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pH-swing mineral carbonation is kinetically favorable and requires a short reaction time. It must also obtain a
high extraction rate for reactive elements in the leaching process. Themain purpose of this study is to investigate
the behavior of different serpentinite rocks in the leaching processes; the reactivity of Brazilian serpentinite rocks
(such as: S-GO and S-MG) is analyzed based on physicochemical properties in order to understand their relation-
ship to leaching efficiency. Surface area-to-volume ratio (SBET/Vp) andmetals-to-silicon ratio (Σ(Mg, Ca)/Si)were
used to measure reactivity. Leaching was carried out to determine Mg and Fe extraction. Reaction conditions for
both serpentinite rocks were: 355–250 μm particle size, 4 M HCl concentration, 100 °C, and 2 h of reaction time.
Characterization results show that both serpentinite rocks (S-GO and S-MG) have highmagnesium (Mg) content.
SBET/Vp was 36 for S-GO and 29 for S-MG, while Σ(Mg, Ca)/Si was 2.64 for S-GO and 1.20 for S-MG. These results
suggest that S-GO is approximately 50%more reactive than S-MG, and that S-MG is limited by low accessible sur-
face (SBET/Vp) and the high mineralogical complexity (Σ(Mg, Ca)/Si). Leaching results confirmed the reactivity;
Mg and Fe extraction from S-GO was 94 ± 1%. However, results for S-MG were 34% for Mg and 60% for Fe. In
order to increase the reactivity of S-MG, particle size was reduced to 75–63 μm. Even though S-MGwasmechan-
ically activated, Mg and Fe extraction has not increased significantly.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon dioxide (CO2) emission from fossil fuel combustion is the
greatest factor in the current increase in atmospheric CO2 concentra-
tion. The concentration of CO2 in the atmosphere reached 401 ppm in
2016 (Arce et al., 2014; Edenhofer et al., 2014). Due to the growing
worldwide demand for energy, fossil fuel will continue to be the
major source of energy in the near future. Fossil fuels havemany advan-
tages, principally its high energy density and lowoperating cost (Olajire,
2013).

Carbon Capture and Storage byMineralization (CCSM) is a safe tech-
nology that is known to store CO2 permanently in the form of environ-
mentally stable carbonates (Gadikota et al., 2014a; Sanna et al., 2014a,
2014b, 2013a; Styles et al., 2014). Today, there are two types of CCSM
approaches: i) in situ or directmineral carbonation; and ii) ex-situ or in-
direct mineral carbonation. Indirect mineral carbonation could make a
great contribution to CO2 storage; however, there are many challenges
to implement it on an industrial scale (Chang et al., 2012; Gadikota
stitute (INPE), Combustion and
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et al., 2015; Hemmati et al., 2014a; Sanna et al., 2013b; Styles et al.,
2014).

There have been several studies on indirect mineral carbonation in
which the highest carbonation efficiencies were obtained through the
pH-swing method (Dri et al., 2013; Hemmati et al., 2014a; Sanna
et al., 2013a, 2013b; Teir et al., 2007b). As stated by Hemmati et al.
(2014b), this method is kinetically favorable and requires a short reac-
tion time. It also allows the separation and recovery of products with a
high level of purity (silica, iron oxides and carbonates) that could be po-
tentially used in a wide range of sectors, hence reducing the emissions
from production of such materials (Alexander et al., 2007; Azdarpour
et al., 2015; Bobicki et al., 2012; Sanna et al., 2013a, 2013b, 2012). None-
theless, due to the high cost of the process, it will not be economically
feasible for CO2 storage without considering the utilization of such
products (Hemmati et al., 2014a).

Lately, indirect mineral carbonation has focused on using silicate
rocks because they are common throughout the world. However, the
pH-swing method did not have good kinetics for all silicate rocks. In
many cases, the lowest extraction rate of the reactive elements was
reached (Mg, Ca, and Fe) (Daval et al., 2013; Meyer et al., 2014; Park
and Fan, 2004; Sanna et al., 2014a; Sanna et al., 2013a, 2013b; Van
Essendelft and Schobert, 2010). Since this method is quite costly, it
must obtain a high extraction rate of reactive elements. Thereby, the
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reactivity of silicates rocks must be carefully assessed. A detailed ap-
praisal may greatly improve CCSM efficiency (Erlund et al., 2016;
Gadikota et al., 2014b; Styles et al., 2014).

Currently, researchers have many challenges. One of the most im-
portant is to improve the reactivity of these silicate rocks in order to re-
duce the energy requirement and, consequently, the cost involved in
the process (Bobicki et al., 2015; Fricker and Park, 2013; Hemmati
et al., 2014b; Lackner et al., 1995; Meyer et al., 2014; Olajire, 2013;
Park and Fan, 2004; Sanna et al., 2014b; Sanna et al., 2013a, 2013b;
Wang and Maroto-Valer, 2011a, 2011b). For these reasons, pre-
treatment methods found in other published studies for indirect mine-
ral carbonation, are being combined, such as mechanical activation,
thermal activation, and chemical treatment.

While there have been many studies in this field, there is still a dis-
crepancy regarding CO2 capture potential of silicate rocks. In order to
get a better understanding ofwhether or not silicate rocks are adequate,
recently Gadikota et al. (2014b); Lacinska et al. (2016); Lavikko and
Eklund (2016); Styles et al. (2014) have suggested that silicate rocks
must be characterized more carefully because their mineralogy varies
widely. The characterization must consider pore structure, surface
area (SBET), origin, subsequentmetamorphic changes, and crystal struc-
ture of the minerals in the rocks.

According to Assima et al. (2014), when reactivity is considered,ma-
terials for direct mineral carbonation based on carbonation potential
(RCO2) are not similar. This is due to the fact that reactivity is the product
of physicochemical properties. In pH-swingmineral carbonation, the se-
lection of materials is still realized on carbonation potential (RCO2) pro-
posed by Goff et al. (2000)whichwas based strictly on theirMg, Ca, and
Fe contents. It is worth mentioning that rocks contain several minerals
in their structure, which can cause the rock to be more or less reactive.
This means that the reaction condition may not be similar for all mate-
rials. Therefore, to assess the reactivity of the material for indirect min-
eral carbonation, Mg, Ca, and Fe contents, and other important criteria
such as Si content, crystal structure, and textural properties, which are
intrinsically related, must also be considered.

The main objective of this study was to investigate the behavior of
different types of Brazilian serpentinite rocks on leaching for their use
in pH swing mineral carbonation. The reactivity of serpentinite rocks
is analyzed based on physicochemical properties. Thus textural proper-
ties, mineral composition, and crystal structure are studied, as well as
the surface area-to-volume ratio (SBET/Vp) and metals-to-silicon ratio
(Σ(Mg, Ca)/Si) were used, in order to understand their interrelationship
with leaching efficiency.
2. Materials and methods

2.1. Materials

Two types of serpentinite rock (S) were chosen for this study. A
waste rock of the asbestos fiber production from Minaçu Mine was se-
lected, located in Cana Brava in the state of Goiás in Brazil. This rock
was identified as S-GO. The other serpentinite was a rock from a factory
that mines serpentinite for industrial use from Nova Limamine located
in the state of Minas Gerais in Brazil. This rock was identified as S-MG.
Both S-GO and S-MGwere provided in the form of rocks, and their av-
erage dimensionswere 31.0 × 15.5 cm and 15.0 × 10.0 cm. See Fig. A1a
(S-GO) and b (S-MG).

A ball crusher was used in order to reduce their size. S-GO and S-MG
were ground in a jar mill with alumina spheres of different sizes. Cal-
cined alumina spheres were used since they have a hardness of approx-
imately 9 mohs. Particle size was classified for characterization analysis
after the material was ground, using an ASTM 200 mesh (75 μm) and a
230 mesh (63 μm), so that the fraction had grains between these two
sizes. For the leaching experimental test, two particle sizes were used.
Thus, to obtain average particle sizes of 69 μm (63–75 μm) and
302 μm (250–355 μm), ASTM mesh numbers 230–200 and 45–60
were used, respectively.

2.2. Characterization methods

Samples of each serpentinite rockwere prepared and underwent the
following analyses: Hg intrusion porosity (MIP); N2 adsorption surface
area; thermogravimetric analysis (TGA); X-ray diffraction (XRD); Scan-
ning electron microscope with dispersive X-ray energy spectrometry
(MEV-EDS); wavelength dispersion sequential fluorescence (XRF);
and inductively coupled plasma optical emission spectroscopy (ICP-
OES).

Mercury intrusion porosimetry (MIP) and N2 adsorption surface
area are well known techniques that have been used to analyze the
structure and volume of pores (micro, meso, and macropores). They
can evaluate factors such as fluid and ion permeability within particles
(Das et al., 2014; Ramli et al., 2013; Zeng et al., 2014). Pore structure,
macropore volume, and porosity of materials were determined through
MIP analysis in a series 33 PoreMaster. Before being tested, materials
were dried in an oven for 12 h at 100 °C. After being dried, 250 ±
10 mg samples were collected in a P/N 74122 penetrometer with
2 mm D.I. and 0.5 cm3 vol. Afterwards, a NOVA series Micrometromics
QuantacromsN2 adsorption surface areameasurer was used to evaluate
BET surface area and volume of mesopores. 170± 10mg samples were
inserted into the analyzer cell. The samples then underwent a thermal
surface cleaning treatment at 200 °C for 3 h in primary vacuum.

Thermogravimetric analyses (TGA) were carried out to assess the
thermal behavior of both serpentinite rocks and residues obtained
after the leaching process. These TGA were carried out in a TA Instru-
ment SDT TGA-DSC Q600 simultaneous system. The sample mass used
was approximately 30 ± 2 mg, with a 5 × 5 mm alumina crucible
employed for all tests. A dynamic nitrogen atmosphere was applied as
purge gas, using 100mL/minflow rate and 10 °C/min heating rate. Tem-
peratures were set between 30 and 1000 °C.

Mineralogical composition was determined using a PANalitical
X'pert3 Powder model X-ray diffraction analyzer (XRD). This device
uses Cu Kα radiation in a range of 6–90 °2θ. Diffractograms obtained
were processed using the HighScore Plus software. A mass of approxi-
mately 1 ± 0.5 g was used for this analysis.

SEM-EDS analysis was carried out to determine the materials' mor-
phology and elemental distribution. A Zeiss EVO LS 15 equipped with
an EDS/EBDS Oxford INCA Energy 250 system (Oxford Instruments,
Abingdon, Oxfordshire, UK) was used for the scanning electron micro-
scope analysis. Dispersive energymicroanalysiswas executed. It operat-
ed between 0.2 and 30 kV and employed an Everhart-Thornley
secondary electron detector, 8.5 mm away from the samples.

Sequentialfluorescencewithwavelength dispersion (XRF)was used
for quantitative analyses of chemical composition of the materials. It
was carried out using a PANalytical Axios MAX-Advanced model, a de-
vice with 4.0 kW operating power and 60 kV agitation. This analyzer
was used to perform a quantitative elemental chemical analysis of
boron (B) and uranium (U). For this analysis, a 1 ± 0.2 g sample of
each material was used.

ICP-OES analyses were conducted to determine elemental composi-
tion with an Arcos Spectro model inductively coupled plasma optical
emission spectroscope. A 250± 10mg powder sample of eachmaterial
was employed.

2.3. Leaching experimental tests

To evaluate the influence of the physicochemical properties on
leaching processes, the same reaction conditions were employed for
S-GO and S-MG. The reaction conditions considered were stoichiomet-
ric mass/volume ratios, 250–355 μm particle size, 4 M HCl concentra-
tion, and 100 °C temperature.



Fig. 1. Mercury porosity analysis of the two different serpentinite rocks: (a) Cumulative
intrusion volume curve; (b) Curve of the difference of V by the difference of the Log of
pore diameter.
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Stoichiometric mass/volume ratios for the experimental tests were
146 g/L for S-GO and 168 g/L for S-MG. Initially, acid solutions were
inserted into a 500 mL vessel reactor and heated to a specified temper-
ature. Once the acid solution was heated, the powder was added to the
vessel reactor, which was equipped with a Graham condenser to avoid
HCl loss by evaporation, aswell as a thermocouple for temperature con-
trol; it was continuously agitated with a magnetic stirrer set at 600–
700 rpm. The leaching process was maintained for 2 h based on other
studies (Hemmati et al., 2014a; Teir et al., 2007b; Van Essendelft and
Schobert, 2009).

After each leaching experimental test (T), two productswere obtain-
ed: a precipitate or solid residue (R) and a leachate solution (L). The pre-
cipitate was separated from the liquid through vacuum filtration.
Following each experiment, residues (R) were dried for 2 h at 105 °C.
Then, TG/DTG and XRD analyses were carried out in order to observe
Table 1
Data calculated from Hg intrusion and N2 adsorption curves for the materials.

Materials IVT

(mL/g)
IVI

(mL/g)

S-GO 0.38 0.17
S-MG 0.62 0.36

IVT: total cumulative intrusion volume; IVI: Intraparticle cumulative intrusion volume, SBET: B
50 mg of material.
the structural modifications from serpentinite rocks after the leaching
process.

Leachate solutions (L) were analyzed by ICP-OES to obtain Mg, Fe,
and Si concentrations and to determine extraction percentage. Mg, Fe,
and Si extractions in the leachate solution (L) were calculated based
on their “in natura” contents within serpentinite rocks, according to
the following equations, from Eqs. (1) to (3):

XMg ¼ VSOL � CMg

Mt �Mg%Mt

� 100 ð1Þ

XFe ¼ VSOL � CFe

Mt � Fe%Mt

� 100 ð2Þ

XSi ¼
VSOL � CSi

Mt � Si%Mt

� 100 ð3Þ

In which: X represents the percentage of the element extracted;
Mg%, Fe%, and Si% are the initial element contents in the serpentinite
sample; Mt is the initial mass of sample used in the experiments; VSOL

is the leachate solution volume after 2 h of reaction; CMg, CFe, and CSi
are the concentrations of the elements in the leachate solution.

3. Results and discussion

3.1. Physicochemical characterization

MIP and N2 adsorption techniques were used to obtain the textural
properties of each serpentinite rock in order to evaluate factors such
as fluid permeability within particles (Das et al., 2014; Ramli et al.,
2013; Zeng et al., 2014). TheMIP result is obtained as pore size distribu-
tion (PSD), which is shown in the form of cumulative volume intrusion
curves (Fig. 1a) and volume intrusion curves (Fig. 1b).

Cumulative volume intrusion curves (Fig. 1a) have two distinct re-
gions: the first region is interparticle volume, and the second region is
intraparticle volume. In order to evaluate the volume of fluid that was
introduced into the material, cumulative intrusion volumes of the
intraparticle region (IVI) have to be considered. Table 1 also shows
that S-MG has an IVI average value of around 0.36 mL/g, while S-GO
has a lower value of 0.17 mL/g.

The intrusion volume differential curve (Fig. 1b) shows PSD in great-
er detail. Three regions can be seen in each sample. The intraparticle re-
gion is divided into a macroporous and a mesoporous region. Although
both serpentinite rocks contain macro and mesopores, the mesoporous
region has lower pore volume. The size of themacroporous region indi-
cates that S-MG has greater pore volume than S-GO.

Fig. 1b also shows that for both serpentinite rocks, there is an in-
crease in pore volume in the mesoporous region. The N2 adsorption
techniquewas used to determine pore volume (20–500 Å) and BET sur-
face area (SBET), respectively. Table 1 shows these results, inwhich S-GO
has less pore volume in the mesoporous region. The BET surface area
(SBET) for S-MG is approximately 63% greater than the SBET for S-GO.

Table 2 and Fig. 2 show the mineral phases found in both
serpentinite rocks. The main phase of S-GO is lizardite 1T (L); the sec-
ondary phases are brucite (B), clinochrysotile (C), magnesite (m) and
magnetite (M). The main phases of S-MG are antigorite (A) and talc
SBETb

(m2/g)
Vp (mL/g)

20–500 Åb 500–40,000 Å

6.8 0.012 0.17
11.1 0.024 0.36

ET surface area; Vp: Total pore volume, bN2 adsorption technique carried out with 250 ±



Table 2
Composition of Brazilian serpentinite rock mineral phases in XDR results.

Materials Ref. code Mineral name Compound name

S-GO 00-050-1625 Trigonal Lizardite
1T

Aluminum Iron Magnesium
silicate

00-027-1275 ClinoChrysotile Magnesium Silicate Hydroxide
01-083-0114 Brucite Brucite
01-075-1609 Magnetite Magnetite
01-086-2345 Magnesite Magnesium carbonate

S-MG 00-052-1573 Antigorite
Monoclinic P

Magnesium Silicate Hydroxide

00-011-0386 Lizardite 1T Magnesium Aluminum Silicate
Hydroxide

00-029-1493 Talc 2M Magnesium Silicate Hydroxide
00-004-0594 Actinolite Calcium Magnesium Iron Silicate

Hydroxide
00-024-0512 Chromite Iron Chromium Oxide
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(T), and the secondary phases are lizardite 1T (L), actinolite (a) and
chromite (Ch). These mineralogical differences show that S-GO is de-
rived from the hydration of dunites (olivine), however, S-MG is derived
fromhydration of pyroxenes (orthopyroxenes). This explainswhy there
is brucite in S-GO, and actinolite and talc in S-MG. When the
serpentinization process takes place at low temperature and pressure,
serpentines can co-exist with silicon-free brucites (Mg(OH)2), as
Fig. 2. X-Rays diffractograms for S-GO and S-MG “in natura”. a) XRD for res
shown in Eq. (4) (Evans, 2008; Frost et al., 2013; Frost and Beard,
2007). According to Styles et al. (2014); Frost and Beard (2007), pyrox-
ene hydration processes in isothermal (400–500 °C) and isobaric condi-
tions lead to the equimolar production of serpentines and talc (Eq. (5)).
While temperature and pressure are important in the formation of
rocks, the activity of silica (aSiO2) is even more important.
Serpentinization processes are carried out at high water activity levels
(aH2O) and low silica activity levels (aSiO2); However, when aSiO2 in-
creases, the serpentines can form more complex minerals, as shown in
Eq. (6) (Frost and Beard, 2007; Moore and Rymer, 2007; Power et al.,
2013; Styles et al., 2014).

2Mg2SiO4þ3Η2O→Mg3Si2O5 OHð Þ4 þMg OHð Þ2 ð4Þ

6MgSiO3þ3Η2O→Mg3Si2O5 OHð Þ4 þMg3Si4O10 OHð Þ2 ð5Þ

Mg3Si2O5 OHð Þ4 þ 2SiO2→Mg3Si4O10 OHð Þ2 þH2O ð6Þ

In Figs. 3 and 4, note the micrographs of S-GO and S-MG, as well as
the elemental distribution of magnesium (Mg), silicon (Si), aluminum
(Al), chrome (Cr), total iron (Fet). Fig. 3a and b, shows the elemental dis-
tribution of Mg and Si, which are uniformly distributed across the mi-
crograph of S-GO, showing the strong connection between them
linked to the serpentines, in this case: lizardite 1T and clinochrysotile.
idue (R) after S-GO leaching, b) XRD for residues after S-MG leaching.



(c) (d) (e)

S-GO

(a) (b)

Fig. 3.Micrograph and elemental distribution of S-GO. a) magnesium (Mg), b) silicon (Si), c) aluminum (Al), d) chrome (Cr) and e) total iron (Fe).
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In Fig. 3c, d and e, show that the elemental distributionof Al, Cr and Fet is
in specific regions of the S-GOmicrograph. Lizardites has a great affinity
for cationic substitution of trivalent elements in the tetrahedral Si4+

sheet (T), causing the formation of ordered and flat structures (Wicks
and Whittaker, 1975). This suggests that Al3+ and Cr3+ are found in
the place of Si4+ in the T sheets, specifically in lizardite 1T. Fig. 3e
shows a few specific points at which Fet has a high concentration due
to the magnetite found in S-GO.

Fig. 4a,b and c, show the elemental distribution of magnesium (Mg),
silicon (Si) and aluminum (Al) for S-MG. Note that the distribution of Al
is uniform across themicrograph, just asMg and Si are, though at a less-
er concentration. According to the positioning of the elements, Al3+

seems to be linked to Mg2+ and Si4+, consequently silicate minerals
such as antigorite, lizardite 1T and/or talc might have substituted Al3+

for Si4+ in the sheet T. According to Wicks and Whittaker (1975), sub-
stitution of trivalent elements (Al3+ and Fe3+) in antigorite is limited
due to the curvature needed to produce octahedral sheets (O) which
are larger than tetrahedral sheets (T), like chrysotiles, though at a
lower intensity. On the other hand, Putnis (2003); Rayner and Brown
(1973) pointed out that a large number of silicates with flat structures
can result from the replacement of Al3+ for Si4+ in T sheets. Thus talc
and lizardite 1T (contained in S-MG) might have carried out the substi-
tution. Note that Cr and Fet are distributed in specific zones (Fig. 4d and
e). This pattern is associatedwith chromite ((Fe,Cr)2O4) found in S-MG.
Fig. 4. Micrograph and Elemental distribution of S-MG. a) magnesium (Mg),
A thermogravimetric analysis (TGA)was performed in order to char-
acterize the thermal decomposition of each mineral contained in both
serpentinite rocks. Fig. 5a and b shows TG/DTG curves for S-GO and S-
MG (black dotted line). A total mass loss of approximately 15.5% was
observed for S-GO and 9.0% for S-MG, between 30 and 1000 °C. Different
DTG peaks were found (Fig. 5b), which coincided with the weight lost
(Fig. 5a).

Threeminerals phaseswere identified onDTG curve for S-GO,which
were associated with specific decomposition temperatures (Fig. 5b).
DTG peaks at 382 °C indicated brucite dehydroxylation. Larger DTG
peaks found at 600 °C and 659 °C indicated lizardite 1T and
clinochrysotile dehydroxylation, respectively. Four minerals phases
were identified on DTG curve for S-MG associated with specific decom-
position temperatures (Fig. 5b). Larger DTG peaks indicated dehydrox-
ylation of lizardite 1T at 637 °C and antigorite at 776 °C. Smaller DTG
peaks indicated dehydroxylation of actinolite at 800 °C and talc at
900 °C.

Chemical and elemental composition determined by XRF and ICP-
OES analyses is presented on Table 3. This table shows that S-MG has
the highest SiO2 content. S-GO and S-MG have significantly different
SiO2 contents, which can be explained by the fact that S-MG contains
talc and actinolite (Fig. 2). ICP-OES analyses corroborate the difference
in silicon (Si) between serpentinite samples. Table 3 also shows that
there are higher levels of MgO in S-GO than S-MG. This is again
b) silicon (Si), c) aluminum (Al), d) chrome (Cr) and e) total iron (Fe).



Fig. 5. Thermal decomposition of S-GO, S-MG and residues. a) TG curves, b) DTG curves.

Table 4
Mg, Fe, and Si extracted from S-GO and S-MG in the leaching process.

Test Reaction conditions Extraction of metals in
leached solutions (L)

ɸ
(μm)

CHCl
[M]

T
(°C)

Mg
%

Fe
%

Si
%

T10E1 355–250 4 100 95 93 3
T10E2 355–255 4 100 34 60 2
T11E2 75–63 4 100 36 71 1
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corroborated by the Mg quantification through ICP-OES analysis; it is
probably because S-GO contains brucite, which is known to be rich in
Mg (Fig. 2).
3.2. Leaching experimental tests

Leaching experiments were performed in order to confirm the reac-
tivity of S-GO and S-MG. Leachate solutions (L) for S-GO and S-MGwere
yellow and green-yellow, respectively. The solid residue (R) was
Table 3
Chemical and elemental composition in % w/w.

Oxidesa S-GO S-MG Elementsa S-GO S-MG

SiO2
c 40.64 52.09 Sic 8.40 15.26

MgOc 43.33 30.63 Mgc 23.01 17.69
CaO 0.10 1.66 Ca 279.5d 0.70
Fe3O4

c 12.61 11.82 Fec 4.49 3.66
K2O n.d. n.d. K b0.01d b0.01d

Na2O n.d. n.d. Na b0.02d b0.02d

Al2O3 1.17 2.36 Al 0.35 0.96
TiO2 n.d 0.08 Ti 140.3d 266.5d

MnO 0.20 0.27 Mn 737.8d 812.8d

Cr2O3 1.02 0.86 Cr 0.45d 0.219
LOI 15.5 9.0 RCO2 (tMAT/tCO2)b 1.84 2.42

a Oxideswere determined by XRF analysis and elemental contentswere determined by
ICP-OES.

c For calculation ofMg, Fe, and Si concentrations in the leachate (L), mean values of XRF
and ICP-OES were used.

b Calculated by the method proposed by Goff et al. (2000).
d mg/kg, n.d. = not determined.
slightly gray for both serpentinite rocks. Mg, Fe, and Si extractions
found in the leachate (L) are shown on Table 4.

The experiments that used S-GO obtained the highestMg and Fe ex-
traction, of approximately 94 ± 1% (T10E1). Nonetheless, under the
same conditions, maximum Mg and Fe extractions from S-MG reached
only 34% and 60% respectively (T10E2). In order to increase Mg and Fe
extraction, rocks underwent rigorous grinding, thus the particle size
was reduced from 355 to 250 μm until 75–63 μm. Experimental test
T11E2was then performed. As can be seen on Table 4,Mg and Fe extrac-
tion reached approximately 36% and 71%, respectively.

Thermogravimetry and XRD analyses were performed on the resi-
dues (Figs. 5 and 2) in order to understand the mechanisms involved
in the Mg and Fe extraction step and the interrelation between mineral
structure and extraction performance for S-GO and S-MG. TG/DTG pro-
files were compared for S-GO and S-MG as well as the residues (Fig. 5),
identifying if there was a partial or total reaction of each mineral
contained in them. DTG peaks of the minerals that are still part of the
residues can be seen on Fig. 5b, which illustrates the differences be-
tween “in natura” serpentinite rock peaks (S-GO and S-MG) and the res-
idues (R) obtained after the leaching process.

Large differences for DTG peakswere identified between all residues
and both “in natura” serpentinite rocks (Fig. 5b). DTG curves for R10E1
(leaching using S-GO) showed that the characteristic peaks of lizardite
1T (600 °C)were less intense than S-GO peaks from this region. Howev-
er, brucite (382 °C) was not totally extracted. The diffractogram for
R10E1 (Fig. 2a) reveals that there is significant structural modification
consistent with the production of amorphous silica which is formed
after the bonds between octahedral and tetrahedral sheets are broken
in the serpentines, in which siloxanes (Si – O – Si) are encapsulated
and precipitated as silica (Arce et al., 2017; McCutcheon et al., 2015;
Sanna et al., 2013a, 2013b; Park and Fan, 2004). However, the
diffractogram also shows that a large amount of the material has been
transformed into amorphous silica, while non-reactive lizardite
(L) and brucite (B) are still present.

Fig. 5b shows the R10E2 DTG curve for the S-MG leaching process.
The characteristic peaks for lizardite 1T (637 °C) and antigorite
(776 °C) were less intense than for S-MG peaks from this region. Talc
was not extracted; moreover, its characteristic DTG peak (900 °C) was
more intense. The high intensity of the DTG peaks indicated that
antigorite and lizardite 1T were released from the structure, leaving
the talc more exposed to thermal decomposition, so that their DTG
peaks was more intense. The diffractogram of R10E2 (Fig. 2b) shows
that most of the antigorite and lizardite 1T were removed from the
structure. However, peaks for talc (T) also increased significantly in in-
tensity (Fig. 2b). When the R11E2 DTG curve was assessed (red line),
it was nearly the same as R10E2, corroborating ICP-OES results. The
leaching process using S-MG extracted 36% of Mg. The sources of this
Mg were the serpentines. Mg from talc is more difficult to extract be-
cause of its mineralogical complexity.

Talc (T) and actinolite (a) are more resistant to leaching than ser-
pentines because of their crystalline structure. Talc is derived from the
hydration of pyroxenes; in addition, the crystalline structure of both
minerals is made up of tetrahedral (T) and octahedral (O) sheets orga-
nized in 2:1 flat layers, in which octahedral Mg2+ is encapsulated in
two sheets of tetrahedral Si4+. This characteristic helps to prevent the



Table 5
Σ(Mg, Ca)/Si and SBET/Vp ratios for serpentinite rocks.

Parameters S-GO S-MG

SBET/Vp 36 29
Σ(Mg, Ca)/Si 2.64 1.20
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bonds between the O - T sheets from breaking, making it harder to re-
lease octahedral Mg2+ (Temuujin et al., 2002).

Baba et al. (2015) and Temuujin et al. (2002) reported that 62% and
64% of talc was removed from the structure of the rock in 2MHCl, 75 °C,
particle size of 75 μm and 4 M H2SO4, 80 °C, unknown particle size, re-
spectively. However, in our study, talc was seen to remain in the struc-
ture of S-MG (Fig. 2b). S-MG is highly resistant to leaching due to
structural stability of talc given by Al3+ in the T sheet.
3.3. Reactivity by physicochemical properties

3.3.1. Surface area-to-volume ratio (SBET/Vp)
Gadikota et al. (2014b) claimed that reactivity is strongly affected

not only by rock heterogeneity, but also by the pore structures and sur-
face area (SBET). In chemical reactions involving solid materials, surface
area-to-volume ratio is an important parameter because it employs tex-
tural properties of materials to estimate their reactivity. As pointed out
by Klobes et al. (2006), porous materials with large surface area-to-
volume ratios have often exhibited enhanced chemical reactivity. In ad-
dition, in many practical applications exploiting this large ratio, the size
of the accessible surface is as important as the chemical composition.

Recent reports have shown that one of factors for slow kinetics in
CO2 mineralization is related to the low accessible surface (surface
area – to – volume ratio) of the materials (Oskierski et al., 2013;
Ukwattage et al., 2015; Yuen et al., 2016). when surface area – to – vol-
ume ratio value are low, the material is less permeable to fluid, which
can limit the process of diffusion into the materials (Ukwattage et al.,
2015; Yuen et al., 2016).

In this manner, the larger the accessible surface is, the more reactive
the material becomes, although this depends on the material's physical
structure. In this study, the SBET/Vp ratio was calculated using Eq. (7), in
which SBET is the BET surface area and Vp is the total pore intraparticle
volume.

r ¼ SBET
Vp

ð7Þ
3.3.2. Metals – silicon ratio (Σ(Mg, Ca)/Si)
The reactivity also will depend on the mineralogical complexity

which is linked to silica activity (aSiO2). Beyond of temperature, pres-
sure, water activity (aH2O) and oxygen fugacity (fO2), the silica activity
(aSiO2) is one of the most important parameters used in the classifica-
tion of igneous rocks (Evans, 2008; Frost and Beard, 2007; Putnis, 2003).

As earlier mentioned, several minerals can co-exist with the serpen-
tines, and mineralogical complexity is proportional to silica activity
(aSiO2) (Evans, 2008; Faust and Fahey, 1962; Frost et al., 2013). Accord-
ing toOskierski et al. (2013), lowMgO/SiO2 ratios are related to silicified
and weathered serpentinites. The silicification stage is accompanied by
a gain in SiO2 and losses of MgO and CaO, while early stages of
weathering normally cause pores to develop (Oskierski et al., 2013).

Some authors state that mineralogical complexity is inversely pro-
portional to reactivity. For example, minerals hydrated from dunites
(olivine Mg2SiO4) have lower Si content in the structure than minerals
hydrated from pyroxenes (MgSiO3 and (Mg,Ca)SiO3) (Styles et al.,
2014). Thus, serpentinite rocks derived from dunites are more reactive
for indirect mineral carbonation (Lavikko and Eklund, 2016; Styles
et al., 2014). Assima et al. (2013) also reported that serpentinite rocks
with higher Mg/Si molar ratio are more efficient for atmospheric CO2

capture.
The reactivity based on mineralogical complexity should be

assessed, usingMg, Ca, and Si ratios. Thus, due to the largemineral com-
plexity of rocks, a mass ratio of these elements was considered for this
study, as shown in Eq. (8).

r ¼ ∑ Mg;Cað Þ
Si

ð8Þ

3.3.3. Reactivity of serpentinine rocks
Elemental composition, MIP, and N2 adsorption results from

Tables 1, 2 and 3 were used in Eqs. (7) and (8) to determine SBET/Vp

and Σ(Mg, Ca)/Si ratios, which are shown on Table 5. Although S-GO
and S-MG have similar RCO2 (Table 3), Σ(Mg, Ca)/Si results suggest
that S-GO is a less complex rockbecause it has a higher value than S-MG.

An increase in Σ(Mg, Ca)/Si ratio, is only possible when a
serpentinite rocks contains Si-free magnesium and/or minerals with
low levels of Si. S-GO had a high level of this ratio due to the presence
of brucite (Mg(OH)2). The structure of S-GO is made up of 6.1% brucite
(Arce et al., 2017). Although this quantity isn't very high, this mineral-
ogical characteristic makes S-GO more efficient at leaching than S-MG.

In contrast, while S-GO has a lower BET surface area (SBET) than S-
MG, the SBET/Vp results indicated that S-GO has a larger accessible sur-
face for reaction in leaching. A greater value would indicate more per-
meability at the beginning of the reaction to any fluid within the
material. This is interesting because it could explain the high extraction
rate reported by Arce et al. (2017), in which 88± 2% of Mg and Fe were
extracted from S-GO in the first 30 min of the reaction.

Bothmineralogical and textural characteristics of S-GO indicate that
it is more reactive. The SBET/Vp ratio shows the behavior of the diffusion
processes and the Σ(Mg,Ca)/Si ratio indicates the mineralogical com-
plexity of the serpentinite rocks. Nonetheless, there are other parame-
ters such as chemistry and crystal structure that should be taken into
consideration.

Considering both serpentinite rocks, it can be verified that S-GO is
twice as reactive as S-MG. S-MG is more stable because of the high
level of Al3+ in the T sheets of talc. It also is more limited by diffusion
between silica hydrated layers formed on the leaching, and then, due
to greater mineralogical complexity. Moreover, mechanical activation
did not have a significant effect in this particular case. Therefore, more
intensive mechanical activation and/or more active acids could be ap-
plied to S-MG in order to increase leaching efficiency, though this
would make the process more costly. On the other hand, due to the
chemical characteristics of S-GO, more intensive mechanic activation
was not needed. This will reduce the energy consumption on the pre-
treatment method, and less active acid can be used.

3.4. Comparison of results obtained with published data

Based on results obtained, a comparison was made with data from
previously published studies onMg extraction efficiency, physicochem-
ical properties, and reaction conditions, as shown on Table 6 and Fig. 6.

Different results from several published studies could be explained
by Σ(Mg,Ca)/Si ratio values, as showed on Table 6. Several studies
have used serpentinite (Daval et al., 2013; Park and Fan, 2004; Styles
et al., 2014; Teir et al., 2007b; Wang and Maroto-Valer, 2011b), none-
theless, Mg extraction in function of Σ(Mg,Ca)/Si ratio varied a lot, as
shown in Fig. 6 (black point). This behavior may have been caused by
polymorphism and the crystal structure of serpentinites (chrysotile,
antigorite, and lizardite).

When other silicate rocks were used, such as the pyroxenes and am-
phiboles shown on Table 6 (Meyer et al., 2014; Sanna et al., 2014a,



Table 6
Published results for the leaching process in indirect mineral carbonation.

Silicate rocks Minerals % Mg
Extracted

Acid Conditions Characteristics Parameters References

BET
m2/g

PS
μm

Mg
%

Ca
%

Si
%

Σ(Mg,Ca)/Si RCO2

[1] Pyroxenesa Orthopyroxenes
Plagioclases

5 HCl 2 M,70 °C,8 h n.r. 283 16.3 0.4 25.7 0.65 3.33 (Meyer et al., 2014)

[2] Serpentinite Lizardite 9 HCl 1 M,90 °C,2 h 7.2 500–800 24.5 n.r. 19.7 1.24 2.26 (Daval et al., 2013)
[3] Olivine Forsterite

lizardite
98 HCl 1 M,100 °C,6 h n.r. b56 28.17 0.29 19.96 1.43 1.95 (Hemmati et al., 2014b)

[4] Serpentinite Antigorite 40 HCl 1 M, 70 °C,5 h 4.2 37 27,1 n.r. 20.1 1.35 2.04 (Park and Fan, 2004)
[5] Serpentiniteb Chrysotile

antigorite
lizardite

100 HCl 2 M,70 °C,2 h 27.9 75–150 21.83 0.34 11.59 1.61 2.51 (Teir et al., 2007a)
80 2 M,70 °C,2 h n.r. 300–500

[6] Amphibole Actinolite
prehnite
clinochlore

30 NH4HSO4 1.4 M,100 °C,3 h n.r 75–150 7.3 10.6 21.5 0.84 4.02 (Sanna et al., 2014a)

[7] Pyroxenes Diopsite
forsterite
enstatite

30 NH4HSO4 1.4 M,100 °C,3 h n.r 75–150 12.4 12.3 23.0 1.07 2.78

[8] Serpentinite Antigorite
forsterite

98 NH4HSO4 1.4 M,100 °C,3 h n.r. 75–150 24.28 0.07 17.81 1.37 2.28 (Wang and Maroto-Valer,
2011a)

[9] Olivine Forsterite
enstatite

78 NH4HSO4 1.4 M,100 °C,3 h n.r. 75–150 29 0.3 19.6 1.50 1.89 (Sanna et al., 2014a)

[10] Serpentinite Antigorite
lizardite
verculite

20 H2SO4 1 M, 50 °C, 2 h n.r. 90 23.7 0.3 17.57 1.36 2.31 (Van Essendelft and Schobert,
2009)

[11] Serpentinite Antigorite
lizardite
verculite

70 H2SO4 5 M,75 °C,2 h n.r. 38 23.7 0.3 17.57 1.36 2.31

n.r. = not reported.
a Elemental compositionwas not reported, therefore values ofMg, Ca, and Si for orthopyroxeneswere obtained from theOcean Discovery Programwebsite http://www-odp.tamu.edu/

publications/176_sr/chap_04/c4_t7.htm#974985.
b Mg, Ca, and Si values are the average between XRF and ICP-OES data, provided by the author.
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2014b), lower Mg extraction efficiencies were found, even when using
more active acids, such as NH4HSO4 (Table 6 and Fig. 6). This can be ex-
plained by the fact that these rocks have lower Σ(Mg,Ca)/Si ratio values
than serpentinites. As affirmed by Lavikko and Eklund (2016),
serpentinites derived from dunites are more reactive than serpentinites
derived from pyroxenes. They also conclude that amphiboles and py-
roxenes cannot be recommended as CCSM-appropriate materials.

As shown on Table 6, authors that have worked with serpentinite
(lizardite) and pyroxenes using HCl solutions in similar conditions
(Daval et al., 2013; Meyer et al., 2014) regard larger particle sizes
(500–800 μm and 283 μm, respectively). Consequently, they had
lower Mg extraction values. Note that their rocks had low Σ(Mg,Ca)/Si
values (Table 6), so they should either have used a more concentrated
acid, or applied a more intense mechanical activation in order to in-
crease Mg extraction efficiency, as it was accomplished by Van
Fig. 6.Mg extraction vs. Σ(Mg, Ca)/Si from literature results. [] refers to authors on Table 6.
Essendelft and Schobert (2009). The lizardite used by Daval et al.
(2013) had lowMg extraction. Thismay have been because of the struc-
tural stability offered by the flat layers due to cationic substitution of tri-
valent elements. However, theAl3+ level reported byDaval et al. (2013)
was 0.88% in the form Al2O3. According to Lacinska et al. (2016),
lizardite 1T with low Al2O3 (1%) levels, lead to higher Mg extraction
than lizardite 1T with high Al2O3 levels (2.36%). Since the lizardite
used by Daval et al. (2013) had low Al2O3 levels, the low extraction
could be caused by the large particle size of the material used (500–
800 μm). When using rocks with Σ(Mg,Ca)/Si ratio values lower than
1.28 (ideal serpentinite), they should be mechanically activated more.
Therefore, particle size definition is based on physicochemical proper-
ties of the material.

As observed on Fig. 6, when usingNH4HSO4, a serpentinite with 1.37
of Σ(Mg,Ca)/Si ratio (Wang and Maroto-Valer, 2011a) was more effi-
cient than an olivine with 1.50 of Σ(Mg,Ca)/Si ratio (Sanna et al.,
2014b) although the same reaction conditionswere employed. This dif-
ference can be explained by SBET/Vp ratio values. Olivine has probably a
low SBET/Vp value, suggesting that there is less accessible surface than
serpentinite, hence limiting its reactivity. However, this parameter for
olivine could not be determined since the authors have not provided
SBET and Vp data. Future works concerning to reactivity of other silicate
rocks should be studied to provide more data. For both olivines on
Table 6, particle size reduction to b56 μmwasenough to increase olivine
reactivity (Hemmati et al., 2014a).

In this study, whenmechanical activationwas applied to S-MG to re-
duce its size to 63–75 μm, it did not increase reactivity because of its
mineralogical complexity and crystal structure.
4. Conclusions

This study investigated the performance of leaching processes for
use in pH swing mineral carbonation. Two different Brazilian
serpentinite rocks were employed. This study also explored the

http://www-odp.tamu.edu/publications/176_sr/chap_04/c4_t7.htm#974985
http://www-odp.tamu.edu/publications/176_sr/chap_04/c4_t7.htm#974985


150 G.L.A.F. Arce et al. / Hydrometallurgy 169 (2017) 142–151
reactivity and limitations of each of them in order to evaluate Mg and Fe extraction.
Two parameterswere used: the SBET/Vp ratio and theΣ(Mg, Ca)/Si ratio. They are suitable tomeasure the resistance of these Brazilian serpentinite

rocks to leaching considered the most critical step in indirect mineral carbonation. Both serpentinite rocks evaluated in this study have a reasonable
RCO2. However, S-MG is less reactive than S-GO, due to lower values of SBET/Vp and Σ(Mg, Ca)/Si ratios than S-GO.

Results suggest that physicochemical properties determined the efficiency of Mg and Fe extraction in the leaching step, for both serpentinite
rocks. S-GO and S-MG contained 8.4% and 15.3% Si into their structure; consequently, Σ(Mg,Ca)/Si ratio values were 2.64 and 1.2, respectively. None-
theless, SBET/Vp results indicate that S-GO has a larger accessible surface than S-MG for the leaching process. Consequently,Mg and Fe extraction from
S-GO were 60% and 40% better than from S-MG, respectively.

Therefore, S-MGwas limited not only by the low SBET/Vp and Σ(Mg, Ca)/Si ratio values but also due to the crystal structure of the talc found in S-
MG. The higher mineralogical complexity of S-MG reduced Mg and Fe extraction. It must be mentioned that XRD and TG/DTG analyses pointed out
that Mg from talc was not leached even at high temperatures (100 °C), a high acid concentration (4M HCl), and small particle size (75–63 μm). Talc
was more stable that in other published studies because Al3+ is found in the structure rather than tetrahedral Si. Therefore, even when S-MG was
more finely ground, the Mg was not extracted from the talc.

On the other hand, S-GO was less complex and therefore more reactive, improving Mg and Fe extraction. Mg extraction from lizardite 1T im-
proved, even at large particle sizes (355–250 μm). This is interesting since lizardite 1T was defined as the most complex within the serpentinite
group. In many cases, Mg leaching from lizardite 1T was much lower than chrysotile and antigorite (Daval et al., 2013; Sanna et al., 2013b).

For indirectmineral carbonation, low levels of trivalent elements, especially Al3+ in the tetrahedral sheets, higher SBET/Vp andΣ(Mg,Ca)/Si values
will be a determining factors in the use of the silicate rocks.

In the leaching process, the SBET/Vp ratio is an indicator of the behavior of diffusion processes, just as the Σ(Mg,Ca)/Si ratio and crystal structure
show themineralogical complexity. Note that these parameters are not able to predict the extraction efficiency by themselves; however, using them
provides important information that can direct the selection of material in future studies.
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