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H I G H L I G H T S

• Dissolution mechanisms of heat-
treated serpentine were studied by
29Si MAS NMR.

• Chemical stabilities of different sili-
cate structures (Q0–Q4) were de-
termined.

• The amorphous Q1 and Q2 structures
were most reactive in carbonic acid.

• This study identified different reaction
pathways for CO2 sequestration.
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A B S T R A C T

Silicon is one of the most earth abundant elements, and thus, the fate and reactivity of silicate materials are often
important for various energy and environmental technologies including carbon sequestration, where CO2 is cap-
tured and stored as a thermodynamically stable solid carbonate phase. Thus, understanding the structures and
chemistries of different silicate phases has become an important research aim. In this study, the changes in the
silicate structures (Q0–Q4) of heat-treated Mg-bearing mineral (serpentine) exposed to a CO2-water system (carbonic
acid) was investigated using 29Si MAS NMR, XRPD and ICP-OES and the identified structures were employed to
explain complex leaching behaviors of silicate materials. The 29Si MAS NMR and XRPD analysis indicated that the
heat-treated serpentine is a mixture of amorphous (Q1: dehydroxylate I, Q2: enstatite, Q4: silica) and crystalline (Q0:
forsterite, Q3: dehydroxylate II and serpentine) phase, while natural serpentine mineral has single crystalline Q3

silicate structure. The leaching experiments showed that both Mg and Si in the amorphous silicate structures (Q1:
dehydroxylate I, Q2: enstatite) are more soluble than those in crystalline phase (Q0: forsterite, Q3: dehydroxylate II
and serpentine). Therefore, tuning the silicate structure towards Q1 and Q2 would significantly improve carbon
sequestration potential of silicate minerals, whereas silicate materials with Q3 structure would provide great che-
mical stabilities in acidic conditions. The solubilities of silicate structures were in the order of Q1 (dehydroxylate
I) > Q2 (enstatite) ≫ Q0 (forsterite) > Q3 (dehydroxylate II) > Q3 (serpentine) and this finding can be used to
better design a wide range of energy and environmental materials and reaction systems.
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1. Introduction

Since the industrial revolution, the atmospheric CO2 concentration
has steadily increased due to the combustion of fossil fuels, reaching
410 ppm in September 2019 [1]. Researchers have correlated the in-
tensification of climate change with the increase of atmospheric CO2

concentration [2]. According to the 2018 IPCC report [3], it was re-
cognized that the anthropogenic greenhouse gas emissions caused by
human activities are major drivers for global warming of 1.0 °C above
the pre-industrial level. With the continued reliance on fossil fuels in
various parts of the world, atmospheric CO2 is likely to further increase,
resulting in 1.5 °C of global warming between 2030 and 2052 with
long-term changes in climate-related natural systems, such as sea level
rise [3]. The natural carbon cycle process can potentially slow down the
increase rate of atmospheric CO2 concentration [4], but engineered
solutions are also needed to reduce CO2 emissions. Due to its un-
precedented scale, the mitigation of climate change requires a wide
range of multifaceted solutions. The Mission Innovation lists the fol-
lowing eight innovation challenges to encourage the global efforts to
accelerate the research and development in addressing climate change
mitigation: (1) smart grid, (2) off-grid access to electricity, (3) carbon
capture, (4) sustainable biofuels, (5) converting sunlight, (6) clean
energy materials, (7) affordable heating and cooling of buildings, and
(8) renewable and clean hydrogen [5,6]. In particular, we have been
focusing on the development of novel materials and separation and
reaction pathways for Carbon Capture, Utilization and Storage (CCUS)
and energy storage technologies.

When developing CCUS or energy storage (e.g., novel electrolytes
for batteries) technologies, materials selection is very important since
the availabilities of natural resources and their engineered forms are
keys to develop large-scale energy and environmental technologies.
Silicon is the second most abundant element in the Earth’s crust (about
28 wt%) next to oxygen and they mostly exist as silicate minerals
forming > 90% of the Earth crust [7]. Thus, as shown in Fig. 1, the
study of various silicate materials in terms of their structures and re-
activities has become one of the most important fundamental studies
for sustainable energy and environmental research.

For example, carbon mineralization, which converts CO2 to ther-
modynamically stable solid carbonate form is one of emerging CCUS
technologies with long-term stability. The carbon mineralization

scheme was proposed by Seifritz [8] as an alternative approach to se-
quester CO2 in geologic formations. This is a chemically enhanced form
of the natural weathering process between natural silicate minerals and
CO2. Earth abundant minerals including serpentine (Mg3Si2O5(OH)4)
are estimated to have a CO2 sequestration potential over 10,000 Gt C
[9,10]. The overall reaction produces a long-lived metal-carbonate
phase via a thermodynamically favorable reaction pathway [5,11]. If
the carbon mineralization process is performed in an engineered reactor
system, high-purity products, such as green construction materials and
high surface area silica, can be produced with tailored chemical and
physical properties while sequestering CO2. Currently, the global con-
struction materials market is tremendous (> 50 billion tons produced
annually) [11] and a recent market assessment estimated that the
carbonate-based construction materials may have the potential to uti-
lize 3–6 Gt of CO2 with annual revenues of $1 trillion by 2030 [5,12].
Carbon mineralization can also be performed using alkaline industrial
wastes (e.g., steel slag and cement kiln dust) [11]. Thus, carbon mi-
neralization is considered to be the most energy-efficient and eco-
nomical CCUS pathway with multiple environmental benefits at this
time [11].

CO2 reaction with silicate minerals is quite complex since many
silicate structures exist depending on the reactive environments. For
instance, earth abundant Mg-bearing mineral, serpentine
(Mg3Si2O5(OH)4), consists of 1:1 alternatively stacked tetrahedral (si-
lica-like) and octahedral (brucite-like) sheets and it can react with CO2

via following steps: (i) Mg2+ extraction from the silicate structure in
aqueous phase by acid (ion exchange between Mg2+ and H+), and (ii)
precipitation reaction between extracted Mg2+

(aq) and dissolved carbon
dioxide (CO3

2–
(aq)) forming solid MgCO3(s) phases. The main kinetic

barrier for carbon sequestration with Mg-silicate minerals (e.g., ser-
pentine) is considered to be the mineral dissolution step because of the
low reactivity of natural silicate minerals [13]. A number of studies
have focused on the activation of serpentine via heat-treatment that
effectively alters the silicate structures to increase the leaching rate of
Mg and other metals from silicate minerals [14–23].

Most silicate minerals consist of SiO4 tetrahedra, which may exist as
isolated structures or interconnected complicated structures [24]. The
way the SiO4 tetrahedra structures are linked determines the overall
mineral structures. Thus, silicate minerals are generally classified based
on the degree of polymerization of SiO4 and denoted as symbol Qn

Fig. 1. Flows of C and Si-bearing materials in the Earth and engineered energy and environmental systems.
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(n = 0, 1, 2, 3, 4), where n is the number of shared oxygens that
“bridge” silicon in other SiO4 tetrahedra. When the serpentine silicate
structure (predominantly Q3) is heated above 600 °C, the chemically
bonded hydroxyl group (OH) is expelled, leading to structural disorder
and the formation of new silicate structures (Q0, Q1, Q2, Q4, and altered
Q3) with an increase in reactive surface [25–30]. More complex silicate
structures are formed with increased reactivity after the heat treatment
of serpentine.

While the thermal decomposition (dehydroxylation) of serpentine
minerals have been investigated by a number of studies
[25,27,29,30,32–42], there are very limited studies available on the
changes in the silicate structures during the dissolution of heat-treated
serpentine. Compared to previously studied natural silicate minerals,
heat-treated serpentine has more complex silicate structures, and thus,
understanding leaching behaviors and chemical stability of these sili-
cate minerals would provide valuable insights into how various Si-
based materials can be used in energy and environmental systems. 29Si
MAS NMR is a well-established solid analysis technique to investigate
various silicate structures, and thus, it is selected to investigate the
dissolution mechanisms of heat-treated serpentine in terms of the 29Si
chemical shift for different Si in SiO4 tetrahedral coordination (see
Fig. 2). As shown in Table 1, many previous studies used this technique
to determine the various silicate structures and reported their 29Si
chemical shift. However, limited 29Si chemical shift data for the heat-
treatment of natural silicate minerals [29,40] and single-step carbon
mineralization processes involving natural silicate minerals [43–47]
were found in the literature.

In this study, a series of spectroscopic tools including 29Si solid state
Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR), X-ray
Powder Diffraction (XRPD) and Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) were employed to investigate the
mineralogical and chemical changes within the heat-treated silicate
mineral when it was subjected to a weak acid solution created by
bubbling CO2 into water (carbonic acid). The dissolution behaviors of
silicate materials are complex and influenced by many factors including
minerology, morphology, particle size, solvent pH, reaction tempera-
ture, and partial pressure of CO2. The experimental conditions of this
study were carefully controlled so that the isolated effect of silicate
structures on carbon mineralization can be investigated. The identified
silicate structures (Q0 - Q4) were used to provide insights into how Mg
was liberated from different silicate structures in a carbonic acid en-
vironment. It is anticipated that the findings from this study will be able
to not only provide a greater understanding of carbon mineralization
reaction that fixes gaseous CO2 into thermodynamically stable carbo-
nate phases but also provide insights into how Si-based materials can be
used in different chemical environments, particularly acidic conditions.

2. Experimental

2.1. Dissolution experiments and solid sample collection

Heat-treated serpentine (HTS) was obtained from the collaborating
Australian-based company, Mineral Carbonation International (MCi).
The HTS was prepared by thermally treating natural lizardite mineral
(serpentine) at 640 °C for 4 hr. HTS sample was found to contain
23.2 wt% of Mg and 20.5 wt% of Si, and HTS particles smaller than
100 μm were used for this study to perform leaching experiments.

The first sets of experiments were carried out by exposing HTS
sample to distilled water saturated with 1 atm CO2 at 30 °C. The HTS
slurry was mixed at 400 rpm for up to 240 min in a semi-batch reactor
shown in Fig. 3. The pure CO2 gas was continuously bubbled into the
HTS slurry at a constant flow rate of 1 L/min for the entire duration of
the dissolution experiment. In order to investigate Mg and Si leaching
behaviors under far-from-equilibrium and near-equilibrium conditions,
two different slurry densities (SD) were selected: 0.1 and 5 wt%, re-
spectively. This fresh HTS dissolution experiment was denoted as the

“First leaching.” For the 0.1 wt% slurry density case, two sets of solid
residues were collected: one after 15 min and the other after 240 min
reaction time and they were marked as HTS residue-I(a) and HTS re-
sidue-I(b), respectively. The solid residue produced after 240 min dis-
solution of 5 wt% HTS slurry was denoted as HTS residue-I(c).

The dissolution occurring during the “First leaching” step would
have created different silicate structures, and thus, the second set of
leaching experiments were performed using HTS residue-I(c) obtained
from “First leaching” in order to investigate the Mg and Si leaching
behaviors of different silicate phases. These experiments were noted as
“Secondary leaching” and the experimental procedure was kept the
same as before (i.e., 5 wt% of SD, 30 °C). The solid dissolution residue
from “First leaching,” HTS residue-I(c), was introduced to a fresh dis-
tilled water saturated with CO2 and dissolved for 240 min. The solid
sample was collected at the end of the dissolution experiment and
marked as HTS residue-II(a).

In addition to the above described “Secondary leaching” experi-
ments, two additional sets of experiments were performed to physically
and chemically enhance the silicate mineral dissolution. The physical
activation was performed with an internal grinding system in which the
5 wt% HTS residue-I(c) slurry was mixed with 20 vol% of 2.25 mm
zirconia beads during the “Secondary leaching” to reduce/remove the
passivation layer that may hinder the Mg and Si leaching from the
mineral surface. By directly introducing the grinding media into the
dissolution reactor with a relatively low slurry density, the energy re-
quired for the physical activation can be kept relatively small. The solid
residue recovered from the internal grinding experiment was denoted
as HTS residue-II(b).

Next, a combination of internal grinding and Mg-targeting ligand
was tested for the dissolution behavior of HTS residue-I(c). 0.1 M of Na-
citrate solution was introduced as the solvent instead of distilled water
and the 5 wt% HTS residue-I(c) slurry mixed with 20 vol% 2.25 mm
zirconia beads was reacted at 30 °C for 240 min while bubbling CO2.
The solid residue obtained from this experiment was named as HTS
residue-II(c).

Finally, in order to expose all the silicate phases to an extreme a
leaching condition (i.e., strong acidic solvent) and determine their
chemical stabilities, HTS residue-II(b), which was collected after the
“Secondary leaching” with physical activation, was further treated
using 2 M HNO3 solution at 25 °C. A low slurry density of 0.5 wt% was
used and the dissolution experiment was performed while agitating the
mixture at 400 rpm for 6 hr 30 min to maximize the Mg extraction from

Fig. 2. Classification of silicate minerals according to the degree of poly-
merization of SiO4 and their chemical shifts in 29Si NMR (adapted from Magi
et al. [31]).
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HTS residue-II(b). The strong acid-treated solid residue was denoted as
HTS residue-A. The detailed summary of experimental conditions and
solid sample notations are given in Table 2.

2.2. Determination of dissolution kinetics and identification of silicate
structures

During each dissolution experiment, approximately 120 μL of slurry
samples were taken at a given time interval, and the slurry samples
were quickly filtered using a 0.2 μm syringe filter and diluted by 2%
nitric acid to prevent any precipitation. The samples were analyzed by
ICP-OES to determine the Mg and Si concentrations in the liquid phase
providing the leaching kinetics of different Mg-silicate materials. At the
end of each leaching experiment, the slurry was filtered to collect the
solid residue and it was washed with distilled water and ethanol several
times. Then, the washed solid residue was dried in a vacuum oven at
70 °C overnight for the subsequent 29Si solid state MAS NMR and XRPD
analyses. To determine crystal structure(s) of each solid residue, the
diffraction pattern was collected in the range of 5-70° 2θ with a step
size of 0.05° and scan time of 0.5 s using the XRPD (X2, Scintag, Inc.).

29Si (spin 1/2) MAS NMR measurements were performed using a
3.2 mm Chemagnetics broadband MAS probe, a Varian/Agilent Direct
Drive 300 MHz spectrometer operating at a Larmor frequency near
59.9 MHz within a magnetic field of 7.1T. NMR samples were prepared
by packing each solid residue listed in Table 2 into a 3.2 mm zirconia
rotor in air at STP. During measurements, compressed dry air was used
for both MAS and purge. Free induction nuclear magnetization decays
were recorded under a MAS rate of 20 kHz with a single pulse direct
polarization sequence (pulse – acquire – recycle delay). High power radio
frequency pulses of 3.5 μs (which is less than the π/2 benchmark) were
employed for each measurement. Under these conditions, a recycle
delay of 5 s was adequate to prevent signal saturation. Depending on
the silicate content, typically 30,000 to 50,000 scans were averaged per
spectrum. All spectra were referenced to the 29Si resonance of tetra-
methylsilane (neat).

Each 29Si MAS spectrum was analyzed as a composite of weighted
component Qn lineshapes. The Qn MAS lineshapes consist of a central

Table 1
29Si chemical shifts of various silicate structures.

Structure Compound Chemical Shift (ppm) References

Q0 chondrodite (Mg5[SiO4]2(OH,F)2)
forsterite (Mg2SiO4)
olivine ((Mg,Fe)2SiO4)
monticellite (CaMgSiO4)

−60
−61.9
−62
−66

Mȁgi et al.[31]
Mȁgi et al.[31]
Mȁgi et al.[31]
Smith et al.[48]

Q1 akermanite (Ca2MgSi2O7)
rankinite (Ca3Si2O7)

−73
−74.5

Smith et al.[48]
Mȁgi et al.[31]

Q2 clinoenstatite (MgSiO3)
orthoenstatite (MgSiO3)
diopside (CaMgSi2O6)
fibrous tremolite (Ca2Mg5[Si4O11]2(OH)2)
wollastonite (CaSiO3)

−81; −83
−82
−84
−87.8; −92.2
−89

Smith et al.[48]
Mȁgi et al.[31]
Mȁgi et al.[31]
Mȁgi et al.[31]
Hansen et al.[49]

Q3 serpentine (Mg3(Si2O5)(OH)4)
talc (Mg3(Si4O10)(OH)2)
sepiolite (Mg4Si6O15(OH)2·2H2O)

−94
−98.1
−92; −95; −98

Mȁgi et al.[31]
Mȁgi et al.[31]
Barron et al.[50]

Q4 quartz (SiO2)
coestite (SiO2)
crystobalite (SiO2)
tridymite (SiO2)
silicalite (SiO2)
holdstite (SiO2)
silica gel
hydrous α-silica

−108
−108.1; 113.9
−108.5
−109.3 - −114
−109.9 - −117
−108.9; −115; −119.4
−91 (Q2); −101 (Q3); −110
−92.1 (Q2); −101.6 (Q3); −111.1

Smith et al.[48]
Smith & Blackwell[51]
Smith & Blackwell[51]
Smith & Blackwell[51]
Fyfe et al.[52]
Smith & Blackwell[51]
Leonardelli et al.[53]
Chemtob et al.[54]

Fig. 3. Semi-batch dissolution reactor with CO2 bubbling.
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isotropic resonance (within about −60 ppm to −120 ppm) flanked by
spinning sidebands (near −400 ppm and +200 ppm). All peaks were
fit by Voight-type lineshapes [55]. The distribution of different silicate
structures/phases was obtained in the usual way through assignment
(by identifying the isotropic chemical shift) and integration for each Qn

unit within the spectrum. Fig. S.1 illustrates the deconvolution proce-
dure for an HTS sample.

3. Results and discussion

3.1. Development of different silicate structures during heat-treatment of
serpentine

The structural changes of silicate materials (e.g., serpentine) highly
depend on the maximum thermal treatment temperature and the
heating modes (i.e., prograde heating with a slow ramping rate (e.g.,
5 °C/min) or isothermal heating). A thermal decomposition sequence of

Table 2
Overall experiment condition and name of solid residue.

Exp# Acid Slurry Density (wt
%)

Reaction time (min) In-situ physical and chemical
enhancement

Name of solid
residues

First leaching 1a 1 atm CO2 bubbling (carbonic acid,
H2CO3)

0.1 15 – HTS residue-I(a)
1b 240 – HTS residue-I(b)
1c 5 240 – HTS residue-I(c)a

Secondary leaching 2a 5 240 – HTS residue-II(a)
2b 2.25 mm ZB

(20 vol%)
HTS residue-II(b)b

2c 2.25 mm ZB
(20 vol%), 0.1 M citrate

HTS residue-II(c)

Strong acid leaching 3 2 M HNO3 0.5 390 – HTS residue-A

a Starting material of secondary leaching with and without physical and chemical enhancements.
b Starting material of strong acid leaching.

Fig. 4. Schematic diagram of thermal decomposition sequence of serpentine with the 29Si chemical shifts of the various phase, reproduced from MecKenzie and
Meinhold [40].
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different serpentine polymorphs (i.e., lizardite, chrysotile, antigorite)
during prograde heating has been investigated by a number of re-
searchers using X-ray Powder Diffraction (XRPD) and simultaneous
Thermalgravimetric and Differential Thermal Analysis (TGA/DTA)
[25,27,29,30,32–39]. Generally, the dehydration of serpentine mineral
occurs up to 200 °C, and next, the dehydroxylation (the removal of OH
groups producing water) proceeds in the range of 600–800 °C. During
the dehydroxylation step, the crystal structure of serpentine becomes
disrupted and transformed into an amorphous phase. Further heating
above 800 °C leads to the formation of crystalline forsterite (Mg2SiO4)
and enstatite (Mg2Si2O6) from their amorphous phase. The formation of
forsterite (< 800 °C) precedes enstatite (> 800 °C) because of lower
glass transition temperature (Tg) of forsterite than enstatite [30] and

the formation of enstatite seemingly requires a full dehydroxylation of
serpentine mineral [26,30,56]. While these studies performed using
XRPD were very useful in identifying different silicate phases during the
heat treatment of serpentine, this method is limited to crystalline
phases and cannot provide insights into amorphous or meta-crystalline
phases.

Thus, 29Si and 25Mg MAS NMR have been proposed to investigate
the amorphous and transient phases. MacKenzie and Meinhold pro-
posed the detailed thermal decomposition sequences of serpentine in-
cluding the formation of two intermediate phases (dehydroxylate I and
II) that would ultimately form forsterite and enstatite crystals (Fig. 4)
[40]. Dehydroxylate I is an Mg-rich amorphous phase, characterized by
Q1 (−73 ppm) structure. This phase is formed at 600–650 °C, and it

Fig. 5. (a) 29Si MAS NMR spectra and (b) XRPD patterns of serpentine (lizardite) and heat-treated serpentine which is used in this study.
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transforms to forsterite (Q0, −61.6 ppm) at 670–700 °C. Simulta-
neously, at 670–700 °C serpentine can also be converted to dehydrox-
ylate II, which is a Si-rich phase having Q3 (−97 ppm) structure. De-
hydroxylate II transforms into a mixture of amorphous enstatite (Q2,
−83 ppm) and silica (Q4, −110 ppm) at 770–800 °C. Unlike the dis-
ordered amorphous dehydroxylate I phase, dehydroxylate II is reported
to be more thermally stable and the Q3 (−93 ppm) Si atoms in this
phase are related to the original serpentine 1:1 layered structure with
minimal disruption of the parent Si structure and considerable changes
in the Mg coordination by heat treatment [40]. Finally, the formation of
crystalline enstatite (Q2, −83 ppm) can occur via the reaction between
silica (Q4, −110 ppm) and forsterite (Q0, −61.6 ppm) but only at very
high temperatures (> 1150 °C) [40,57].

The prograde heating method with a slow temperature ramping
successfully identified all the possible thermal decomposition com-
pounds. A series of isothermal heat treatment studies have reported the
full dehydroxylation of serpentine at 575–600 °C reached after 12 hr in
air [58] and at 647–660 °C within 1–3 h [41,56,59]. The number of
isothermal heating treatment studies performed on serpentine reported
the recrystallization of forsterite at 575–650 °C, which is significantly
lower than the recrystallization temperature identified by the prograde
heating method [41,57–59]. Zulumyan et al. [41] described this for-
sterite phase as “low-temperature forsterite.” They argued that at lower
heat treatment temperatures forsterite forms nano-sized crystals and
does not grow the crystal size, and thus, these “low-temperature for-
sterite” were soluble in acid (6–10% HCl) because of nanosized crystals
[41].

The heat-treated serpentine (HTS) materials, which were used in
this study, were prepared via an isothermal heat treatment at 640 °C for

4 hr. 29Si MAS NMR and XRPD patterns of HTS (gray solid lines) were
obtained and compared to those of untreated serpentine (black solid
lines). As shown in Fig. 5(a), a single chemical shift peak at −92.7 ppm
arising from the sheet-like Q3 structure was confirmed from the 29Si
MAS NMR spectrum of untreated serpentine [31,40,46]. As serpentine
was treated by heat, the formation of two intermediate phases, dehy-
droxylate I (Q1) and dehydroxylate II (Q3), was observed by the che-
mical shift peaks at −73.9 ppm and −96.8 ppm, respectively. Other
peaks of the HTS NMR spectra at −62.2 ppm, −85.1 ppm, and
−106.9 ppm were identified as forsterite (Mg2SiO4, Q0), enstatite
(MgSiO3, Q2), and silica (SiO2, Q4) [40]. The heat-treated serpentine
has more complicated silicate structures consisting of all Q phases (Q0 -
Q4) compared to natural serpentine mineral suggesting that its dis-
solution behaviors would also be complicated.

The XRPD patterns shown in Fig. 5(b) also show the clear differ-
ences in crystalline structures of natural and heat-treated serpentine.
Natural serpentine mostly contained Mg3(Si2O5)(OH)4 with a minor
quantity of magnetite (Fe3O4). The two most intense peaks were shown
at 2θ = 12.44° and 24.70°, which are associated with the (0 0 1) and
(0 0 2) interlamellar reflections [30]. From the heat-treated serpentine
sample, dramatically decreased crystalline serpentine peaks and the
appearance of forsterite were observed, indicating that most of the
crystalline serpentine structure was disrupted and the thermal decom-
position was accompanied by the simultaneous re-crystallization of the
forsterite phase. As discussed earlier, this re-crystallized Mg-silicate
phase would be the nanocrystals of “low-temperature forsterite,” which
can be easily dissolved in acids [41]. The evidence of the formation of
intermediate phases was also found at 2θ = 6–7.5° in the XRPD pattern
of HTS [25,30,58]. The appearance of the low angle feature (d spacing

Fig. 6. First leaching of heat-treated serpentine at 30 °C and 1 atm CO2. Mg and Si concentration profile of (a) far-from-equilibrium condition (0.1 wt% slurry density,
Ex#: 1a, 1b) and (b) near-equilibrium condition (5 wt% slurry density, Ex#: 1c) during the first leaching. (c) 29Si MAS NMR spectra and (b) XRPD patterns of heat-
treated serpentine (HTS) residue-I.
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of 14.7 Å) was likely caused by the formation of a meta-serpentine
phase (α component), corresponding to a doubling of the 7.34 Å in-
terlamellar spacing at (0 0 1) [30]. A previous study suggested that this
“α component” may correspond to Q3 meta lizardite structure (dehy-
droxylate II), which is formed by tearing the original Q3 structure (li-
zardite) during the heat treatment process [29]. Thus, the broad che-
mical shift peak centered at −96.8 ppm (Q3) in the NMR spectra of HTS
(Fig. 5(a)) would be attributed to mostly the dehydroxylate II phase
with a minor quantity of original crystalline serpentine structure. Al-
though the formations of Q1 (dehydroxylate I) and Q2 (enstatite,
MgSiO3) were confirmed in the 29Si NMR spectrum (Fig. 5(a)), char-
acteristic diffraction peaks of dehydroxylate I and enstatite were not
identified in the XRPD pattern of heat-treated serpentine shown in
Fig. 5(b), confirming that Q1 and Q2 structures in HTS were amorphous
phases.

3.2. Elemental (Mg and Si) leaching behaviors and silicate structural
alterations of heat-treated serpentine (HTS) in carbonic acid

In order to establish a relationship between elemental (particularly,
Mg and Si) extraction behaviors and HTS silicate structures (Q0–Q4)
changes in carbonic acid, the Mg and Si concentration profiles were
obtained and the results were compared with the findings from 29Si
NMR and XRPD spectrum of the solid residue samples, which were
collected after the leaching experiments (experimental conditions
summarized in Table 2).

Experiments were performed under both far-from-equilibrium
(0.1 wt% of SD) and near-equilibrium (5 wt% of SD) conditions. The Mg
and Si concentration profiles measured during the “First leaching” step
(the dissolution of fresh HTS) are shown in Fig. 6(a) and (b) with so-
lubility limits of nesquehonite (MgCO3·3H2O) and amorphous silica
(SiO2) indicated [16]. The fresh HTS exhibited a rapid initial Mg ex-
traction kinetic indicating that the surface dissolution reaction was the
dominant mechanism and 28.1 wt% of Mg was extracted within 15 min.
At 15 min, the Mg to Si concentration ratio (CMg/CSi = 2.4) was higher
than the elemental ratio in fresh HTS (nMg/nSi = 1.3) indicating an
incongruent dissolution behavior of fresh HTS, which is strong evidence
of the formation of a Si-rich passivation layer on the surface of mineral
particles [60]. Subsequently, a reduced Mg extraction kinetic was ob-
served due to the mass transfer limitation and it took 225 min to extract
an additional 27.0 wt% of Mg reaching the total Mg extraction of
55.1 wt%. Thus, the structures and chemical stability of the silicate
phase remaining in the Si-rich passivation layer would be important
factors to the overall extraction of Mg and other metals from minerals.

The solid residue samples collected after 15 and 240 min of the first
leaching process were denoted as HTS residue-I(a) and (b), respectively,
and their 29Si NMR spectra are shown in Fig. 6(c). In the 29Si NMR
spectrum of HTS residue-I(a), decreases in the intensity of Q0, Q1, and
Q2 peaks were found indicating the dissolution of forsterite, dehy-
droxylate I and enstatite phases in the weak acidic solution (i.e., car-
bonic acid produced by bubbling CO2). At the same time, a chemical
shift at −102 ppm was observed and assigned to the Q3 ((SiO)3SiOH)
structure, which was formed by the ion-exchange reaction (Mg2+ ↔
2H+) on the HTS surface. These Si atoms bearing OH groups can be
condensed/polymerized resulting in the formation of amorphous silica
layer ((SiO)4Si) [60–62], which resulted in the chemical shifts at
−106 ppm and −115 ppm identified as the three-dimensional cross-
linked Q4 structure. Thus, these Q3 and Q4 structures are evidence of
the formation of the Si-rich passivation layer during HTS dissolution
[46,47,63].

As the dissolution of HTS in carbonic acid continued beyond 15 min,
the chemical shifts at −73.9 ppm and −85.1 ppm disappeared in the
HTS residue-I(b) suggesting complete digestion of Q1 (dehydroxylate I)
and Q2 (enstatite) phases after 240 min dissolution reaction (Fig. 6(c)).
In contrast, the chemical shifts for Q0 (forsterite, −61.1 ppm) and Q3

(dehydroxylate II and serpentine, −95.7 ppm) structures were still

observed and the crystalline phase of α component, serpentine, and
forsterite remained the same according to the XRPD pattern of HTS
residue-I(b) (Fig. 6(d)). Thus, it was concluded that the amorphous
Q1(dehydroxylate I) and Q2 (enstatite) structures are more soluble than
crystalline Q0 (forsterite) and Q3 (dehydroxylate II and serpentine)
structures. Tuning these silicate structures would be important during
the heat treatment of silicate materials including serpentine in order to
optimize their dissolution behaviors.

Fig. 6(b) shows the Mg and Si concentration profiles of the “First
leaching” step when it was performed under near-equilibrium condition
(5 wt% of SD). In contrast to 0.1 wt% SD case (Fig. 6(a)), a solution
with a high Mg concentration close to the solubility limit of nesque-
honite (MgCO3·3H2O) was achieved. Unlike the previous far-from-
equilibrium case, the concentration of Si (CSi) was rapidly super-
saturated at the beginning of the HTS dissolution and dissolved Si was
quickly re-precipitated onto the HTS surface as a new amorphous silica
phase (H4SiO4,(aq) ↔ > SiO2,(s) + 2H2O) forming the Si-rich passiva-
tion layer as evidenced in the broader 29Si NMR Q4 peaks. The CMg/CSi

ratio at 240 min was found to be 55.3, which was much higher than the
ratio observed under the far-from-equilibrium condition (CMg/CSi = 2.6
at 240 min) leading to the development of the Si-rich passivation layer
[14,16,64,65]. The near-equilibrium condition (Fig. 6(b)) also showed
a rapid initial Mg extraction, followed by a reduced extraction kinetics
with mass transfer limitation when the reprecipitation of extracted Si
began. The final extent of Mg extraction (37.2 wt%) was lower than
that of the far-from-equilibrium case (55.1 wt%).

The fate of different silicate phases is shown in Fig. 6(c) of 29Si NMR
spectrum of HTS residue-I(c) (the solid residue collected after the near-
equilibrium HTS dissolution experiment). These NMR chemical shifts
provide additional evidence of the significant formation of the Si-rich
passivation layer. The chemical shift peaks for Q4 (SiO2) were more
intense and broader than those from HTS residue-(a) and HTS residue-
(b) (far-from-equilibrium cases). The existence and shifting of the Q2

peak at −80 ppm (amorphous enstatite) [66] and the more intense Q0

peak elucidate the limited dissolution of forsterite (Q0) and altered the
structure of enstatite (Q2) in the presence of the Si-rich passivation
layer.

3.3. Effects of in-situ grinding and chemical ligand on the dissolution
behaviors of different silicate phases and their chemical changes

As discussed in the previous section, the “First leaching” step of HTS
resulted in the development of different and new silicate structures on
the HTS surface. Thus, in order to investigate the dissolution behaviors
of these different silicate structures, the “Secondary leaching” study
was conducted with the HTS residue-I(c) with a fully developed Si-rich
passivation layer (collected after the “First leaching” experiment). The
CMg and CSi profiles of the “secondary leaching” experiments are shown
in Fig. 7(a). As expected from the data shown in Fig. 6(b), Mg and Si
dissolution kinetics were very slow and only an additional 5.3 wt% of
Mg was extracted from the HTS residue-I(c) after 240 min of secondary
leaching because of the fully developed Si-passivation layer.

First, an internal grinding experiment was performed by in-
corporating the grinding media (2.25 mm zirconia beads) into the
slurry reactor to reduce/remove the passivation layer and potentially
disorder the crystal structures of HTS particles [67,68]. After 4 hr dis-
solution with the grinding media, the extent of additional Mg extraction
(16.5 wt%) was three times higher than that of the base case without
any activation method (5.3 wt%). When a Mg-targeting ligand (0.1 M of
Na-citrate) was added to the system, the combined chemical and phy-
sical activations of HTS residue resulted in a further enhancement
reaching a total of 17.8 wt% of additional Mg leaching. While these
data were promising, it was important to investigate how chemical and
physical activations would influence the silicate phases within the HTS
residue.

The solid residue samples collected after the “Secondary leaching”
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step were denoted as HTS residue-II(a) (without activation), HTS re-
sidue-II(b) (with grinding media) and HTS residue-II(c) (with grinding
media and 0.1 M citrate). Their 29Si NMR spectra and XRPD patterns
are shown in Fig. 7(b) and (c). Because of the limited Mg extraction
resulted from the passivation effect, the chemical shift at −80 ppm was
still identified in the HTS residue-II(a) sample indicating an incomplete
dissolution of Q2 (amorphous enstatite) structure. At the same time,
changes in crystalline Q0 (forsterite) and Q3 (dehydroxylate II and
serpentine) peaks were not noticed from the NMR and XRPD spectrum
of HTS residue-II(a) indicating that the additional 5.3 wt% of Mg ex-
traction was mostly from the slow dissolution of amorphous Q2 (en-
statite) structure.

On the other hand, the in-situ grinding yielded a significant im-
provement in Mg/Si extraction from HTS residue-I(c) (Fig. 7(a)). Our

previous studies have shown that by mechanically removing the fully
developed Si-rich passivation layer on the mineral surface, leaching of
metals from silicate structures can be significantly enhanced [69,70].
The 29Si NMR spectra of HTS residue-II(b) in Fig. 7(b) confirmed the
complete digestion of amorphous Q2 structure (-80 ppm, enstatite) and
the decreased peak intensity of crystalline Q0 (forsterite) structure. As
the surface of HTS particles was refreshed, these more soluble Mg-si-
licate phases were first dissolved and the data support that behavior.
According to the XRPD patterns of the HTS residue-II(b) shown in
Fig. 7(c), the decrease in α component (dehydroxylate II, 2θ = 6–7.5°)
and serpentine reflections also evidence the dissolution of the crystal-
line phases. This XRPD data agrees with the previously reported phe-
nomena of disrupting the crystal structures of natural minerals via
particle grinding [71–74]. Thus, the additional 16.5 wt% of Mg ex-
traction in the presence of in-situ grinding would be attributed to the
dissolution of both amorphous (Q2: enstatite) and crystalline (Q0: for-
sterite, Q3: dehydroxylate II and serpentine) structures. Even with the
in-situ grinding, 46.3 wt% of Mg (out of the total initial mass of Mg in
HTS) remained in the HTS residue-II(b) because the solvent (low-cost
carbonic acid) was not strong enough.

As 0.1 M of citrate solution was added to the in-situ grinding system,
the extent of additional Mg extraction was slightly improved from
16.5 wt% to 17.8 wt% after 4 hr extraction as shown in Fig. 7(a). Under
the given mild pH (6 – 7) and temperature (30 °C) conditions, the or-
ganic ligand (citrate) was expected to chemically improve the ion ex-
change reaction, Mg2+ ↔ 2H+, on the HTS residue surface by forming a
complex with Mg. The 29Si NMR spectra of HTS residue-II(c) in Fig. 7(b)
shows the formation of the new Q3 ((SiO)3SiOH) structure (−102 ppm)
on the particle surface, which was different from simple ion exchange
reaction by the proton from the carbonic acid. Since Q3 is an amor-
phous phase, the XRPD spectra of the HTS residue-II(c) (Fig. 7(c)) did
not show significant evidence on the effect of ligand on the mineral
dissolution.

While the dissolution behaviors of different silicate structures
(Q0–Q4) were interesting, tuning their structures alone would not
achieve the complete extraction of Mg from HTS. Thus, in order to
extract the remaining 46.3 wt% of Mg in the HTS residue-II(b) and to
further evaluate the stability and the solubility of Q3 (dehydroxylate II
and serpentine) and Q0 (forsterite) phases, a strong 2 M HNO3 acidic
solvent was used to dissolve the HTS residue-II(b) sample. The solid
residue collected after this “Strong acid leaching” step was denoted HTS
residue-A and its 29Si NMR spectra and XRPD patterns are shown in
Fig. 7(b) and (c), respectively. The crystalline forsterite and α compo-
nent (dehydroxylate II) were completed digested and the HTS residue-A
was enriched with amorphous silica with a minor quantity of un-
dissolved crystalline serpentine phase after the extensive Mg leaching
by the strong acid. The chemical shift at −92.9 ppm corresponds to the
undissolved crystalline serpentine Q3 structure [46] and the intense
chemical shift peaks at −102.1 ppm and −111.3 ppm are attributed to
Q3 ((SiO)3SiOH) and Q4 ((SiO)4Si) hydrous amorphous silica phases
[53,54]. The broad peak between 15° and 30° 2θ in the XRPD pattern is
additional evidence of the formation of the amorphous silica as most of
the Mg leached out of heat-treated serpentine [75].

3.4. Leaching mechanisms and sequences of heat-treated serpentine mapped
based on silicate structures identified by 29Si solid state MAS NMR

Based on the solution chemistry and quantitative NMR analysis, the
solubility of each silicate structure (Q0–Q4) was evaluated and the
overall dissolution mechanisms of heat-treated serpentine is proposed
in Fig. 8(c) to provide insights into the chemical stability and leaching
behaviors of various silicate materials. The relative concentrations of
Qn phases were determined via the deconvolution of 29Si MAS NMR
spectra as explained in the experimental section.

As shown in Fig. 8(b), the fresh HTS was a mixture of Q0 (11.4%),
Q1 (15.3%), Q2 (32.3%), Q3 (26.9%), and Q4 (14.1%) structures. During

Fig. 7. Secondary and acid leaching of heat-treated serpentine. (a) Mg and Si
concentration profile during the secondary leaching (5 wt% slurry density,
30 °C). (b) 29Si MAS NMR spectra and (c) XRPD patterns of heat-treated ser-
pentine residue-II and residue-A.
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the “First leaching” step, the HTS underwent two different dissolution
pathways depending on the slurry density condition (i.e., far-from-
equilibrium (0.1 wt%) or near-equilibrium (5.0 wt%)). After 15 min
dissolution of the far-from-equilibrium condition (Exp# in Table 2: 1a),
more Mg (28.1 wt% of the initial Mg) was extracted compared to Si
(15.4 wt% of the initial Si) and the new Q3 phase ((SiO)3SiOH) ap-
peared and the amount of Q4 phase (SiO2, silica) was increased. This
confirmed the formation of the Si-rich passivation layer resulted from
the incongruent dissolution between Mg and Si as previously discussed
based on Fig. 6(a). Thus, the HTS residue-I(a) would have a core–shell
structure with the core consisting of the same silicate composition as
the fresh HTS and the shell composed of Si-rich phase (Fig. 8(c) – the
dissolution path on the left). As the dissolution reaction continued for
an additional 225 min (total 240 min), the HTS reached 55.1 wt% and
27.2 wt% of Mg and Si extractions, respectively (Exp# in Table 2: 1b).
The HTS residue particle would be relatively homogenous with the
outer shell containing the new Q3 structure (light blue in Fig. 8(c)) since
the Q1 (dehydroxylate I, orange in Fig. 8) and Q2 (enstatite, dark yellow
in Fig. 8) structures were completely dissolved after 240 min as shown
in the NMR analysis of HTS residue-I(b).

As discussed earlier with Fig. 6(b), in the near-equilibrium dis-
solution pathway, significant Si was leached out and they were re-
precipitated as amorphous silica on the HTS surface because of the
solubility limitation of SiO2. Because of the significant Si reprecipita-
tion, a large amount of Q4 structure (SiO2, blue green in Fig. 8) was
observed instead of the Q3 structure ((SiO)3SiOH, light blue in Fig. 8) in

the NMR analysis of HTS residue-I(c). The undissolved Q2 (enstatite)
structure was still observed in the NMR analysis of HTS residue-I(c)
suggesting a Q2 (enstatite) rich core structure with a fully developed Si-
rich passivation layer as shown in Fig. 8(c) (the dissolution path on the
right). Based on the quantitative NMR analyses of the “First leaching”
step solid residue samples shown in Fig. 8(b), the solubilities of each
silicate structure were compared and they are in the order of Q1 (de-
hydroxylate I) > Q2 (enstatite) ≫ Q0 (forsterite) > Q3 (dehydrox-
ylate II and serpentine).

After the “Secondary leaching” step without any activation method
(Exp# in Table 2: 2a), only 5.3 wt% of Mg was extracted from the HTS
residue-I(c) and the overall structure of HTS solid residue particle
would not have significantly changed (Fig. 8(c) – HTS residue-II(a) in
the second row on the right). The quantitative NMR analysis of HTS
residue-II(a) indicated that only small amounts of Q0 (forsterite) and Q2

(enstatite) structures were dissolved slightly, reducing the size of the
unreacted core of the mineral particle.

The in-situ grinding in the “Secondary leaching” step, both with and
without the chemical ligand (citrate), significantly improved the extent
of Mg extraction by physically removing the passivation layer and re-
ducing particle sizes (and also disordering the crystalline α component
(dehydroxylate II) and original serpentine phase) as illustrated in
Fig. 8(c) – HTS residue -II(c) and HTS residue-II(b) in the second row.
As a result, 53.7 wt% and 55.0 wt% of the total extent of Mg extraction
(Exp# in Table 2: 2b and Exp# in Table 2: 2c) were achieved, which
was comparable to the far-from-equilibrium condition (55.1 wt%) in

Fig. 8. (a) Accumulated extent of Mg and Si extraction of first, secondary, and strong acid leaching. (b) Relative concentration of various Si phase (Q0 - Q4) in HTS
residue. (c) Schematic diagram of heat-treated serpentine silicate structure change in the acid leaching process.
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“First leaching” step (Exp# in Table 2: 1b) (Fig. 8(a)). With the in-
creased surface area and exposed inner unreacted core surfaces, the Q2

(enstatite) in the core of the HTS residue-I(c) was completely digested
and the particles became more homogenous with the residual Q4 Si-rich
passivation layer (silica, blue green) and the newly formed Q3

((SiO)3SiOH, light blue) structure.
The final “Strong acid leaching” case shown in Fig. 8(c) – bottom

figure – illustrates the complete extraction of Mg from the crystalline Q0

(forsterite) and Q3 (dehydroxylate II or α component) structures al-
though the crystalline Q3 serpentine phase (green) still remained in the
HTS residue-A. Thus, the total extent of Mg extraction after the con-
secutive First, Secondary and Strong acid leaching processes was not
100 wt% but 90.6 wt% as shown in Fig. 8(a) indicating that 9.4 wt% of
Mg in HTS residue-A was in the form of crystalline serpentine phase
(Q3), which is very stable and insoluble. The quantitative NMR analysis
in Fig. 8(b) indicated that the HTS residue-A is enriched with hydrous
amorphous silica, Q3 ((SiO)3SiOH) and Q4 ((SiO)4Si), with 13.6% of
crystalline serpentine phase (Q3). Therefore, the solubilities of each
crystalline silicate structure would be in the order of Q0 (forsterite) >
Q3 (dehydroxylate II) > Q3 (serpentine).

4. Conclusions

In this study, the chemical and structural changes occurring within
the Mg-silicate materials during the heat treatment and subsequent
dissolutions in the presence of CO2 (i.e., carbonic acid) were in-
vestigated with 29Si MAS NMR, XRPD, and ICP-OES. The use of the 29Si
MAS NMR technique allowed the in-depth investigation of amorphous
phases, which were found to play important roles in the dissolution
behaviors of silicate materials. After the heat treatment of serpentine
(hydrous Mg-silicate material), the formations of amorphous (Q1: de-
hydroxylate I, Q2: enstatite, Q4: silica) and crystalline (Q0: forsterite,
Q3: dehydroxylate II and serpentine) phases were confirmed. The in-
congruent Mg and Si dissolution behavior and reprecipitation of ex-
tracted Si eventually resulted in the formation of the Si-rich passivation
layer on the mineral particles, Q3 ((SiO)3SiOH) and Q4 ((SiO)4Si). The
elemental extraction of Mg from HTS was limited if there is a significant
development of Q3 ((SiO)3SiOH) and Q4 ((SiO)4Si) layers. In-situ
grinding of HTS particles enhanced the overall Mg leaching via two
mechanisms: the physical removal of the Si-rich passivation layer ex-
posing more soluble silicate structure (Q2) in the inner unreactive core
and the distortion of crystalline α component (Q3). By combining
chemical and physical activation approaches, a total 55.0 wt% of Mg
was extracted from HTS. This value was increased to 90.6 wt% when a
strong acid (e.g., 2 M HNO3) was used as the solvent. The most stable
Mg-silicate structures were the crystalline Q0 (forsterite) and Q3 (de-
hydroxylate II and serpentine). The solubilities of silicate structures
were qualitatively evaluated based on the NMR and XRPD analyses and
they are in the order of Q1 (dehydroxylate I) > Q2 (enstatite) ≫ Q0

(forsterite) > Q3 (dehydroxylate II) > Q3 (serpentine) (> Q4 (si-
lica)). Therefore, the heat treatment condition for serpentine should be
optimized to maximize the formations of the amorphous Q1 (dehy-
droxylate I) and Q2 (enstatite) structures if the maximum Mg extraction
is targeted for the carbon mineralization technology that fixes CO2 into
solid carbonates. On the other hand, if Si-bearing materials will be used
for other energy and environmental applications (e.g., as a substrate for
CO2 capture materials), more stable silicate structures such as Q3 and
silica (Q4) may be preferred.
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