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Abstract: Mineral carbonation is known to be among the most efficient ways to reduce the
anthropogenic emissions of carbon dioxide. Serpentine minerals (Mg35i,O5(OH)4), have shown great
potential for carbonation. A way to improve yield is to thermally activate serpentine minerals prior
to the carbonation reaction. This step is of great importance as it controls Mg?* leaching, one of
the carbonation reaction limiting factors. Previous studies have focused on the optimization of the
thermal activation by determining the ideal activation temperature. However, to date, none of these
studies have considered the impacts of the thermal activation on the efficiency of the aqueous-phase
mineral carbonation at ambient temperature and moderate pressure in flue gas conditions. Several
residence times and temperatures of activation have been tested to evaluate their impact on serpentine
dissolution in conditions similar to mineral carbonation. The mineralogical composition of the treated
solids has been studied using X-ray diffraction coupled with a quantification using the Rietveld
refinement method. A novel approach in order to quantify the meta-serpentine formed during
dehydroxylation is introduced. The most suitable mineral assemblage for carbonation is found to
be a mixture of the different amorphous phases identified. This study highlights the importance of
the mineralogical assemblage obtained during the dehydroxylation process and its impact on the
magnesium availability during dissolution in the carbonation reaction.

Keywords: serpentinite; X-ray diffraction; rietveld refinement; magnesium leaching; thermal
activation; meta-serpentine; carbonation; heat activation optimization

1. Introduction

The increasing greenhouse gas emissions and particularly anthropogenic carbon dioxide (CO,) in
the atmosphere are known to play a major role in climate change [1]. Mitigation solutions are needed
more than ever. Among the methodologies proposed for mitigation, mineral carbonation appears to be
one of the most sustainable [2,3]. This natural and spontaneous phenomenon involves the reaction
between CO; (aqueous or gas) and divalent cations bearing minerals in order to form the associate
carbonates [3]:
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Equation (1) Carbonation reaction [4]

(Mg, Ca)xSiyOx + 2y + xCO; = > x(Mg,Ca)CO3 + yCO, 1

The reaction products are stable and inert solids where CO, is sequestered. The composition of
the resulting carbonates depends on the major cations present in the reactant mineral [5]. Carbonation
reaction can be divided in three main steps: (i) the CO, dissolution in water (ii) the material dissolution
and (iii) the precipitation of carbonates as final products. The process is essentially controlled by
the first two steps [6]. Serpentine minerals, due to their high amount of Mg?* [7] are considered for
carbonation [8]. Thermal treatment acts on serpentine dissolution by enhancing Mg?* availability,
making it a key step for the process [9]. Serpentine dissolution first results in a rapid exchange of
surfacing Mg?* with protons (H*) before being extracted from the structure into the solution, during a
much slower phase [10,11]. The dissociation of CO, added to the solution will generate protons and
HCO;" ions, therefore enhancing Mg?* availability (Pasquier et al., 2014b).

Lizardite, antigorite, and chrysotile are the main minerals of the serpentine group (Mg3Si,O5(OH),),
belonging to the phyllosilicate class [7,12-14]. Serpentine structure is made of stacked layers composed
of two sheets: the tetrahedral layer composed of silicon tetrahedral (5iO,), linked to the lateral Mg
of the octahedral layer by its apical oxygen atoms, forming a covalent bond [14,15]. Outer hydroxyl
groups contribute to Van der Waals interactions between the two layers, whereas inner hydroxyl
groups contribute to intrafoliar Van der Waals interactions [15-17].

Under high temperatures, hydroxyl groups, linked to Mg atoms, escape the structure. During
this dehydroxylation process, serpentine transformed into amorphous phases (between 550 and
750 °C—Equation (2)), and then recrystallized into forsterite (Mg,SiO4 > 750 °C), associated with
enstatite (MgSiOs > 800 °C) as the temperature increased (Equation (3)) [18-20]. Two types of
amorphous phases have been described [21]: pseudo-amorphous phases, named o-meta-serpentine,
appearing at 50% of the total dehydroxylation reaction, and amorphous meta-serpentine, appearing at
90% of the total dehydroxylation. The formation of ameta-serpentine component can be observed at
a temperature close to 580 °C visualized on a diffractogram by a feature in the lower angle domain
(20 =+ 6°) [21].

Equations (2) and (3): Serpentine dihydroxylation

Mg3Si205(OH)4 (s) i Mg351207 (s) + 2H20 (g) (2)

ZMg3Si207 (s) T SiO, (s) ™ 3MngiO4 (s) T MgSiO3 (s) T SiO, (s)- (3)

It has been observed that amorphous meta serpentine tends to promote Mg?* leaching and
thus carbonation [21-23]. Therefore, optimized conditions for carbonations have been prescribed
to be between 630 °C and 650 °C for 30 to 120 min [22,24,25]. However, in the previous studies,
carbonation reactions have essentially been performed using pure CO; gas at high temperature and
high pressure [21,25-27], strong acids or salts to promote dissolution [22,28]. To date no studies have
been conducted on optimizing thermal activation from the mineralogical point of view, especially for
direct aqueous mineral carbonation using diluted gas. In these conditions, serpentine dissolution is
only promoted by carbonic acid at room temperature and low/mild CO, partial pressure and a good
activation is more than ever critical for reaction.

This study is part of the follow-up work on direct flue gas carbonation process initiated by Mercier
etal. at INRS, Québec [29]. Using mining residues available in the Province of Québec, the process uses
a simulated cement plant flue gas to perform direct flue gas aqueous carbonation [30]. Carbonation
reaction parameters have been optimized by Pasquier [31], optimized conditions for the precipitation
of carbonates have been determined by Moreno [32] whereas a technical and economical evaluation
of the process have shown its feasibility and sustainability in the Province of Québec [33]. However,
a pilot scale test revealed that thermal treatment conditions needed to be optimized for the INRS
process as well [34,35].
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In the present paper, only the proportion of magnesium prior to precipitation will be studied
and considered as an intermediate product of the carbonation, as thermal activation can only acts
on enhancing serpentine dissolution. Therefore, post-carbonation solids were not considered in the
present study for the given reasons. Furthermore, it serves to give a novel approach of evaluating the
influence of amorphous phases on serpentine dissolution and thus Mg?* leaching during direct flue
gas aqueous mineral carbonation by introducing a new quantifying method of those phases. Those
new mineralogical data will provide a further understanding of the relation between thermal activation
and serpentine dissolution and therefore, improve this step in the INRS carbonation process.

2. Materials and Methods

2.1. Sample Preparation, Characterization and Analytical Methods

Serpentinite residues were sampled on stockpiles from Jeffrey Mine, near the town of Asbestos,
southern of the Province of Québec. Lizardite is identified to be the major serpentine polymorph [36].
Fibres, representing 20 wt % of the residue, were removed by gravimetric separation based on their
buoyancy. Iron oxides were also removed by wet gravimetric separation using the Wifley table, due to
their potential commercial value for the process.

The sample was ground using a ring mill (Retsch RS200, Dusseldorf, Germany). The grain size
distribution is given in Table 1 Values were obtained and measured using a particle size distribution
analyzer (LA-950V2 Horiba, Kyoto, Japan).

Table 1. Size distribution of the sample.

Mean Size (p,m) d90 d50 le
16.00 1.99 8.16 43.28

The chemical composition of the starting material is given in Table 2. The chemical composition of
liquid and solid samples was obtained using inductively coupled plasma-atomic emission spectrometry
(ICP-AES) analysis (Varian, Palo Alto, CA, USA). Solid samples were first fused using the Claisse
Method [37]. Loss on ignition (LOI) was obtained from mass difference after placing the sample into a
ceramic crucible inside a muffle furnace for 6 h at 1025 °C.

Table 2. Composition of the raw solid feedstock 1

Elements Values (wt %)
CaO 0.7
Cr203 0.2
F6203 6.8
K,O 0.2
MgO 41.0
MnO 0.1
NiO 0.3
SiO, 39.9
LOI 10.8

! Major compounds only.

Phases were identified using XRPD analysis (Bruker AXS, 2004, Karlsruhe, Germany), performed
at the University of British Columbia. To prepare the sample, 1.6 g were mixed with 0.4 g of pure
corundum (Al,O3) [38], used as an internal standard, representing a 20.0 wt % spike. Samples were
ground in ethanol using agate grinding pellets for seven minutes, in a McCrone micronizing mill to
ensure homogenization. Scans were acquired for 30 min with 26 ranging from 3° to 80° with scanning
step size of 20 = 0.3° with a counting time of 7 s per step, on a Siemens D5000 Bragg-Brentano 6-26
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diffractometer (Bruker AXS, 2004, Karlsruhe, Germany) with radiation CuK« (40kV, 40mA). Matches
were obtained using Bruker identification software DIFFRACplus EVA and the ICDD PDF-2 database.

Quantification of phases was performed using the Rietveld method ([39-42]) based on a calibration
factor obtained from the mass and volume of each phase’s unit cell. However, this method requires that
all of the phases show high degrees of crystallinity with well-defined crystal structures [42]. Serpentine
minerals are known to show discrepancies from their ideal crystal structures [38,43]. Therefore, when
the crystalline structure of a phase is unknown or partially known, it can be quantified through the use
of the Partial Or No Known Crystalline Structure method (PONKCS), combined with the Rietveld
method [44]. A standard sample of pure chrysotile (90.0 wt %) and fluorite (10.0 wt %), provided
by The University of British Columbia (Vancouver, British Columbia, Canada)., whose composition
is well known [38] was used in order to calibrate the PONKCS model. A calibrated mass value for
the unit cell of both phases was acquired by Rietveld refinements and the chrysotile peaks were
fitted using the Le Bail method [45]. The unit cell parameters and the space group were extracted
from Falini [46]. The generated PONKCS model was then used in the Rietveld refinements as a
crystallographic information files in the software TOPAS (Bruker AXS) [44,47].

2.2. Experimental Apparatus and Conditions

2.2.1. Thermal Activation

Heat treatments were performed in a muffle furnace, Furnatrol 133 (Thermolyne Subron
Corporation). Twenty grams of samples were placed in a cast-iron skillet in a thin surface, then
introduced into the furnace. Cast iron was chosen for its resistance to drastic temperature changes.
No major iron contaminations were observed after thermal treatments according to chemical analysis.
Tests were performed under isothermal conditions, meaning that the furnace was set to the targeted
temperature beforehand to the test. At the end of the treatment, the furnace was open to help the skillet
cool down, for five minutes. The skillet and the sample were weighted and the difference between
initial and final masses corresponded to the mass lost induced by heat treatment. A series of seven
tests were conducted at different residence times and temperatures, as shown in Table 3.

Table 3. Treatment conditions.

Residence Time (min) Temperature (°C)

550 650 750
15 A C F
30 - D G
60 B E H

2.2.2. Dissolution in Aqueous Carbonation Conditions

Dissolution reactions were performed using carbonation conditions in order to evaluate thermal
treatment effects on the developing process. Carbonation reactions were conducted in a 300 mL stirred
reactor, model 4561 of Parr Instrument Company (Moline, IL, USA) [29,31]). The tests were performed
using a certified composition gas of 4.0 vol% O, and 18.2 vol% CO,, balanced with N, simulating
cement plant flue gas. The pulp density was set to 15% (150 g-L™!), with a volume of 75 mL of water,
11.25 g of solid and a gas phase volume of 225 mL, as optimized by Mercier et al. [29]. A batch of
10.2 bar of gas was introduced into the stirred reactor and was allowed to react with the pulp for 15 min
at room temperature 22 °C + 3 °C with the agitation sets to 600 RPM (Figure 1). As the reaction happens,
the pressure decreased between 0.1 and 3.5 bar, depending on the amount of gas initially introduced.
At the end of each batch, the pulp was filtered to obtain the liquid for chemical composition analyses.
The reactivity of the eight thermally treated samples were tested along with an untreated sample (U).
They were only observed throughout the proportion of magnesium leached from the solid during the
reaction, using Equation (4) [Mg]jiq corresponds to the measured concentration of Mg?* at the end of
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the reaction, V and m are the volume of the solution and the mass of solid, respectively, and Cyyg is the
measured concentration of Mg in the post-thermal treatment solid. Carbonates were not precipitated
from the solution as thermal activation impacts on the Mg leaching. Mg analysis was performed on
liquid sample after reaction. The liquid fraction was obtained after filtration of the resulting pulp.
Consistency in the procedure was validated by performing mass balance to highlight any precipitation
occurring during manipulation or during the pressure release of the vessel.

Equation (4): Proportion of Mg?* leached

([Mg];;; x V) x 100

(CMg X m)

In a successive batches test, the solid was used for 12 batches of gas. Every two batches, the solid
was filtered and reused with fresh liquid in the subsequent batches. After six batches, the solid was
filtered, dried at 60 °C, and ground for 1 min at 700 RPM in a ring mill, to partially remove the silica
layer formed around the grains and then re used for another series of 6 batches as described by Figure 2.
The liquid phase was sampled and renewed every two batches to prevent saturation. Long term
reactivity of samples D and F treated at 650 °C for 30 min and 750 °C for 15 min, respectively, were
tested in a successive batches experiment.

%Mg = @)

+10.2 bar

-
Flue gas
18.2 vol%
co,
600 RPM
11.25 g of solid+75 mL of H,0O
Filtration
Inert solid (J—> Liquid phase for
ICP analyses

Figure 1. Parr reactor experimental set up.



Minerals 2019, 9, 680 6 of 14

Batch 1
R
Batch 2 Soild Liquid (a) [
Batch 3 . .
||
Baich 4 S(lhd Liquid (b) [
Batch 5 .
id HL —>
Baich 6 Solid iquid (c¢) z
¥ S
Grinding (700 RPM 1 min) g
v &
Batch 7 . —
id H L —
Batch 8 S(ild iquid (d)
Batch 9 . ..
|
Batch 10 S(ild Liquid (e) [
Batch 11 . ..
|
Baich 12 Solid Liquid (f) [

Figure 2. Batches dissolution experiments.
3. Results and Discussion

3.1. Mass Loss

The proportion of mass lost by each sample during thermal treatments has been registered and is
presented in Table 4. As expected, the proportion of mass lost during treatment increased with the
temperature. It reached a peak at 14.5% for sample F and was treated at 750 °C for 15 min. This value
is in agreement with the expected one, between 12.0% and 14.0% [48,49].

Table 4. Mass lost during each thermal treatment, expressed as percent of initial mass of sample.

Temperature (°C) 550 650 750
Residence Time (min) 15 60 15 30 60 15 30 60 LOI
Sample Name A B C D E F G H
% Mass Lost 5.5 5.5 5.0 9.9 12.5 14.2 13.1 11.7 10.8

3.2. Mineralogical Transformations Along with Activation Temperatures

The evolution in the mineral composition at different temperatures and residence times has been
studied using XRPD. Serpentine shows high crystallinity in samples U, A, and B, respectively untreated,
treated at 550 °C for 15 min, and treated for 60 min. It then decreases in samples C, D, E, and F,
respectively treated at 650 °C for 15 min, 30 min, and 60 min, and at 750 °C for 15 min. Crystalline
features disappear in samples F and G, respectively, at 750 °C for 15 and 30 min. Amorphous contents
can be identified in all of the treated samples as the crystallinity decreases. Forsterite is observed in
samples E, G, and H, shown by highly crystalline peaks.

The remaining magnetite (the small proportion not removed during gravimetric separation)
shows peaks in all samples, whereas the hematite (Fe,O3) which appears during the duration and
temperature of the test increases. Due to the tests being performed in atmospheric conditions, the iron
in the ferrous form (Fe?*) contained in the serpentine structure is oxidized into ferric iron (Fe**) [50].
As iron rich olivine (fayalite—Fe;SiO4) can essentially incorporate Fe?* in its structure [51], hematite
(FeyO3) is preferentially formed.

Table 5 presents phases quantification as measured using the Rietveld refinement. Three issues are
faced: (i) these values do not consider the mass loss occurring during thermal treatment (ii) amorphous
components are identified in the untreated sample, due to the stacking disorder of serpentine, making
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the identification of thermally induced amorphous components difficult, and finally (iii) a small
peak is observed in the low angle that can be attributed to illite thus undermining the observation
of the formation of meta-serpentine as described by [21]. Wilson et al. [38] determine that absolute
quantification errors (wt %) for serpentine (chrysotile) and non-serpentine phases, regardless of their
abundance in a sample, to be under 5.0 wt %. Consequently, illite is not considered in the Rietveld
refinement as their peaks are too low and would fall under the estimation limit.

Table 5. Mineral composition using Rietveld refinements on XRD patterns, given in wt %.

Amorphous  Serpentine Forsterite Magnetite Hematite

Untreated U 39.6 55.8 0.0 44 0.0
550 °C A (15 min) 40.4 54.9 0.0 41 0.4
B (60 min) 39.2 56.3 0.0 3.5 0.8

C (15 min) 44.5 50.8 0.0 3.6 0.9

650 °C D (30 min) 43.5 51.6 0.0 3.4 13
E (60 min) 46.9 46.3 24 2.4 1.8

F (15 min) 70.1 19.8 0.0 6.0 4.1

750 °C G (30 min) 67.9 0.0 28.5 0.0 3.6
H (60 min) 61.8 0.0 34.6 0.0 3.7

In an attempt to overcome these issues, a mass factor (MF in Equation (5)) is computed based on
the mass loss of each sample (Table 4). Using this factor, the abundance of each phase can be expressed
as grams per 100 g of starting material as given in Equation (5).

Equation (5): Proportion of phases expressed in mass

100
100 + %mass loss

Mphase = “Yophase X ( ) = %phase x MF. 5)
As dehydroxylation is considered to be the loss of H,O from the structure, the mass of HyO lost
per gram of serpentine is computed in order to obtain the proportion of dehydroxylated serpentine
(Equation (6)). The value used as maximum mass loss “%mass loss ™®*” was obtained experimentally
and found to be 14.2% for this material.
Equation (6): Proportion of dehydroxylated serpentine

%mass 10ss / ¥ (m hous 1 Mserpentine)
. pentine m
% dehydroxylated serpentine = 7 amolrp — =3 Hzol lost__ (6)
o mass loss omass loss

The initial remaining material is decomposed into a non-reacted serpentine (serpentine )
associated with a non-reacted amorphous phase (amorphous;)) induced by the layered structure of the
serpentine. Their masses are calculated according to Equation (7), assuming that amorphous phase
and crystalline initial serpentine both dehydroxylated in the same proportion.

Equation (7): Mass of initial phases

Mphase,, = (Mphase) — (m phase X % dehydroxylated serpentine). (7)

The amount of dehydroxylated serpentine and amorphous phase corresponding to the first
amorphous observed, (respectively named serpentineqy and amorphousq)) are given by Equation (8).
Equation (8): Mass of intermediate amorphous phases

Mphase(d) = Mphase — Mphase(i). 8)
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Further dehydroxylation leads to the formation of meta-serpentine, whose mass is obtained by
Equation (9) This formation is marked by the total loss of the hydroxyls groups at close to 10 wt % of
the starting material mass.

Equation (9): Mass of meta-serpentine

mmeta—serpentine = (m amorphous X MH20 lost) - mamorphous<i) . (9)

As a result, three phases emerge from this calculation: first an initial serpentine, resulting from
the sum of amorphous;) and serpentine;), then an intermediate amorphous components which is
the sum of amorphousg) and serpentine(gy corresponding to the first stage of amorphization, and
finally meta-serpentine. Forsterite and iron oxides (magnetite and hematite) remain unaltered by
the calculation.

As shown in Table 6, Serpentine is gradually replaced by intermediate amorphous phases in
samples treated at temperatures lower than 650 °C and peaks for 60 min treatment at 70.3 g/100 g of
starting material. Meta-serpentine is first found in samples treated at 650 °C for 15 min. Its proportion
increases with the temperature and peaks at 27.2 g/100 g of starting material in the sample treated
at 750 °C for 15 min. The increase of meta-serpentine is combined with a decrease of intermediate
amorphous components contents. As seen previously (Table 5), forsterite is observed in samples E,
G and H, respectively treated at 650 °C for 60 min and at 750 °C for 30 and 60 min. A treatment at 750 °C
for 15 min produced a sample with no initial serpentine and no forsterite but only amorphous phases,
associated with iron oxides. These observations are in agreement with previous studies which observed
the formation of an intermediate amorphous component, x meta-serpentine, progressively replacing
serpentine below 580 °C. It is then followed by the appearance of an amorphous meta-serpentine
material by 650 °C prevailing by 750 °C [21].

Table 6. Mineralogical compositions based on Rietveld refinements, expressed in grams per 100 g of
starting material) at given temperature and residence times. In. Serp: Initial serpentine, Inter. Am.:
Intermediate amorphous components, Meta-serp.: Meta-serpentine, For.: forsterite, Mag: magnetite,
Hem: hematite and ML: Mass loss.

In. Serp. Inter. Am. Meta-Serp. For. Mag. Hem. ML

Untreated [8) 95.6 0.0 0.0 0.0 4.4 0.0 0.0
550 °C A (15 min) 52.8 36.5 0.0 0.0 3.9 04 5.5
B (60 min) 53.5 37.0 0.0 0.0 3.3 0.8 5.5

C (15 min) 54.0 31.9 4.8 0.0 3.4 0.9 5.0

650 °C D (30 min) 21.6 60.3 4.0 0.0 3.0 1.2 9.8
E (60 min) 4.2 70.3 7.2 2.1 2.1 1.6 12.5

F (15 min) 0.0 49.9 27.2 0.0 52 3.5 14.2

750 °C G (30 min) 0.0 33.6 25.5 24.8 0.0 3.1 13.1
H (60 min) 0.0 34.3 20.3 30.5 0.0 3.2 11.7

3.3. Impact of Mineralogy on Dissolution

3.3.1. Two Batches Dissolution

It is known that the amount of Mg?* available for leaching will directly control, along with
the amount of CO, treated, the quantity of carbonates being precipitated from the liquid phase
after carbonation [30,31]. This study focuses on the proportion of Mg?* leached from thermally
treated serpentine samples. Figure 3 shows the mass of intermediate amorphous components and of
meta-serpentine added up and plotted against the proportion of Mg?* leached into the liquid phase
during the carbonation reaction. As the amount of amorphous components increases from none (U-
untreated sample) to 77 g/ 100 g of starting material (F—750 °C 15 min), the proportion of Mg?*
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leached during two batches of gas increases too, respectively from 3.3 wt % to 13.5 wt % of initial
Mg?* concentration in solid. Samples D, G and H show similar proportions of Mg?* leached and a
close amount of amorphous components. However, initial serpentine constitutes a third of the former
composition, whereas forsterite is formed in the two latter. As observed in previous studies at 650 °C,
the solubility of Mg?* ions is first increased by thermal treatment until it is reduced with the decreasing
content of amorphous phases and the formation of forsterite. The amount of Mg?* leached from the
heat activated serpentine appears to be linearly dependent on the proportion of amorphous phases.

90
= f (F) 750°C' 15 nmin
= 80 :
2 (E)650°C 60 min " & L)
= 0F it
ER (H) 750°C 60 min
o T A e .
2 F o . 750°C 30 nun (G)
g g 60 (D) 650°C 30— e
EE o e, .
=.B F Sg,
IE 50 p Deny,
== [ e r
% ' 550°C ; g,
5 ; 40 [ (B) 550°C 60 min 2
2 : (A) 550°C15min & ™ .
Ew 30 [ (€)650°C 15 min
- = = -
i :
! 20 f
E L
L~ r

10 F

r Untreated
0_ TR S S ST ST T S S S S TS S N T S S ST T Y T S S
[ 2% 4% 6% 8% 10% 12% 14% 16%

Proportion of Mg+ leached after 2 batches of gas
(in %o of initial Mg concentration)

Figure 3. Extracted plotted against the quantity of amorphous phases, being the sum of the intermediate
amorphous components and meta-serpentine. (Squares, triangle, and circles stands for test temperature
of 550 °C, 650 °C, and 750 °C, respectively).

3.3.2. Successive Batches Dissolution

Thermal treatment conditions of samples D and F (650 °C for 30 min and 750 °C for 15 min) are
chosen to be tested on successive batches as they respectively are the recommended conditions in
literature [22] and the conditions giving the highest proportion of Mg?* leached after two batches
of gas in our conditions. Figure 4 shows the cumulative proportion of Mg?* leached after twelve
batches of gas. After two batches of gas, the proportion of Mg?* leached demonstrates a significant
discrepancy from the previous results and the present one. Indeed, the sample treated at 650 °C for
30 min shows a similar proportion of Mg?* leached to the one treated at 750 °C for 15 min. After
4 batches, the sample treated at 750 °C for 15 min is catching up with a proportion of Mg?* leached
higher by 5 wt % compared to the other sample. At the end of the 12 batches, 44.6 wt % of Mg?* has
been leached from the sample treated at 750 °C for 15 min against 32.4 wt % for the one treated at
650 °C for 30 min. For the sample treated at 650 °C for 30 min, the proportions of Mg?* leached reached
a plateau close to 0.5 wt % during the tenth batch, suggesting that almost all of the Mg?* available in
the present dissolution conditions might have been leached. This occurred with at 750 °C after 15 min,
which indicates that the plateau has not been reached yet, suggesting that more batches of CO, could
allow a higher proportion of Mg?* leached. As the solution is refreshed for every two batches of gas,
the limiting factor is the availability of the Mg?* and not the saturation of the solution.
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Figure 4. The Mg?* leached (expressed in percent of initial Mg?* concentration in the solid) for samples
treated at 650 °C for 30 min (blue) and at 750 °C for 15 min (green).

The increase in the slope of the curves between the batches 6 and 8 demonstrate the slight effect
of the grinding on the material after the batch 6. Pasquier et al. [30] demonstrated that the effect of
the passivation silica layer, formed during dissolution, can be reduced by grinding and so revive the
leaching of Mg?*. Nevertheless, studies from the Carmex project [52,53]) show that a continuous
mechanical exfoliation of the passivation layer as it forms on the grains would be a promising way to
avoid the need for regrinding after six batches of gas.

3.4. Mineralogical Assemblage and Carbonation

As the hydroxyl groups escape the serpentine octahedral sheets, the remaining atoms of Mg and
Si are reorganized through the amorphous components. As the temperature increases, serpentine is
transformed into amorphous phases, then recrystallizes into forsterite.

The best mineralogical assemblage is shown to be a mixture of amorphous phases, as observed
in sample F with the highest proportion of Mg?* leached after both two batches and successive
batches carbonation tests. McKelvy et al. [21] observed significantly higher carbonation reaction
rates in the presence of amorphous meta-serpentine, formed above 610 °C, than in the presence of
a-meta-serpentine formed below 580 °C and identified as intermediate amorphous components here.
When structurally stable Mg-bearing phases are present in the assemblage, such as serpentine or
forsterite, material reactivity decreases. In serpentine, Mg atoms are bonded to the hydroxyls groups
whereas in forsterite, they are ionically bonded to silica tetrahedron [54]. The differentiation of the
two amorphous phases based on the proposed calculation in this paper were revealed to be accurate
because the sample showing the highest value of metaserpentine appeared to be the one demonstrating
the highest proportion of Mg?* leached, in accordance with observations proposed in the literature.

Moreover, reactivity appears to be affected more by mineralogy than by surface area.
Larachi et al. [15] provide surface area measurements on calcined samples, from 300 °C to 1200 °C,
showing that it tends to decrease with increasing temperature as dehydroxylation occurs.

Furthermore, observations made here are in accordance to those made by other authors regarding
the mineralogical transformations occurring during thermal activation and dehydroxylation [21,22].
Nevertheless, a shift of ideal temperature is observed, as observations made by others suggest that
reactions at 650 °C were more likely to occur, rather than at 750 °C as occurred in the present study. Such
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a change can be attributed to numerous factors such as the initial material mineralogy, the experimental
set up, and the methodology used to evaluate activation efficiency. For instance, Li et al., [22] used
hydrochloric acid to perform lixiviation tests, which is far from neutral pH and weak acid conditions
used in the present study. On the other hand, McKelvy et al.’s [21] work set the basis of serpentine
dehydroxilation understanding using TGA/DTA and XRD. Conversely, their carbonation conditions
used high temperature and supercritical CO,, which is again far from the conditions tested here. Based
on their results, past ideal activation conditions were shown to be effective, but not necessarily optimal.
Therefore, the present results highlight the importance of considering the mineralogical assemblage
alongside the thermal treatment parameters (temperature and residence time). Such an approach will
allow us to take into account the effect of the initial material composition and potential specificity of
the activation conditions/technique. Indeed, conditions in a rotary kiln will be very different from a
furnace or a fluidized bed. As results, a study of the mineralogical assemblage can lead to an accurate
optimization of heat activation operating conditions in accordance with the material activated and the
equipment used.

4. Conclusions

In this study, a novel approach of amorphous phase quantification, resulting from serpentine
thermal activation, is introduced. It enables a better understanding of their implications in serpentine
dissolution using carbonic acid as a lixiviant, in similar conditions to those used in the direct flue
gas mineral carbonation process developed at INRS. The following conclusions can be made from
this study:

(i) Itis possible to differentiate and quantify intermediate amorphous phases and metaserpentine
formed during dehydroxylation of serpentine and correlate these values to the efficiency of
carbonation reaction. In a static furnace, treatment at 750 °C for 15 min leads to the formation of
27.2 g/100 g of starting material of meta-serpentine.

(i) Thermally produced amorphous phases enhance Mg?* solubility during carbonation reaction.
Furthermore, the formation of meta-serpentine, resulting in a complete dehydroxylation,
significantly upgrades Mg?* leaching yield.

(iii) The crystallization of forsterite decreases the sample dissolution potential by limiting the amount
of Mg?* accessible for leaching in the present dissolution conditions.

(iv) Adjusting thermal activations parameters (temperature and residence time) led to an increase of
39% of Mg?* leached during the carbonation reaction.
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