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ABSTRACT

This study investigated the leaching process in order to maximize Mg and Fe extraction and to produce
amorphous silica (SiO,) with high purity. For this, a mining waste identified as S-GO was employed;
which is a serpentinite rock with high lizardite 1T and native brucite contents. A Taguchi Experiment
Design was used in order to assess the parameters that influence the leaching process such as: gran-
ulometry, hydrochloric acid concentration (HCl), leaching temperature, and mass/volume ratio.
Furthermore, thermogravimetric analysis (TGA) was done to understand the interrelation between the
mineral structure and leaching performance. Results show that lizardite 1T-bearing serpentinite presents
a low content of tetrahedral AI** and high octahedral Fe>* contents on S-GO. Native brucite delayed the
formation of a hydrated silica layer and improved dissolution of serpentines. For this, Mg and Fe ex-
tractions are efficient, reaching 88 + 2% of Mg and Fe extracted during the first 30 min of reaction, under
mild process conditions: stoichiometric mass/volume ratio, 1M HCl concentration, pressure of 1 bar,
temperature of 100 °C, and 300 um particle size. On the other hand, an excess of acid improves Mg and Fe
extraction by only 10 + 5% for S-GO. Such characteristics reduce energetic penalties and costs involved on

indirect mineral carbonation processes by the pH swing method.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Increasing energy demands in developed and developing
countries have caused concerns regarding anthropogenic CO,
emission into the atmosphere (Azdarpour et al, 2015). As a
consequence, atmospheric CO, concentration has been increasing
with a rate of approximately 2 ppm per year, reaching concentra-
tions of about 400 ppm in 2015 as forecast by Arce et al. (2014). This
increase will very likely lead to irreversible harmful consequences
(Highfield et al., 2012).

Carbon capture and storage by mineralization (CCSM) can
significantly reduce impacts of climate change through CO, capture
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and fixation into carbonates. These carbonates are environmentally
stable and have been proven as a mean to store anthropogenic CO;
emissions. Thus, CCSM has presented a renewed industrial interest
(Dlugogorski and Balucan, 2014; Sanna et al., 2014b).

There are currently two types of CCSM approaches: i) in situ or
direct mineral carbonation and ii) ex-situ or indirect mineral
carbonation. The suitability of direct mineral carbonation is
controversial due to its technical feasibility on large scale, as a
consequence of the low rate of reaction, long residence time, high
pressure and temperature (Assima et al., 2014; Daval et al., 2013;
Sanna et al., 2013).

Indirect mineral carbonation by the pH-swing method using
silicate rocks is recently having more attention since it is kinetically
favored and have a short reaction time (Azdarpour et al., 2015;
Hemmati et al., 2014a; Sanna et al., 2014a). Several researches
pointed out that the pH-swing method allows formation and sep-
aration of high—purity commercial products (i.e. carbonates, silica,
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and iron oxides) (Hemmati et al., 2014a, 2014b; Sanna et al., 2013,
2014a,b). These products will necessarily have to be sold in order
to reduce the high cost associated to the pH-swing method
(Hemmati et al., 2014b).

The use of hydrochloric acid (HCl) for the pH swing method is
recognized by its efficiency on leaching materials such as olivines
and chrysotiles (House et al., 2007; Teir et al., 2007a, 2007b).
Several studies reported a high dissolution of olivines and chryso-
tiles in the first reaction hour (60—80%) and a total dissolution in
the second reaction hour (100%). In addition, residence time in the
reactor can be reduced, improving acid concentration and/or
reducing particle size, which reduces the cost involved with the pH
swing method (Bu et al., 2012; Teir et al., 2007b).

However, the main inconvenience of HCl is the energetic penalty
involved with its recovery by electrolysis processes (Bjorklof and
Zevenhoven, 2012; House et al., 2007; Teir et al., 2009). Thus,
recent researches (Hemmati et al., 2014a, 2014b), employed HCI
considering its recovery by bipolar electrodialysis. According to the
patent by Bu et al. (2012), the bipolar electrodialysis process can be
done at environment temperature (25 °C), producing 1M HCl and
NaOH solutions. Required theoretical electricity consumption is
between 372 and 560 kW h/tNaOH, which is lower than the value
required by conventional electrolysis (1468 kW h/tNaOH), greatly
reducing penalties involved in the pH swing method using HCL

As reported in previous studies, serpentines (i.e. antigorite, liz-
ardite, and chrysotile) commonly used on indirect mineral carbon-
ation by the pH swing method, present different reactivity although
they have similar chemical composition (Mg3SiO5(0OH)4). Conflict-
ing results were observed regarding the efficiency of Mg and Fe
extraction for several serpentines. For example, when lizardite is
employed (Daval et al., 2013; Sanna et al., 2013), lower Mg and Fe
extraction is reached in comparison to antigorite (IMaroto-Valer and
Kuchta, 2004; Park and Fan, 2004; Van Essendelft and Schobert,
2009) and chrysotile (McCutcheon et al., 2015; Teir et al., 2007b).

Based on these results when used strong acids (Table 1), the
readiness to extract Mg and Fe from serpentines presents the
following order: chrysotiles > antigorites > lizardites. However,
recent studies indicated that lizardites present best Mg extraction
rates due to the low Al content within its structure (Lacinska et al.,
2016). On the other hand, Lavikko and Eklund (2016) reported that
the original hypothesis of lizardite being more suitable for indirect
mineral carbonation than antigorite was not absolutely correct,
stating that some parameters such as parent rock and later trans-
formation of the rock through metamorphosis or other type of
alteration need to be taken into consideration. This suggests that all
those parameters and serpentinite mineral structure are important
aspects to evaluate its feasibility as raw material on indirect mineral
carbonation processes.

A dry method is normally used in the asbestos fiber production
to separate and classify fibers. Two types of residue are obtained
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from this method: mining (sterile or mining waste) and milling
(tailing) residues. The first residue is composed of oversized rocks
from the mining process and it is called sterile, due to the low
chrysotile content (or fiber), but high levels of other minerals are
found such as: lizardites, antigorites, brucites, olivines, and pirox-
ene, among others. Steriles are currently disposed of on landfills,
following safety regulations (Stewart et al., 1977). According to Li
et al. (2014), Nam et al. (2014), and Valouma et al. (2016), this
final disposal method does not guarantee the destruction of the
asbestiform structure of the chrysotile. Moreover, as stated in
Habashi, (2002), approximately 20 tons of waste rocks (or sterile)
must be removed for each chrysotile ton produced. In this manner,
employment of sterile as raw material for indirect mineral
carbonation is relevant due to its high MgO levels.

The use of mining residues from production of asbestos fibers
(sterile) employing indirect mineral carbonation has been insuffi-
ciently explored, since their study is done with tailing residues
characterized by high content of serpentines. However, such tail-
ings rarely present mixtures with other minerals of simpler struc-
ture (i.e. brucite) as presented on Table 1. Steriles and tailings with
native brucite contents are normally studied in direct mineral
carbonation for atmospheric CO; capture (Assima et al., 2014, 2013,
2012; Harrison et al., 2013). Recent studies regarding direct mineral
carbonation demonstrated that efficiency of capturing mining
residues is improved when native brucite content is increased.
Nevertheless, compact serpentines (lizardites/antigorites) with
high Si and Fe contents (mainly Fe>*) were less appropriate due to
passivation mechanisms (silica gel formation and acidification of
the reaction medium) limiting formation of carbonates (Assima
et al., 2014, 2013, 2012; Harrison et al., 2013).

Thus, this research has the objective of evaluating the leaching
process of a mining waste from production of asbestos fibers
(sterile), which presents contents of lizardite and native brucite.
This evaluation considers mineralogical complexity and crystal
chemistry for different reaction parameters which aims to maxi-
mize Mg and Fe extraction, as well as the purity of the silica pro-
duced. In order to accomplish this, experiment design (DoE) based
on the Taguchi method was employed to evaluate the effect of
parameters that might influence leaching.

The following parameters were investigated: material gran-
ulometry, leaching agent concentration, leaching temperature, and
excess of leaching agent. Concentration and excess of leaching
agent were evaluated in order to reduce costs and penalties
involved with acid usage; however without impairing leaching
efficiency.

1.1. Serpentines: phases and structure

There are different polymorphous serpentines (i.e. antigorites,
lizardites, and chrysotiles) presenting sheets with octahedral Mg?*

Published results for leaching processes using strong acids by indirect mineral carbonation.

Silicate rocks Minerals % Mg extracted Acid Conditions

Characteristics References

BETm?/g PSum Mg% Ca% Si %

Serpentinite Lizardite 9 HCl 1M,90°C,2h 7.2 500—800 24.5 n.r. 19.7 (Daval etal, 2013)
Serpentinite Antigorite 40 HCl 1M,70°C,5h 4.2 37 271 nr. 201 (Park and Fan, 2004)
Serpentinite® Chrysotile antigorite lizardite 100 HCI 2M,70°C,2h 279 75—150 21.83 0.34 11.59 (Teir et al., 2007a)
80 2M,70°C,2h n.r. 300-500
Serpentinite Antigorite forsterite 98 NH4HSO4 1.4 M, 100 °C, 3 h n.r. 75—150 24.28 0.07 17.81 (Wang and Maroto-valer, 2011)
Serpentinite Lizardite calcite 70 NH4HSO4 1.4 M, 100 °C,3 h n.r. 75—-150 29 0.3 19.6 (Sanna et al, 2014a,b)
Serpentinite Antigorite lizardite verculite 20 H,S04 1M,50°C,2h n.r. 20 23.7 03 17.57 (Van Essendelft and Schobert, 2009)
Serpentinite Antigorite lizardite verculite 70 H,S04 5M,75°C,2h n.r. 38 23.7 03 17.57

n.r. = not reported.

2 Mg, Ca, and Si values are the average between the XRF and ICP-OES data, provided by the authors.
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(0) and tetrahedral Si** (T), organized into 1:1 layers that form
wavy, flat, and concentric structures, respectively. There is a space
for Van Der Waals bonds among O-T layers. Fig. 1 presents
serpentine polymorphisms and the disorder effect between tetra-
hedral (T) and octahedral (O) layers.

Each polymorphous subgroup have several polytypes which
depend on the cationic replacement mechanism (Wicks and
Whittaker, 1975). This mechanism is characterized by the ex-
change between octahedral Mg+ (0) and tetrahedral Si** (T) with
AP*, Fe**, and Fe*. Such cation replacement causes a deficit of
positive charges and excess of negative charges between octahedral
and tetrahedral sheets, respectively, determining the disorder level
and serpentine structural instability (Chamley, 1989; Putnis, 2003;
Wicks and Whittaker, 1975).

Thus, octahedral Mg?* (0) can be replaced by A>T, Fe*, and
Fe?*, while tetrahedral Si** (T) can mainly be replaced by AI**, and
sometimes by Fe3*. Replacement by Fe3* within tetrahedral (T) and
octahedral (O) sheets have the same effect than replacement by
AP+, causing the serpentine to be more ordered and stable. How-
ever, this replacement is less effective when done in the octahedral
sheet (0) (Caruso and Chernosky, 1979; Mellini, 1982; Trittschack
et al., 2014; Wicks and Whittaker, 1975).

2. Material and methods
2.1. Materials

The Minacu Mine sterile identified as S-GO was selected for this
study, which is located at Cana Brava, Goids State — Brazil. It was
provided in the form of rocks with average dimensions of
31.0 x 15.5 cm. A ball crusher was used in order to reduce its size.
Then, rocks were ground in a jar mill with different size alumina
spheres, during approximately 18 h, at a 350 rpm angle speed.

Particle size was classified for S-GO characterization analysis
using an ASTM 200 mesh (75 pm) and a 270 mesh (53 pm), so that
the fraction had grains between both sizes. Several particle sizes
were classified for the experimental DoE test. In order to obtain
75 pwm, 150 pm, and 300 um particle sizes, ASTM mesh numbers
equivalent to 230—170, 120—80, and 60—45 were used, respectively.

In order to characterize a clinochrysotile decomposition DTG
peak, a clinochrysotile sample of high purity was employed, iden-
tified as SS. This sample came from Minacu Mine (Goids State) and
it refers to fibers removed from Tailings. The SS fiber size was
equivalent to 710 um and it was used to perform a thermal
decomposition analysis.

2.2. Leaching process experiments

Mass/volume ratio employed for all experimental tests was
equivalent to 37 g/L. The S-GO powder and acid solution were
inserted into a 500 mL reactor vessel. Acid solutions were initially
inserted into the reactor vessel and heated to a specific temperature
for each DoE experimental test. S-GO powder was added to the
reactor vessel once the acid solution was heated.

The reactor vessel was equipped with a Graham condenser in
order to avoid HCI loss by evaporation, as well as a heater with a
thermocouple for temperature control. The vessel was continu-
ously agitated with a magnetic stirrer set at 600—700 rpm. Two
hours was defined for the leaching process based on other studies
(Hemmati et al., 2014a; Teir et al., 2007a, 2007b; Van Essendelft and
Schobert, 2009).

Two products were obtained after each leaching experimental
test (T): a precipitate or solid residue (R) and a leachate solution (L).
The precipitate was separated from the liquid through vacuum
filtration. Following each experiment, the residues (R) were dried
during 2 h at approximately 105 °C. These residues were then
characterized by XRD, XRF, and TG/DTG analysis. Leachate solutions
(L) were analyzed by ICP-OES to obtain Mg, Fe, and Si concentra-
tions as well as to calculate their extraction percentage. Mg, Fe, and
Si extraction in the leachate solution (L) was calculated based on “in
nature” contents within S-GO, as presented in the following
equations:

VoL x Cuyg
Xwg = Ms_go x Mg%s_co (1)
Vsor x C
Xpp = 0L~ “Fe (2)

Ms_co x Fe%s_co

Vsor % GCsi

Xgj = ——SOLX >Si_
' Ms_co x Si%s_co

(3)
In which: X represents the element mass fraction, Mg%, Fe%, and
Si% are the initial element contents in the S-GO sample, Ms_go is the
initial S-GO mass used in the experiments, and Vsgy is the leachate
solution volume after 2 h of reaction. Cyg, Cre, and Cs; are the
concentrations of elements in the leachate solution.

2.3. Design of experiments (DoE)

Parameters that affect material properties can be duly evaluated
with appropriate experimental planning, while the number of ex-
periments are significantly reduced, saving time and resources.
Taguchi experimental design is a broadly employed method applied
to organize parameters for a specific problem, with employment of
a minimum number of test series (Mangindaan et al., 2015; Yuan
et al.,, 2015).

Table 2 shows parameters and their respective levels applied on
leaching. Three levels were considered for each parameter, in
which: 1 - low level, 2 - intermediate level, and 3 - high level.
Values and levels for each parameter are determined from previous
literature researches (Daval et al,, 2013; Sanna et al., 2012; Teir
et al., 2007b). Table 2 shows statistical combinations for parame-
ters and codified levels, suggested by the Taguchi method, as well
as reaction conditions for each experiment based on statistical
combinations. The following parameters were identified: S-GO
granulometry (¢), leaching agent concentration (Cycy), and leaching
temperature (T).

Fig. 1. Serpentine polymorphisms. a) antigorites b) lizardites c) chrysotiles (Putnis, 2003).
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Ly orthogonal array of the Taguchi Method applied to this study.

Test Codified parameters Reaction conditions
A B C ¢ [um] Chc [M] T[°C]

T1 1 1 1 75 1 25
T2 1 2 2 75 2 50
T3 1 3 3 75 4 100
T4 2 1 2 150 1 50
T5 2 2 3 150 2 100
T6 2 3 1 150 4 25
T7 3 1 3 300 1 100
T8 3 2 1 300 2 25
T9 3 3 2 300 4 50

Thus, T1, T4, and T7 experimental tests employed a stoichio-
metric condition. T2, T3, T5, T6, T8, and T9 experimental tests had a
non-stoichiometric condition using 2 M and 4 M HCl concentration,
which were equivalent to twice and four times excess HCI,
respectively. Mass/volume ratio fixed for all experiments and
amount of S-GO mass were calculated considering the following
reactions:

MgO + 2HCl — MgCl, + H,0 (4)
Ca0 + 2HCl — CaCl, + Hy0 (5)
F304 + 8HCl — FeCl, +3FeCl; + 4H,0 (6)
Aly03 + 6HCl — 2AICl3 + 3H,0 (7)
Cr,03 + 6HCl — 2CrClz + 3H,0 (8)
MnO + 2HCl — MnCl, + H,0 9)

2.4. Physicochemical characterizations

XRD analysis was employed to identify the mineralogical
composition of the solids (S-GO, SS, and R), using a Bruckers In-
strument diffractometer. A range between 5 and 90° was consid-
ered, on a 2 theta angle, with a copper stationary tube (CuKa1.2;
A = 1.5418), operating at 40 kV, 25 mA, and a 0.015 tread size. Later
on, the diffractogram obtained for S-GO was refined using the
Rietveld technique in order to quantify the mineral phases. Refining
of XRD peaks was accomplished with the Fullprof Suite software
program.

Sequential fluorescence with wavelength dispersion (XRF) was
employed for S-GO quantitative analyses of chemical composition
and residues (R). It was carried out using a PANalytical Axios MAX-
Advanced model device with 4.0 kW operating power and 60 kV
agitation. This device performed quantitative elemental chemical
analyses of boron (B) to uranium (U).

For more accurate content measurements of minor elements,
such as: Ca, Na, K, Al, Ti, Mn, Cr, Co and Cu, inductively coupled
plasma optical emission spectroscopy (ICP-OES) was employed.
Such analyses were conducted with an Arcos Spectro model
equipment. A S-GO powder sample mass of 250 + 10 mg was taken.
ICP-OES analyses were also done to measure Mg, Fe, and Si contents
in the leachate solution (L) for all experimental tests.

SEM-EDS analysis was conducted to determine S-GO
morphology and elemental distribution. A Zeiss EVO LS 15 equip-
ped with an EDS/EBDS Oxford INCA Energy 250 system (Oxford
Instruments, Abingdon, Oxfordshire, UK) was used for the scanning
electron microscope analysis to conduct a dispersive energy
microanalysis. It operated between 0.2 and 30 kV and employed an

Everhart-Thornley secondary electron detector, 8.5 mm away from
the sample.

Thermogravimetric analysis coupled with mass spectrometry
(TG-MS) was employed to analyze and identify thermal decom-
position behavior of different S-GO mineral phases, as well as
composition of gases released. Such analysis was performed in
one SETARAM 92-16,18 thermobalance coupled with a mass
spectrometer from MKS Instruments, e-vision™ model. A 68 mg
sample was used and placed inside an alumina crucible. Argon 5.0
(Ar) with a 32 mL/min was employed as purging gas. A
25—-1000 °C temperature range was considered, at a 3 °C/min
heating rate.

Thermogravimetric analyses (TGA) were carried out to assess
thermal behavior for S-GO, SS, and residues (R). These TGAs were
carried out in a TA Instrument SDT-TGA-DSC Q600 simultaneous
system. A 30 + 2 mg sample mass in a 5 x 5 mm alumina crucible
was used for all tests, with a dynamic nitrogen atmosphere (N;)
used as a purge gas, at a flow rate of 100 mL/min, and 10 °C/min
heating rate. Temperatures were set between 30 and 1000 °C.

3. Results and discussion
3.1. S-GO physicochemical characterization

Fig. 2 and Table 3 present an X-ray diffractogram and reference
codes for mineral phases within S-GO. As it can be observed, S-GO
is a serpentinite rock, which has a heterogeneous composition,
with lizardite 1T as the main mineral phase. In addition, clino-
chrysotile, brucite, and magnetite were present. The Rietveld
technique indicates that S-GO exhibits 90.67% serpentines, 6.27%
brucite, 1.96% magnetite and, 1.09% magnesite.

S-GO is a mixture between brucite and serpentines, which is the
result of a dunite serpentinization process (olivines) with low silica
activity (aSiO») and high water activity (aH,0) (Evans, 2008; Frost
and Beard, 2007; Hostetler et al., 1966). Several authors reported
this mixture worldwide in the presence of carbonates and/or
magnetites, such as Alaska, Switzerland, Canada, South Africa, and
Japan, among others (Assima et al., 2014; Harrison et al., 2013;
Hostetler et al., 1966). According to Hostetler et al. (1966), Si free
brucite (or native brucite) present in serpentinite rocks is found in
variable amounts. However, brucite molar fractions never exceeds
those of serpentines.
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Fig. 2. XRD diffractograms with the list of mineral phase peaks detected from S-GO
and SS. In which, L: Lizardite 1T, B: Brucite, m: magnesite, M: Magnetite, H: Hematite
and C: Clinochrysotile.
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Table 3
Composition of S-GO mineral phases based on XRD results.

Material 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

A summary with XRF results and ICP-OES analyses is shown on
Table 4. Oxides from S-GO were determined by XRF and elemental
composition by ICP-OES. These results show that S-GO contains
43.33% MgO, 40.64% SiO,, and 12.61% Fe,03;. Others metals were
also detected, such as: K, Na, Al, Ti, Mn, and Cr in less than 2.4% of
solid. The high concentration of Fe;0s; indicates that the weathered
serpentinite has been residually enriched during weathering
(Oskierski et al., 2013).

S-GO morphology and elemental distribution are presented on
Figs. 3 and 4, respectively. Elemental distribution allows the iden-
tification and visualization of element arrangement on S-GO sur-
face. According to Fig. 3, S-GO has an irregular morphology, with
overlapping layers from different structures. In order to better
observe structures of lizardite 1T (LIZ) and clinochrysotile (CHR),
enlargements of 5000 times (1—2 um) were done in specific zones
of a S-GO sample. It was observed that layer overlapping is related
to flat and cylindrical structures of lizardite 1T and clinochrysotile,
respectively. Fig. 4 shows the elemental distribution for magnesium
(Mg), silicon (Si), aluminum (Al), and total iron (Fe;). It was possible
to determine from Fig. 4a and 4b that Mg and Si are uniformly
distributed on S-GO. However, Fig. 4c and 4d show that Al and Fe,
are distributed in specific regions at low concentrations.

When Figs. 3 and 4c are compared, it is verified that Al is jointly
located in regions where lizardite 1T is distributed. The existing
relation between Al and lizardites is due to a higher affinity for
trivalent elements (AI’** and Fe3*), which replace Si** from the
tetrahedral sheet (T) in the lizardite structure, when compared to
chrysotile (Wicks and Whittaker, 1975). In addition, AI>* only re-
places Mg?* in external layers of chrysotile fibers, in a very limited
manner, due to the necessary maladjustment to produce fiber
curvatures (Wicks and Whittaker, 1975).

When Fe; distribution is observed (Fig. 4d), high concentrations
in specific zones can be verified, due to the presence of magnetite.
Furthermore, part of the Fe; presents a different elemental distri-
bution when compared to Mg, Si, and Al (as shown in the yellow
circle), denoting that Mg, Si, and Al are not linked to Fe; in this
region.

Table 4

S-GO chemical and elemental composition.
XRF ICP
Oxides Concentration (%) Elements Concentration (%)
Sio,” 40.64 si® 8.40
MgOP 4333 Mg” 23.01
Cao 0.10 Ca 279.5°
Fe,05" 12.61 Fe® 449
K20 n.d. K <0.01"
Na,0 n.d. Na <0.02¢
Al,05 1.17 Al 0.35
TiO, n.d. Ti 140.3%
MnO 0.20 Mn n.d.
Cr03 1.02 Cr n.d.

n.d. = not determined.

2 mg/Kg.

b For calculation of Mg, Fe, and Si concentrations on leachate (L), mean values of
XRF and ICP-OES were used.

,’.
LW
'_ N

Electron Image 1

Fig. 3. S-GO micrographs in 200 pm.

According to Wicks and Whittaker (1975), replacement of Fe?*
by Mg>* and Si** in lizardites is extremely limited due to the
structural order needed to form flat layers. On the other hand, Fe3*
can replace Mg?* and Si**, although with higher preference by
Mg?*, due to the similar atomic diameter between both cations
(BFe34 = 0.64, Brg2+ = 0.72, and @sj4 = 0.40). It can be observed
from Fig. 4d that part of the Fe; is uniformly distributed in smaller
concentrations over the clinochrysotile region.

3.2. S-GO thermal behavior

Fig. 5 shows the thermal decomposition behavior and mass
spectrum for S-GO. The TG curve exhibits two mass losses, first at
200—-500 °C and then at 500—800 °C. Such losses were associated
to thermal decomposition of several mineral phases identified
through XRD diffractograms, such as brucite, magnesite, lizardite
1T, and clinochrysotile, respectively. Two substances were identi-
fied through mass spectrometry (MS) which are released during
decomposition processes of mineral phases from S-GO: a signifi-
cant H,O fraction (which is characteristic of the dehydroxilation
process) and a minimum CO; fraction (which is characteristic of the
decarboxylation process). Reported total mass loss was approxi-
mately 15.3%, mainly referring to hydroxyls (OH™) released as H,O.

The first mass loss was related to brucite and magnesite thermal
decompositions. According to the literature (Assima et al., 2013;
Balucan et al., 2013), brucite dehydroxilation and magnesite
decarboxylation are accomplished at temperatures below 500 °C.
The second mass loss was related to lizardite 1T and clinochrysotile
thermal decompositions, since these mineral phases only decom-
pose at temperatures above 500 °C (Balucan et al., 2013; Foldvari,
2011).

The TG-MS result indicated that thermal decomposition of
brucite and magnesite simultaneously produced water vapor (H,0)
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Fig. 5. TG-MS for S-GO.

and carbon dioxide (CO;), which are associated with dehydrox-
ilation (Eq. (10)) and decarboxylation (Eq. (11)) reactions,
respectively.

observed in the TG curve for SS, probably due to brucite traces
present in the SS. Non-detection of brucite in the SS through XRD
can be due to low contents of this mineral, causing low intensity of
diffraction lines (Hostetler et al., 1966). However, there was a higher
mass loss in the TG curve for S-GO, within the 200 °C—500 °C
interval.

A higher mass loss in the SS TG curve is found in the
500 °C—800 °C interval, referring to clinochrysotile dehydroxilation.
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Fig. 6. TG/DTG curves for SS and S-GO.

This fact is better observed on Fig. 6b, in which the DTG curve for SS
presented its highest peak at 650 °C.

According to Fig. 6a, S-GO presented its higher mass loss be-
tween 500 °C and 800 °C, referring to serpentines (lizardite 1T and
clinochrysotile). Two DTG peaks are verified on Fig. 6b with 600 °C
and 659 °C temperatures.

When DTG peaks for SS and S-GO are compared, the maximum
DTG peak for SS (650 °C) happens before the DTG peak for S-GO
(659 °C). The difference between temperatures is due to the
structure of clinochrysotile fibers. The fiber from the SS was more
exposed and free to perform the dehydroxilation process when
compared to S-GO fiber. This demonstrates that the 659 °C tem-
perature refers to dehydroxilation of the clinochrysotile present in
the S-GO.

Thus, thermal behavior analyses performed to S-GO demon-
strated dehydroxilation temperatures for brucite, lizardite 1T, and
clinochrysotile, equivalent to 382 °C, 600 °C, and 659 °C, respec-
tively. The temperature result due to serpentine dehydroxilation for
S-GO (lizardite 1T and clinochrysotile) seemed to be inconsistent
with the result reported by Dlugogorski and Balucan (2014) and Viti
(2010). Such divergence is associated to different Al,03 contents
between both lizardites 1T. In this study, the S-GO lizardite 1T
presents a content of 1.17%. On the other hand, the lizardite 1T
employed by Viti (2010) presented a content of 2.89%, being more
stable thermally.

Basta and Kader (1969) extensively evaluated the thermal sta-
bility for several lizardites with low A" contents, in the form of
Al03 (0.28—1.00%), as well as Weber and Greer (1965) and Foldvari
(2011). These authors reported a dehydroxilation temperature in
the interval of 635 °C—685 °C. However, thermal stability of liz-
ardite with high Al,O3 contents (2.39—2.89%), studied by Viti
(2010), presented a dehydroxilation temperature in the range of
708 °C—714 °C, demonstrating an influence of AI>* in the thermal
stability of lizardite 1T.

3.3. Leaching experiments

Leachate solutions (L) were observed to be yellow and the solid
residue (R) was slightly gray. Color intensities were in accordance
with reaction conditions established on Table 2. It is worth
mentioning that experimental tests which used 25 °C temperature
presented an exothermic behavior, so that the temperature
increased by approximately 20 °C, reaching 45—55 °C in the first
10 min of reaction. Extractions achieved in the leachate (L) for Mg,
Fe, and Si are shown on Table 5.

As it was verified, maximum Mg and Fe extractions were ob-
tained in T3 (97% and 100% for Mg and Fe extractions, respectively).
Nonetheless, all experiments that used 100 °C temperatures ob-
tained the highest Mg and Fe extractions, of approximately
95.5 + 1.5% and 96.3 + 4.5%, respectively.

Although all experiments obtained low Si extractions (1—4%),
tests T3, T6, and T9, which employed a 4 M HCl concentration,
reported the lowest Si extraction. Such singularity is due to the
collapse process produced at low pH, in which transformation of
serpentines to form amorphous silica (SiO) is fast and direct
(Oskierski et al., 2013; Park and Fan, 2004). The collapse process
was observed for chrysotiles, where external fiber sheets of octa-
hedral Mg?* (O) react in a fast manner, leaving the tetrahedral Si**
(T) sheet intact to form siloxanes (Si — O — Si). These have a highly
porous infrastructure with encapsulated silica and it is poor in Mg,
which collapses quickly to form amorphous silica (McCutcheon
et al,, 2015; Yu and Wang, 2011).

On the other hand, experiments conducted at a temperature of
25 °C obtained the lowest Mg and Fe extractions in stoichiometric
(T1) and non-stoichiometric conditions (T6 and T8). Non-
stoichiometric tests (T6 and T8) exhibited more Fe extraction
than Mg extraction. This behavior was also verified with less in-
tensity when experiments were conducted at 50 °C and 100 °C (T2,
T3, T5, and T9).

In order to assess if this behavior is a characteristic from S-GO or
if it is due to excess acid, experiments under stoichiometric con-
ditions were also performed for tests T2, T3, T5, T6, T8, and T9. In
order to accomplish this, mass/volume ratios were employed,
equivalent to 73 and 146 g/L for 2 M and 4 M acid concentrations,

Table 5
Mg, Fe, and Si extracted from S-GO, for all experimental tests.

Test Reaction conditions Extraction of metals on
leached solutions (L)
¢ (pm) Cha [M] T (°C) Mg % Fe % Si%

T1 75 1 25 36 33 3
T2 75 2 50 76 78 2
3 75 4 100 97 100 1
T4 150 1 50 61 58 4
T5 150 2 100 94 98 2
T6 150 4 25 40 58 1
T7 300 1 100 97 91 4
T8 300 2 25 35 42 2
T9 300 4 50 79 86 1
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respectively. Results are presented on Table 6.

As observed on Table 6, Mg and Fe extractions remained similar
when compared with non-stoichiometric tests on Table 5, indi-
cating that excess acid for S-GO did not have a significant effect.
Thus, 2 and 4 times HCl excess improved the efficiency for Mg and
Fe extraction by only 3—10%. This is important since an increase of
mass/volume proportion can greatly reduce the capital and oper-
ational cost, due to the smaller number of reactors required for the
process (Sanna et al., 2013).

Studies by Daval et al. (2013) and Sanna et al. (2013) have
employed lizardite. The authors obtained a Mg extraction between
5 and 70%; Fe extraction was smaller than Mg extraction, even
when excess acid was used in the leaching process. Such difference
in Mg and Fe extractions can be explained due to the mineralogy of
the material, since the used serpentines presented hematite con-
tents, sometimes mixed with calcite and almost never mixed with
native brucite.

As verified, when Mg and Fe extractions from T3 were compared
to other studies that employed lizardite, the leaching process from
this study was more efficient. Moreover, contrary to studies
mentioned previously, Mg and Fe extractions were very similar, and
Fe extraction was more efficient than Mg extraction in some cases.
On the other hand, Alves et al. (2013) and Teir et al. (2007a) re-
ported smaller Mg and Fe extractions when large size particles
were used.

This study verified that experiments performed at a tempera-
ture of 100 °C, with an excess of acid, as well as small sized parti-
cles, seemed to not have influenced the performance for Mg and Fe
extraction.

This behavior was associated to the presence of other simpler
minerals free of Si, such as native brucite, and high content of
iron within the S-GO. Since brucite is found with lizardite 1T
inside the S-GO structure, there is a possibility of brucite to
contain Fe in its structure, as iron hydroxide (Hostetler et al.,
1966; Lima, 1997). Thus, when leaching is done at low concen-
tration and temperature (T1), the native brucite quickly reacts,
releasing Mg and Fe. According Baumeister (2012) the kinetics of
dissolution is effect of iron oxidation and cations substitution, so,
mineral dissolution on weathering appears to follow a specific
order: pyroxene > Fe rich serpentine > Mg rich serpentine > Al
rich serpentine.

Native brucite (rich in Fe) from S-GO is found between
serpentine layers as fine particles dispersed throughout the rock
(Hostetler et al., 1966). Due to the high native brucite reactivity, it
dissolves quickly, increasing the reaction surface. After brucite
dissolution, the acid reacts with iron rich serpentines during the
leaching process. These material properties do not affect Mg and Fe
extraction which use 300 um granulometries. In addition, the AP+
content in the lizardite 1T structure did not have a significant effect
regarding S-GO structural stability, allowing dissolution of a great
amount of serpentines at 100 °C.

Table 6
Mg, Fe, and Si extracted from S-GO under stoichiometric conditions.

Test Reaction conditions Extraction of metals on
leached solutions (L)
¢ (um) Cua [M] T(°C) Mg % Fe % Si%

T2E 75 2 50 62 63 2
T3E 75 4 100 94 97 0
T5E 150 2 100 96 93 2
T6E 150 4 25 38 50 1
T8E 300 2 25 32 37 1
T9E 300 4 50 67 77 0

Bold indicates high Mg extraction.

3.4. Relationship between mineral structure and leaching
performance

During the S-GO leaching process, the mineral phases show
different behaviors that depend on their physical, chemical, and
textural properties, as well as mineralogical composition and pro-
cess parameters.

In order to understand the mechanisms involved in S-GO
leaching, as well as comprehend the relationship between mineral
structure and leaching performance, TGA and XRD analyses were
performed in the residues (R). A comparison between TG/DTG
curves was done for S-GO and residues (R), identifying partial or
total reaction for each mineral phase contained in the S-GO after
leaching.

Fig. 7 shows TG curves for all residues. It was observed that
residues from tests that employed a 100 °C temperature (R3, R5,
and R7) presented smaller mass losses. However, residues from
tests that employed a 25 °C temperature presented the highest
mass losses (R1, R6, and R8). This difference indicated that tests
performed at 25 °C still present hydroxyl groups (OH™), which are
characteristic from brucite or serpentines that cannot react with
the acid and are still part of the residues.

In order to examine the mineral phase that is still present in the
residue (R), DTG curves and diffractograms are shown on Figs. 8 and
9, respectively. Fig. 8 shows that the DTG curve for S-GO (dotted
black line) follows all residues (R) (black line), which allows the
observation of differences among DTG peaks. Large differences
were verified for all residues (R).

It can be observed that characteristic DTG peaks from brucite
decomposition (382 °C) were eliminated from DTG curves in those
residues obtained at a 25 °C temperature (R1, R6, and R8). In
addition, characteristic peaks from clinochrysotile decomposition
(659 °C) were less intense; however, peaks referring to lizardite 1T
decomposition (600 °C) were not modified and were more intense.

Diffraction lines referring to brucite and clinochrysotile were
not visualized in diffractograms for residues R1, R6, and R8 (Fig. 9).
This fact can be verified by the intensity of diffraction lines
signalized with a blue cross (X) between diffractograms for S-GO
(dotted red line) and residues R1, R6, and R8 (black line); corrob-
orating DTG curves.

Based on DTG curves and diffractogrames, it can be verified that
although T1, T6, and T8 tests had the lowest Mg and Fe extractions
(between 35-40% and 33—58%, respectively, Table 5), this extraction
corresponded to Mg and Fe contained in brucite and part of
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Fig. 7. TG curves for S-GO and residues (R), for all experimental tests.
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clinochrysotile, showing a higher reactivity in comparison to liz-
ardite 1T.

Native brucite is highly reactive, quickly dissolving during the
first 5 min of leaching (Morgan, 1997). According to Assima et al.
(2014), brucite dissolution in H,0 is 10 times higher than dissolu-
tion of serpentines. However, chrysotile easily dissolves when
compared to compact serpentines (lizardites/antigorites) due to its
disorganized fiber structure, which facilitates diffusion of the
leaching fluid.

During leaching of chrysotiles, which are more complex than
brucites, the efficiency of Mg extraction is independent from the
surface area (Sggr), and it is related to their destructuring degree,
types and size of fibers (Bloise et al., 2014; Morgan, 1997; Parry,
1985). The fiber type greatly depends on the replacement mecha-
nism for cations in the chrysotile octahedral sheets (O). The octa-
hedral Fe?* favors a maladjustment of fibers producing higher
curvatures (Bloise et al., 2014; Wicks and Whittaker, 1975).

During this study, the Fe?* found on clinochrysotile was located
in the fiber external octahedral sheet. Fe>* has little probability of
being present in this sheet, replacing Mg>*, due to the maladjust-
ment that clinochrysotiles need in order to obtain concentric
structures (Wicks and Whittaker, 1975).

Fast dissolution of most clinochrysotile is also due to the milling
process (mechanical activation) which caused a considerable
reduction of fiber size, to the 10 um order (Fig. 10).

A fast dissolution of most clinochrysotile is also due to the
milling process (mechanical activation) which caused a consider-
able reduction of fiber size, to the 10 um magnitude (Fig. 10).
Although S-GO had few clinochrysotile fibers, these were totally
destructured on extremes (red arrow). Thus, they were even more
reactive, dissolving in low temperatures and concentrations.

On the other hand, lizardite 1T has a resistance to dissolution
due to the content of trivalent elements (AI>* and Fe>*) hosted in
the tetrahedral and octahedral sheets, causing a higher stability in
the crystalline structure. Thus, dissolution of lizardite 1T was
possible only when the temperature was increased.

High Fe extraction in elevated temperatures (100 °C) was due to
dissolution of most lizardite 1T. These are normally rich in Fe>*
(Wicks and Whittaker, 1975). This fact was not different in the case
of lizardite 1T from S-GO. Previous analyses of rocks from Minagu
Mine confirmed a high Fe3* content in this material (Barbosa and
Bretas, 2009; Pereira, 2013). However, Fe>* contained on lizardite
1T do not produce a strong structural stability, since it is found in
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Fig. 10. Micrography for powder S-GO with 75 pm. Red arrows indicate short fibers of
clinochrysotile. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the octahedral sheet (Wicks and Whittaker, 1975). Such mineral-
ogical characteristic increased S-GO reactivity, allowing higher
amounts of Mg and Fe to be extracted.

When DTG peaks were observed for residues in the tests that
employed temperatures of 100 °C (R3, R5, and R7; Fig. 8), charac-
teristic peaks for lizardite 1T (659 °C) were less intense when
compared to S-GO peaks from this region. However, it can be
verified that brucite (382 °C) was not totally extracted. This fact was
confirmed through diffractograms for residues R3, R5, and R7.
Diffraction lines referring to lizardite 1T have reduced intensity as
observed on Fig. 9, however, diffraction lines due to brucite are still
present in all of those diffractograms (in smaller intensity when
compared to the S-GO diffractogram).

Taking all information into consideration, it can be said that an
increase in temperature favored the dissolution of lizardite 1T.
However, brucite reactivity seemed to decrease, not dissolving
completely, as it happened at 25 °C. The formation of a siloxane
layer is expected in greater amount (Si — O — Si) when lizardite 1T
and clinochrysotile are dissolved, creating a limiting layer. Such
layer limits acid diffusion processes within solid particles, causing
blockage of pores and reducing the Mg and Fe extraction from in-
ternal layers (Kosuge et al., 1995; Morgan, 1997; Park and Fan,
2004).

Diffractograms from experiments which obtained higher Mg
and Fe extraction from S-GO (R3, R5, and R7) are observed on Fig. 9.
Such diffractograms show a curved trend in the first 40° of the
diffractograms. This indicates that serpentines modified their
structure due to the formation of amorphous silica (SiO2).

However, appearance of new diffraction lines (blue circle) was
also observed in diffractograms for residues, which were some-
times very intense (R1 and R2) and other times were superimposed
with amorphous material (R5 e R9). These diffraction lines are due
to the presence of a better structured silica. Predominance of
amorphous silica is of great industrial interest since it can be used
as an additive for the cement industry and fertilizer for the agri-
cultural sector. However, it must be further purified, by removing
the magnetite present by magnetic separation, for example.

As observed on Fig. 8, a large part of both serpentines can be
dissolved at 100 °C. Thus, a large portion of Mg and Fe content can
be taken out of the S-GO. In the same experimental test, part of the
serpentine remained in the residue and did not react. Therefore,
concentrations of MgO and Fe;Os; presented a similar trend, as
verified by the XRF analysis from Table 7.

This trend indicates that large part of the Fe; in serpentines (Fe>"
and Fe>*) might be found in octahedral sheets with Mg?*. It is
expected that octahedral Fe>* would replace octahedral Mg>" in
clinochrysotiles. Besides this, a large part of octahedral Fe>* re-
places octahedral Mg?* in lizardite 1T. In this manner, when ser-
pentines are dissolved, dissolution of the octahedral sheet
simultaneously carry cations such as Mg?*, Fe3*, and Fe?* towards
the leaching solution.

Table 7
Chemical composition of residues determined by XRF.

MgO F6203 Si02 A1203 Cr203 Ca0 MnO NiO

R1 34.7 9.4 50.4 1.2 1.1 0.1 0.1 0.5
R2 13.4 4.5 77.9 1.6 1.5 0.1 0.1 0.2
R3 1.5 1.5 93.8 1.8 1.7 0.1 0.1 n.d.
R4 218 7.8 66.1 1.7 14 0.1 0.1 0.4
R5 2.8 20 91.5 13 1.8 0.1 0.1 n.d.
R6 31.2 7.8 56.7 1.6 1.2 0.1 0.1 0.5
R7 1.6 3.6 86.3 1.8 23 0.1 0.1 0.1
R8 31.7 9.1 54.5 20 1.1 0.1 0.1 0.5
R9 13.1 3.6 78.9 1.7 1.5 0.1 0.1 0.2




1334 G.LA'F. Arce et al. / Journal of Cleaner Production 141 (2017) 1324—1336

On the other hand, large part of tetrahedral AP** is found
replacing tetrahedral Si**, mainly in lizardite 1T. Thus, when the
acid (H™) breaks Van der Waals bonds between octahedral and
tetrahedral sheets to form siloxanes, AI** is also encapsulated along
with Si** which simultaneously collapse in the residues, forming
amorphous material in a similar trend (Table 7).

Low AI** content in S-GO favored lizardite 1T dissolution, with
increasing temperature. Although Fe** is found in the lizardite 1T
octahedral sheet to provide structural stability, this is not very
effective, allowing Fe extraction then.

Taking all of this information into consideration, it is possible to
conclude that hosting a large part of Fe (Fe** and Fe3*) favors
extraction in lizardite 1T and clinochrysotile octahedral sheets,
which adopt a similar behavior as the Mg extraction from the
octahedral sheet (Park and Fan, 2004; Wicks and Whittaker, 1975).

In order to evaluate the Mg extraction behavior and structural
modification of mineral phases during leaching, an experimental
test was performed using T7 experimental conditions. This condi-
tion is the closest to be applied in industrial processes, due to the
low acid concentration and stoichiometric mass/volume ratio (1M
HCI), which would allow its recovery through the bipolar electro-
dialysis process in subsequent steps.

Aliquots were taken at every 30 min during the test, in which
200 mL of a 1M HCl solution was employed. They were then filtered
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Fig. 11. Extraction curves and DTG for S-GO and residues, obtained from aliquots at
every 30 min during T7 test.

to obtain residues and leaching solutions, which were sent for TGA
and ICP-OES analyses, respectively.

Fig. 11a presents extraction results for Mg, Fe and Si at every
30 min. Almost 88 + 2% of Mg and Fe was extracted in the first
30 min. In addition, Mg extraction was a lot faster than Si, which
kept an almost constant value during the reaction time.

Fig. 11b presents DTG curves for S-GO and residues obtained at
every 30 min. It can be observed that all brucite, along with a sig-
nificant part of lizardite 1T and clinochrysotile reacted with HCI
during the first 30 min. Variation of DTG curves were minimum
after 1 h of reaction. A high reactivity for brucite, destructured fi-
bers from clinochrysotile, low AI** tetrahedral and high Fe; octa-
hedral contents for both serpentines were factors that favored Mg
and Fe extraction from S-GO. Reduction of the reaction time re-
duces the residence time within the reactor, which could minimize
costs involved with the pH swing method (Bu et al., 2012; House
et al., 2007; Teir et al., 2007a; 2007b).

Few studies were performed regarding indirect mineral
carbonation through pH swing processes employing serpentinite
rocks that have brucite contents. According to Assima et al. (2013),
serpentinite rocks that contain brucite and compact serpentines
(lizardite/antigorite) are not very appropriate for use in direct
carbonation, due to the difficulty of controlling pH because of a high
Fe content in this type of serpentine.

Based on results verified during this study, this behavior does
not seem to apply when serpentinite rocks containing lizardite 1T
mixed with native brucite are used in indirect mineral carbonation.
The brucite content significantly improved characteristics for S-GO
serpentinite rock. In addition, brucite contents in the material
delayed the formation of a silica gel layer, due to the fast brucite
extraction, leaving a material with higher contact surface, so that
the acid had more contact with serpentines. HCl reacted by
breaking Van Der Waals bonds between serpentine octahedral and
tetrahedral sheets, quickly dissolving them. However, it must be
mentioned that this behavior could be limited to high tetrahedral
AP* and Fe>* contents in lizardites 1T (Lacinska et al., 2016), which
was not characteristic for S-GO.

4. Conclusions

This study investigated the adaptability of using a sterile (S-GO)
for indirect carbonation processes through the pH swing method.
In order to accomplish that, the most critical process step was
evaluated, in which Mg and Fe were extracted during the leaching
process.

According to the results obtained in this study, S-GO was
revealed as a rock with adequate characteristics to be employed in
leaching processes, although lizardite 1T was identified as the main
mineral phase from this rock. It was demonstrated that native
brucite (6.10 + 0.24%), low tetrahedral AI>* content, as well as Fe?*
and Fe>* contents within S-GO octahedral sheets, delay the for-
mation of hydrated silica and improve dissolution of serpentines.
Mg and Fe extractions in larger size particles (300 um) were more
efficient than other results reported in the literature. Thus, the
appropriate particle size will be a function of the material chemical
characteristics, mainly its mineralogical complexity and crystal
chemistry. An excess of acid only improves Mg and Fe extraction by
10 + 5%, for this kind of material.

These S-GO characteristics allowed a high dissolution of mineral
phases. Thus, 88 + 2% of Mg and Fe was extracted during the first
30 min of reaction under mild process conditions, such as: use of
stoichiometric mass/volume ratio, 1M HCl, 1 bar of pressure, 100 °C
process temperature, and 300 um particle size. It must be empha-
sized that this type of material might have the same behavior when
used with other leaching agents, such as NH4HSO4.
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Such characteristics reduce energetic penalties during these
processes. The costs generated during milling are smaller when
compared to HCI regeneration. However, results showed that even
when higher granulometries are used (300 pum), high Mg and Fe
extractions were obtained, which would lead to lower energy
consumption in the milling step. In addition, high extractions were
verified when stoichiometric amounts were employed, reducing
the energy consumption in subsequent steps of HCl regeneration
and minimizing energetic penalties involved in these processes. A
stoichiometric proportion can also decrease the costs related to the
total number of reactors used in the leaching step. However, deeper
energetic consumption evaluations using bipolar electrodialysis
could be evaluated in further studies.

Finally, the experimental planning was found to be appropriate
to evaluate several factors and levels which affect the response
variable, that was the extraction of Mg and Fe in this case. Thus, the
Lg arrangement used to evaluate three factors and three different
levels was considered useful, since several pieces of information
were obtained with 10 experimental tests in order to maximize
response variables. Evaluations of the best reaction condition,
construction of polynomials, and response surfaces will need to be
studied in the future.
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