO; injection period. For this reason, complementary experiments
were carried out to determine the extent of this instantaneous
carbonation. To do so, such carbonation experiments were per-
formed at the same above-mentioned conditions and immediately
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stopped after the CO, injection period. Herein, the CO, gas was
immediately removed from the reactor by flash purge down to the
atmospheric pressure. The residual CO, and in situ produced mole-
cular water (Ca(OH)(s) + COy(g) — CaCOs5(s) + H,O (v or 1)) were
removed from the reactor by in situ vacuum drying (< 8 mbar and
110 °C) for 24 h (Figure 1).

At the end of the experiment, that is, after carbonation reaction,
flash purge and sometimes in situ vacuum drying, the autoclave was
disassembled. The dry solid product was manually recovered,
weighed, and stored in plastic flasks for further characterizations
(FESEM, TEM, XRD, BET, and TGA).

In order to determine the effect of temperature, a one carbona-
tion experiment was carried out at 60 °C and 20 bar of CO,
following the same above-mentioned procedure. Finally, to deter-
mine the effect of initial adsorbed water onto the reacting particles,
the powdered portlandite was in situ dried at 110 °C and <8 mbar
for 24 h using an oven and a vacuum pump specifically adapted to
the reactor prior to CO, injection.

Note that each carbonation experiment was repeated 2—4 times
in order to determine its macroscopic reproducibility.

2.2. Characterization of Solid Particles. Field emission gun scan-
ning electron microscopy (FESEM) was used to characterize the
particle size and morphology of crystal faces of carbonated parti-
cles, using a Zeiss Ultra 55 microscope with a resolution of around
I nmat 15kV. The samples (powders) were previously dispersed by
ultrasound in absolute ethanol for 5—10 min. Then, one or two
drops of suspension were deposited directly on the metallic supports
for SEM observations with fine metal coating of the samples.
Additional observations were carried out by transmission electron
microscopy (TEM) using a JEOL 2100 (LaBs) TEM, operating at
200 kV. The sample preparation was similar to that described above:
selected carbonated powders were dispersed ultrasonically in pure
ethanol; drops of the liquid phase containing the particles in
suspension were then subsequently deposited on a carbon-coated
copper grid.

Thermogravimetric analyses (TGA) were performed with TGA/
SDTA 851° Mettler Toledo under the following conditions: sample
mass of about 20 mg, alumina crucible of 150 4L with a pinhole,
heating rate of 20 °C min~ ', and air atmosphere of 50 mL min~".
Sample mass loss and associated thermal effects were obtained by
TGA/SDTA. In order to integrate the different mass loss steps, the
TGA first derivation (mass loss rate) was used. TGA apparatus was
calibrated in terms of mass and temperature. Calcium oxalate was
used for the sample mass calibration. The melting points of three
compounds (indium, aluminum, and copper) obtained from the
DTA signals were used for the sample temperature calibration.

The specific surface area of powdered calcite (six samples) was
estimated by applying the Brunauer—Emmet—Teller (BET) equa-
tion and by using 16.3 A2 for cross-sectional area of molecular N».
The N, adsorption experiments were performed using a Sorpto-
matic system (Thermo Electron Corporation).

X-ray diffraction (XRD) data were collected with a Rigaku ultra-
X18HFCE Bragg—Brentano diffractometer equipped with a rotating
copper anode (Cu Ka radiation). The conditions for generating the
X-ray beam were 300 mA and 50 kV. Scans were taken for 26 ranges
from 15 to 90° with 0.01°/s steps.

Rietveld refinement of XRD patterns was carried out with the
program Fullprof,*' following a standard procedure, which can be
found in, for example, Montes-Hernandez et al.**> or Daval et al.**
Moreover, a specific description of the Rietveld refinement of XRD
patterns for this study is given in Supporting Information.

3. Results and Discussion

3.1. Efficiency of Gas—Solid Carbonation of Portlandite.
As previously mentioned, a substantial volume of literature
has revealed that gas—solid carbonation reactions are gen-
erally incomplete (carbonation efficiency <80%) due to the
formation of a protective carbonate layer around the react-
ing particles. In general, at low CO, pressure (<2 bar), the
carbonation efficiency of powdered sorbents depends mainly
on the particle size, chemical structure, reaction temperature,
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Figure 2. XRD patterns of carbonated particles: Nucleation—growth
of calcite particles through gas—solid carbonation of portlandite
under three different pressure—temperature conditions. Results of
Rietveld refinement of XRD patterns are presented: black points,
experimental; red line, Rietveld refined model; blue line, difference;
gray lines, position of Bragg peaks (bottom gray lines: portlandite,
above gray lines: calcite).
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Figure 3. Thermogravimetric curves (TGA) of carbonated particles:
Nucleation—growth of calcite particles through gas—solid carbonation
of portlandite under three different pressure—temperature conditions.
Differential thermal curves (SDTA) of portlandite (reference) and
calcite significantly hydrated (adsorbed water).

fluid dynamics, and relative humidity. For portlandite par-
ticles, it has been clearly demonstrated that an increase of
relative humidity catalyzes the gas—solid carbonation and
increases the carbonation efficiency up to 85% at constant
low temperature (220 °C) and low CO, pressure (6.5 mbar).**
The main result of our study consists of the demonstration
that the nanosized portlandite can be completely transformed
into nanosized calcite via gas—solid carbonation under mod-
erate CO, pressure and temperature (Figures 2 and 3). These
results can be compared with others from experiments per-
formed on portlandite with identical grain size but at lower
CO, pressure (e.g., ref 40). Between this previous study*
and the present one, it is important to notice that all the
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Table 1. Experimental Conditions and Carbonation Efficiency Determined by Three Independent Methods*

gas—solid carbonation efficiency (wt %)

exp CO, pressure (bar) temperature (°C) CO,/Ca(OH),molar ratio drying” XRD¢ TGA? mass balance
1 10 30 0.794 without 57.0 60.0 55.6
2 20 30 1.587 without 99.9 96.1 95.1
3 30 30 2.380 without nm nm 95.1
4 40 30 3.174 without 99.9 95.0 95.2
5 20 60 1.444 without 99.5 94.9 96.0
6 20 30 1.587 with 99.3 100Pnd 94.4

“nm: not measured; Pnd: Portlandite not detected. * In situ drying prior to carbonation process (110 °C and <8 mbar for 24 h). ¢ Rietveld refinement

of XRD patterns. ¢ Thermogravimetric analysis.

physicochemical parameters (other than CO, pressure) that
impact the carbonation rate and efficiency of portlandite
carbonation (i.e., the initial particle size (=30 nm), the
temperature (30 °C), and the water activity (either ~0 or
0.6)) were kept constant, such that the effect of pressure on
the yield and rate of carbonation can be directly addressed
in the present study. Our results suggest that the gas—solid
carbonation of portlandite particles was enhanced with
compressed CO,. Because the reaction reaches completion
for five of the six investigated experimental conditions (see
Table 1, where the extent of portlandite carbonation is >95%,
except for experiment 1, because CO, is the limiting reactant),
we conclude that the mineralization of CO, does not form a
protective carbonate layer around the reacting particles of
portlandite. In fact, the formation of a passivating layer would
have resulted in a maximum yield of carbonation far lower than
1 (see examples of carbonation reactions leading to passivating
ability of secondary coatings in refs 40 and 44). In our experi-
ments, the nucleation—growth of nanosized calcite crystallites
were preferentially observed (Figure 4). The results have also
revealed that the gas—solid carbonation efficiency with com-
pressed CO, was independent of the 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 (see Table 1). These new data could
increase the interest to use the gas—solid carbonation of port-
landite particles with compressed CO, (<40 bar) in order to
produce nanosized calcite of high purity. The main advantage
compared with precipitation methods is a simple separation of
solid product from fluid phase by degassing and conventional
drying processes.

3.2. Fitting of Kinetic Macroscopic Data. The CO, pressure
drop produced by CO, consumption during portlandite
carbonation process can be directly related to carbonate
formation by the following exothermic gas—solid reaction:

Ca(OH),(s) + CO,(g) — CaCOs(s) + H,O(v—or—1)
(1)

The pressure drop of CO, measured as a function of time
can be then used to calculate the amount of calcium carbonate
formed during this equimolar theoretical reaction. Here, the
molar production of calcium carbonate as a function of time
(ncaco,) was calculated by

(Po—P)V

RT = nCaO;,t (2)

nCOz,l‘ =
where P, represents the initial pressure of CO, (10, 20, 30, or
40 bar), P, stands for the monitored pressure of CO, at
instant time 7 (bar), V'is the reactor volume occupied with gas
(&2 L), Tis the temperature of reaction (303.15 or 333.15 K),
and R is the gas constant (0.08314472 L bar/K mol).

Figure 4. FESEM micrographs obtained via secondary electrons.
(a) Platy sub-micrometer grains (sheet forms) of portlandite (reacting
particles). Nanosized (<100 nm) and sub-micrometric (<1 um)
crystals of calcite formed at 60 °C (b) and 30 °C (c¢) under anisobaric
conditions (initial CO, pressure = 20 bar).

The kinetic pseudo-first-order and pseudo-second-order
models have been widely used to describe several physico-
chemical reactions at solid—fluid interfaces such as uptake
processes of ions and molecules, photocatalytic oxidation
of organic molecules, sorption of vapor water in/on clays,
osmotic swelling process of clays, aqueous carbonation of
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Table 2. Kinetic and Equilibrium Parameters Determined by Fitting of Experimental Data on the Calcite Nucleation—Growth Using eqs 6 or 7,*

eXp model NCaCO,,inj (1’1’101) NCaCO,,max (mOI) 1/kc,l (mm) tl,’Z (mm) R
30 °C—40 bar (4) first” 0.40 +0.009 0.53+0.01 60.24 + 4.1 na 0.99
30 °C—20 bar (2) second® 0.29 £0.02 0.624+0.02 na 68.6 £9.9 0.99
30 °C—30 bar (3) second® 0.31 +£0.02 0.65+0.02 na 34.6 +4.5 0.99
60 °C—20 bar (5) second 0.25 £0.02 0.654+0.03 na 83.0 £ 16.0 0.98
dry—30 °C—20 bar (6) second® 0.30+0.02 0.634+0.03 na 70.4 £ 13.5 0.98
30 °C—10 bar (1)¢ second® 0.154+0.03 0.42+0.04 na 166.5 + 67.8 0.96

“na:notapplicable. Dry: in-situ drying prior to carbonation process (110 °C and < 8 mbar for 24 h). R: correlation factor.  Kinetic pseudo-first-order
model. “Kinetic pseudo-second-order model. ¢ Carbonation experiment where the CO,/Ca(OH), molar ratio < 1.

alkaline minerals and crystal growth processes (e.g., refs
45—51). In the present study, these two kinetic models were
also used to describe the kinetic behavior of gas—solid carbona-
tion of portlandite (eq 1) by using the variation of molar CO,
with time, relating it to calcite formation (eq 2), and assuming a
finite equilibration in these closed systems, that is, when the mass
transfer was not measurable anymore. The general differential
equation to derivate the above cited models can be expressed as

CaCO

dn a 3,1 n 3

= = kc n(”CaCO; max — 1CaCOs t) ( )
d¢ ’ ’ ’

where k_ ,, is the rate constant of calcite formation, 7¢.co, max 1
the maximum molar-amount of calcite at equilibrium, nc,co,,
is the molar-amount variation of calcite with time, ¢ (see eq 2),
n is a kinetic pseudo-order. For the kinetic pseudo-first-order
model, n = 1, then, the integrated form of eq 3 for the boundary
conditionsz = 0to ¢ = tand ncaco,, = 010 ncaco, = Ncaco,s
is represented by an exponential relationship:

NCaCOs,t = NCaCOy,max (1 — exp( — ke, 11)) 4)

For the kinetic pseudo-second-order model (n = 2), the
integrated form of eqs 3 for the cited above boundary
conditions is now represented by a hyperbolic relationship:

1

kc,2nCaC03,max

o nCaCO;,maxt h o
NCaCO;, = ————— where 7y, =
L+t

()
The parameter f, , represents the duration after which half of
the maximum molar-amount of calcite was obtained and is
termed “half-carbonation time”.

As previously mentioned, the preliminary tests had re-
vealed an instantaneous significant carbonation of port-
landite during CO, injection period. For this reason, two
complementary experiments were carried out in order to
determine the quantitative extent of this instantaneous step.
Herein, the calcite instantaneous-formation during CO,
injection period (ncaco,,inj) Was experimentally determined
by mass balance methods (TGA and Rietveld refinement of
XRD patterns). This experimental parameter can be incor-
porated into eqs 4 and 5in order to obtain a more realistic
kinetic behavior of calcite formation during carbonation
process of portlandite. Then, the corrected equations can
be finally expressed as

NCaCOs,t = NCaCOs,inj + NCacOs,max (1 —exp(— k1)) (6)
for the kinetic pseudo-first-order model, and

NCaCOy,max? (7)

NCaCOs,r = MCaCOs,inj T
af 3 al 3,10] t1/2+t

for the kinetic pseudo-second-order model.
The fitting of kinetic data (ncaco,,, vs f) by using eqs 6 or 7
allows the estimation of kinetic and equilibrium parameters.

1,0
& 8
0,8 1 p O
OJ Kinetic pseudo-first-order model
J) Neyeosr = Neacosm. T ”Cacm,max(l’exl)(* ko, )
0,6 P

Kinetic pseudo-second-order model
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Figure 5. Kinetic behavior of nucleation—growth of calcite through
gas—solid carbonation of portlandite under anisobaric conditions
at 30 °C.

A nonlinear regression by the least-squares method was
performed. In Figure 5, the experimental data and fitting
curves are reported for two of the six investigated conditions
(note that the fitting parameters and the correlation factor
values for the entire data set are summarized in the Table 2).
In general, these results have demonstrated three steps of the
carbonation process or calcite nucleation—growth via gas—
solid carbonation: (I) Instantaneous CO, mineralization during
CO, injection period. From 25 to 40% of initial portlandite
was transformed into calcite during the CO, injection period
(from 0.9 to 2 min). (IT) Fast CO, mineralization after gas
injection period (< 5 h) followed by (III) a slow CO, miner-
alization until an equilibrium state (<24 h). At this equilibrium
state, the estimation of the maximum molar-amount of calcite
added to instantaneous CO, mineralization (7ca.co,max +
Ncaco,.in) are in agreement with thermogravimetric (TGA)
and diffractometric (XRD) measurements. In summary, a
kinetic pseudo-second-order model was satisfactory used to
describe these three CO, mineralization steps except for the
carbonation reaction initiated at 40 bar. In this latter case, a
kinetic pseudo-first-order model was satisfactory used; this
indicates that the slow CO, mineralization step (or slow mass
transfer step) appears less significant during the carbonation
process (Figure 5). The slow CO, mineralization step ob-
served in our experiments (when initial CO» pressure < 40)
can be due to the continuous consumption of CO, “manifested
by a continuous pressure drop” (anisobaric conditions) until
an equilibrium state in this closed system. Moreover, the
water formation from carbonation reaction (see eq 1) could
resultin a local acidification process at the carbonate—water—
CO, interfaces, leading to complex dissolution—reprecitation
features, slowing down in turn the global carbonation rate of
portlandite.
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Table 3. Results of BET Measurements and the Average Particle Size Deduced from Specific Surface and Rietveld Refinement of XRD Patterns”

exp pCO,(bar) temperature (°C) CO,/Ca(OH), molar ratio drying® Spet (m?/g) D (nm) re (Nm) Irem (nm)

1 10 30 0.794¢ without 9.2 250 29 nm

2 20 30 1.587 without 7.0 310 94 nm

3 30 30 2.380 without nm na nd nm

4 40 30 3.174 without 9.4 230 102 nm

5 20 60 1.444 without 8.1 270 44 nm

6 20 30 1.587 with 5.5 400 95 1229
starting material (portlandite) 15.3 170 29 nm

“nm: not measured; na: not applicable; nd: not determined; Sggt: specific surface area of starting and carbonated materials; D: average particle size of
starting and carbonated materials estimated by assuming all the particles have the same spherical/cubic shape and size; r.: coherent domain average size
of calcite (at the macroscopic equilibrium “after 24 h of reaction”) and portlandite (starting material) determined by Rietveld refinement of XRD
patterns; /rpy: average particle size of calcite manually measured from TEM micrograph (see Figure 6). In situ drying prior to carbonation process
(110 °C and <8 mbar for 24 h). ¢ Incomplete reaction (i.c., mixture calcite (0.58) — portlandite (0.42)). ¢ Average value considering 20 representative

crystals (see Figure 6).

Length
Crystal _{(nm)
1 99.7
2 121.1
3 121.6
H 69.9
5 100.0
6 198.3
7 68.4
B 115.7
9 121.2
10 97.7
11 123.4
12 60.3
13 92.8
14 108.5
15 67.7
16 151.3
17 158.2
18 233.5
19 231.4
20 107.5
pverage [122.4
ktddev  [50.1

Figure 6. TEM micrograph showing nanosized (< 100 nm) and sub-micrometric (< 1 um) calcite crystals (concerning experiment 6).

A final comment can be made with respect to the kinetic
parameters determined in the present study. As one can note,
the fitted/experimental parameters (€.2., ncaco, inj; f1/2) are
strongly correlated with the initial CO, pressure. Basically,
the higher the initial pressure, the faster the reaction, which is
qualitatively consistent with the idea that the rate-limiting
step is rather more related to the CO, pressure itself than to
surface coverage limitations. Although more data would be
required to accurately link the parameters ncaco, inj and 7y
to the initial CO, pressure, here we showed results which
make us envisage that for a given experimental configura-
tion, a simple and predictive model could be built by using
the initial CO, pressure as the only entry parameter to
foresee the carbonation rates.

3.3. Features of Reaction Products and Variation of Aver-
age Particle Size Related to Crystal Growth Process of
Calcite. The BET measurements have revealed a high specific
surface area (see Table 3) compared with typical values of
powdered calcite. These values lead to a sub-micrometric
average particle size for all carbonated samples (from 230 to
400 nm) assuming all the particles to have the same spherical/
cubic shape and size. This simple calculation on the average
particle size deduced from specific surface area is signifi-
cantly in disagreement with coherent domain average size.

This latter size parameter is determined by Rietveld refine-
ment of XRD patterns (values also reported in Table 3). To
explain this discrepancy, a carbonated sample (concerning
experiment 6) was imaged by transmission electron micros-
copy (TEM) (see Figure 6). Here, the average particle size
considering 20 representative calcite crystals is about 122 nm.
This size value is clearly in agreement with coherent domain
average size determined by Rietveld refinement of XRD
patterns. On the basis of this specific result, the significant
discrepancy between BET and XRD measurements (reported
in Table 3) can be explained in terms of aggregation state and
assuming the presence of closed pores into aggregates, that
is, pores in aggregates not accessible by N, during conven-
tional BET measurements.

Finally, the average particle size of portlandite and calcite
determined by Rietveld refinement of XRD patterns were
reported in Figure 7. In addition to the final size of calcite
crystals at the end of the reaction, powders were recovered
and analyzed at intermediate stages of the carbonation
process in order to give some insights into the crystal growth
process. Several comments can be established from Figure 7.
First, it can be noticed that the main factor controlling the
final size of calcite crystals is temperature: whereas the final
calcite grain size for experiments 2, 4, and 6 run at 30 °C are
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Figure 7. Average coherent domain size of portlandite (squares) and calcite (diamonds) particles as a function of the molar-amount of calcite
formed. The solid blue line represents the expected evolution of the size of portlandite particles following a shrinking core model and an initial
size of particles of 29 nm. A symmetric model for the homogeneous growth of calcite crystals cannot explain the results obtained with calcite

(solid red line).

very similar (close to 100 nm, this value being in excellent
agreement with the TEM observations), the final grain size of
calcite is 44 nm for experiment 5 run at 60 °C. Conversely, for
a given temperature, the effects of initial pressure and relative
humidity are not significant (see the data points corresponding
to the equilibrium state for experiments 2, 4, and 6). The
main conclusion of this observation is that the maximal
extents of carbonation are independent of the calcite grain
size, which is an additional argument in favor of a process
that is not transport-limited (see e.g., ref 52, where the passi-
vating ability of carbonate coatings is proposed to be critically
linked to the average size of crystallites).

Considering that the size of calcite crystallites at equili-
brium are roughly equivalent in experiments 2, 4 and 6, it can
be supposed that the evolution of the size of calcite crystals as
a function of the extent of carbonation is similar during each
one of these three experiments (the same assumption could
hold for the evolution of portlandite crystallites).

For the sake of simplicity, if we use the common approach
which assumes that both calcite and portlandite crystals
consist of spherical particles, then the size of the crystallites
can be determined at any time (7,) following:

1/3
dt:t, = (EXLI:[I> (8)

T p

where d;—, and m, -, are respectively the diameter and mass
of a given particle at ¢;, p being its specific gravity. Equation 8
can be rewritten specifically at z; = 0 for portlandite and at
t; = teq for calcite (i.e., the time required to reach equilibrium),
which yields, after rearrangement:

1/3 portlandite
(6> B ( . )

Jap mﬁ)zr(t]landite) 1/3

and

[=1leq

6 1/3 dtcilc[iete
O

1
TP mcalcite) /

for portlandite and calcite respectively. Substituting (6/7p)"

in eq 8 by its expression taken either from 9a or 9b yields:

: 1/3
portlandite
. ; m;_
portlandite __ gportlandite [ "tr=7 )
dr:t,- - dtzO portlandite (IOd)
)
and
mcalcite 1/3
dcalcite _ dcalcite 1=t (IOb)
t=1; T =1y ncalcite
[=1leq

Finally, because the experiments were run with a starting amount
of ~1 mol of portlandite, and considering the stoichiometry
of the carbonation reaction, one can easily show that the two
equations above can be rewritten as a function of ncaco,.
following:

portlandite __ jportlandite
d - dl:() (

=t l_nC21C03,t)l/3 (lla)

and

AP = S (negco,)' (11b)
The curves corresponding to these models were drawn on
Figure 7 (light blue and red lines for portlandite and calcite,
respectively), taking an initial particle size of 29 nm for
portlandite and a final particle size of 97 nm for calcite
(these boundary conditions being determined by the results
of Rietveld refinements of XRD patterns). As one can see,
the evolution of the average size of portlandite crystallites,
which could have seemed surprising as it only tends to
decrease slightly as a function of the extent of carbonation,
is indeed in fair agreement with a basic shrinking particle
model. Conversely, this simple homogeneous model cannot
account for the evolution of calcite growth as a function of
carbonation extent (Figure 7, comparison between red solid
line and red diamonds). If one was to expect “big” calcite
crystals of ~100 nm at the end of the reaction, then the
intermediate size of the corresponding crystals for 0.2 <
Ncaco, < 0.6 should be comprised between 57 and 82 nm,
whereas they actually range between 31 and 38 nm. The only
way to obtain crystals 100-nm-thick from seeds 35-nm-thick
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is to dissolve parts of these seeds, such that the released
amount of Ca>" and HCO; ™~ species can precipitate on some
of the bigger crystals, whereas the smallest shrink (i.e., follo-
wing an Ostwald ripening-like path). Thus, as previously
discussed, these preliminary results could reflect a complex
precipitation—dissolution process of calcite crystallites at
large extent of carbonation, as water is released from port-
landite (see eq 1). Even though more data would be necessary
to confirm such a process, which will be the main concern of
an upcoming study, here is an interesting illustration of some
powerful information which can be retrieved from Rietveld
refinement of XRD patterns.

4. Conclusion

In summary, we demonstrated that nanosized portlandite
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, does not form a protective carbonate
layer around the reacting particles of portlandite as typically
observed by other carbonation methods. This method could
be efficiently performed to produce nanosized calcite with
high potential for industrial (e.g., filler in papermaking in-
dustry and printing inks, antacid tablets, adsorbents...) appli-
cations. Moreover, the separation of solid product from the
fluid phase is simpler than in precipitation methods.
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