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A B S T R A C T

One of the safest and permanent routes for potentially capturing and storing CO2 is via carbon mineralization
which involves converting CO2 into environmentally benign and thermodynamically stable calcium and mag-
nesium carbonates. One of the most abundant Mg-bearing minerals in the world suitable for carbon miner-
alization is serpentine (Mg3Si2O5(OH)4). To enhance the reactivity of serpentine with CO2, dehydroxylation by
heating to temperatures in the range of 600 °C–700 °C was proposed. To establish a fundamental structural and
morphological basis for the enhanced reactivity of serpentine (e.g. lizardite) on heating to temperatures in this
range, in-operando synchrotron multi-scale X-ray scattering measurements were performed, with complementary
analyses of the changes in the porosity, particle size, and surface morphology. The detailed transformation of
lamellar serpentine to a pseudo-amorphous state on heating to temperatures in the range of 600 °C–700 °C, and
the subsequent conversion to denser crystalline phases such as Al2.35Si0.64O4.82 (mullite), SiO2 (cristobalite),
Mg2SiO4 (forsterite), and Fe0.3Mg0.7(SiO3) (enstatite) was determined from the wide and small angle X-ray
scattering measurements. Increasing roughness of the pore-solid interface on heating to 700 °C followed by
enhanced smoothness due to the formation of crystalline phases at higher temperatures was established from the
combined ultra small and small angle X-ray scattering measurements. The transformation of lamellar lizardite to
its pseudo-amorphous state corresponded to an increase in the porosity and surface area, while the formation of
crystalline phases reduced the porosity and surface area while increasing the particle size.

1. Introduction

One of the challenges at the forefront of sustainable energy pro-
duction is the safe and permanent capture and storage of CO2 with
potential for utilization One option is to capture and convert CO2 into
calcium and magnesium carbonates using earth-abundant calcium and
magnesium-bearing silicates as the sources of alkalinity [1–9]. Ser-
pentine (Mg3Si2O5(OH)4) is one example of an earth-abundant hy-
drated magnesium silicate mineral that has been extensively studied for
carbon mineralization [2,4,10–15]. Various routes for serpentine car-
bonation have been explored including the conversion of CO2 and
serpentine into magnesium carbonate via direct gas-liquid-solid routes
[2], or accelerated extraction of Mg followed by magnesium carbonate
precipitation [4,13].

To accelerate the kinetics of CO2 conversion to magnesium carbo-
nate, the thermal activation of serpentine was proposed. Thermal ac-
tivation of serpentine to temperatures up to 700 °C dehydroxylates the
crystal lattice resulting in a more reactive amorphous material [16].
Previous studies reported carbonate conversions of heat-treated

serpentine as high as 73.5% at 185 °C, PCO2 of 150 atm in 1.0M
NaCl+ 0.64M NaHCO3 on reaction for 1 h [17]. More recent studies
reported using flue gas concentrations for successfully converting heat-
treated serpentine to magnesium carbonate [11,18]. Despite significant
research efforts directed towards converting heat-treated serpentine to
magnesium carbonate, there is a limited fundamental understanding of
the structural and morphological changes that occur in serpentine on
heating and the influence of these changes on the reactivity of the
mineral.

While McKelvy and co-workers evaluated the changes in the struc-
ture of heat-treated serpentine using X-ray diffraction (XRD) and fourier
transform infrared spectroscopy (FTIR) analyses [19], the corre-
sponding morphological changes such as the porosity, pore-solid in-
terfacial structure, and the surface area were not reported. Recent ad-
vances in synchrotron radiation have now allowed us to probe the
changes in the morphologies and structures of porous materials from
the angstrom to the micrometer-scale using ultra small, small, and wide
angle X-ray scattering (USAXS/SAXS/WAXS) measurements [20–23].
In the case of serpentine, the changes in the lamellar structure and the
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interlayer basal spacing [24] were determined using wide angle X-ray
scattering (WAXS) and small angle X-ray scattering (SAXS) measure-
ments. Ultra small angle X-ray scattering (USAXS) measurements in
conjunction with Brunauer–Emmett–Teller (BET) porosity measure-
ments and particle size analyses were used to determine the morpho-
logical changes in serpentine on thermal treatment.

2. Experimental methods

The serpentine morph used in this study was lizardite. The chemical
composition of the unreacted lizardite listed in Table 1 was determined
using Wavelength Dispersion X-ray Fluorescence (WD-XRF, Pananaly-
tical Axios, The Netherlands). The mean particle size, surface area and
cumulative pore volume of the ground unreacted serpentine were found
to be 10.80 µm, 36.3 m2/g and 0.115ml/g, respectively. In addition to
lizardite, the other major phase present was identified as quartz (Fig.
S1).

2.1. Heat treatment of serpentine

To determine the in-operando structural and morphological changes
in serpentine on heat treatment, USAXS/SAXS/WAXS measurements
were performed at Sector 9-ID at Advanced Photon Source (APS) in
Argonne National Laboratory (ANL), Argonne, IL. Lizardite was pre-
pared by grinding the material to a size smaller than 100 µm followed
by compaction into pellets. The thickness of the pellet used in this ex-
periment was 1mm (±0.2mm). The heat treatment of the lizardite-
bearing serpentine was performed by placing the pellet in a Linkam
TS1500 heating stage (Linkam Scientific Instruments Ltd., Tadworth,
UK) with temperature control of± 0.1 °C. The temperature ramp rate
was set at 3.3 °C/min and the temperature range was from 30 °C to
1150 °C. The heater was then aligned with the USAXS/SAXS/WAXS
instrument at Sector 9-ID.

The USAXS/SAXS instruments are based on the original Bonse-Hart
double-crystal configuration, which used multiple dispersive reflections
from perfect crystals to reach a region of scattering vector q, where

=q π λ θ(4 / )sin , λ is the wavelength of the X-ray, and θ2 is the scattering
angle [25,26]. All measurements (USAXS/SAXS/WAXS) could be made
within about 3min, reducing uncertainties bringing by the change of
sample configuration within the beam [26]. The total X-ray flux of the
measurement was 10−13 photon s−1. The wavelength of the X-ray used
in the experiment was 0.59 Å, which corresponded to the energy of
21.0 keV. Calibrations were made using silver behenate and the NIST
standard reference material, SRM 640d (Si). Collected data were re-
duced and analyzed by the Irena and Nika software packages embedded
in IgorPro (Wavemetrics, Lake Oswego, OR) [26–28].

Several complementary measurements were performed to comple-
ment the scattering measurements. Powdered lizardite was thermally
treated to 350 °C, 650 °C, 900 °C, and 1150 °C in an oven for 3 h for
determining the changes in the porosity, surface area, surface mor-
phology and particle size on heating. The changes in the porosity and
the specific surface area of the powdered lizardite on heating were
determined using the BET technique (Quantachrome Autosorb1
Analyzer), while particle size distributions were determined via a laser

diffraction method (Beckman Coulter, Inc., LS 13 320MW). The surface
morphological features were determined using a scanning electron
microscopy (SEM, Hitachi High Technologies America, Hitachi S3400-
N). The changes in the weight of the sample on heating was determined
using thermogravimetric analysis (TGA, TA Instruments TGA550).

3. Results and discussion

3.1. Structural changes in lizardite on thermal treatment

Heating lamellar structures such as lizardite produced several
changes across the material hierarchy. One of the characteristic features
of hierarchical materials is the interlayer basal spacing which was ob-
served in the SAXS regime. The interlayer space is the distance between
the silicate layers in case of lizardite. One measure of the interlayer
space is the basal reflection or the d (001) peak corresponding to the
scattering from one hydrated magnesium silicate nanosheet and the
interlayer space. The position and the intensity of the characteristic
interlayer peak indicate the distance corresponding to the interlayer
space and the nanosheet, and the quantity of interlayer nanopores,
respectively. The interlayer basal reflection is a characteristic of other
hierarchical natural materials such as clays [29,30].

In swelling clays such as Na- or Ca-montmorillonite, the interlayer
basal spacing changes with the layers of intercalated water in these
regions [21,26,27], unlike in non-swelling clays such as kaolinite [22].
In swelling clays bearing intercalated water, a reduction in the inter-
layer basal spacing is noted on heating to 150 °C [21,26,27]. Unlike
swelling clays, phyllosilicates such as lizardite do not contain inter-
calated water. On heating to 150 °C, no significant changes in the po-
sitions of the d (001) or d (002) peaks or their intensities were noted
(Figs. 1 and S2). This observation is attributed to the absence of the
characteristic ability to shrink or swell due to the loss or gain of water,
and no structural changes in the hydrated magnesium silicate na-
nosheet (see Fig. S3 which represents d (202) reflection in lizardite).

Further heating above 550 °C reduced the intensity of the interlayer
basal reflection with the peak disappearing on heating to 825 °C. This
observation is consistent with previous studies reporting changes in the
lamellar structure of lizardite to an amorphous form due to the removal
of –OH groups [16,19,31]. Thermogravimetric analyses of untreated
lizardite showed the onset of weight loss around 500 °C with near
complete loss achieved on heating to 825 °C which corresponds to li-
zardite dehydroxylation (Fig. 2). Various lizardite samples were also
heat-treated at 350 °C, 650 °C and 900 °C in an ex-situ environment prior
to thermogravimetric analyses. Heat treatment of lizardite at 350 °C did
not change the weight of the sample significantly compared to the
untreated serpentine. On heating to 650 °C, a weight loss of 2.25% was
observed suggesting the presence of residual –OH groups. No significant
changes in the weight of the sample were noted on heating to 900 °C
suggesting the complete removal of –OH groups at those conditions.
The observations of the changes in the weight of serpentine due to
dehydroxylation in Fig. 2 are consistent with the loss in the crystalline
structure of serpentine noted in Figs. 1, S2 and S3. In the context of
carbon mineralization, the structural disorder achieved due to serpen-
tine dehydroxylation on heating to temperatures in the range of
600 °C–700 °C was noted as a factor in accelerating carbon miner-
alization behavior [19].

On heating serpentine beyond 650 °C, the recrystallization of
amorphous serpentine to denser phases was observed. The onset of
Al2.35Si0.64O4.82 (mullite), SiO2 (cristobalite), Mg2SiO4 (forsterite), and
Fe0.3Mg0.7(SiO3) (enstatite) phases was observed in the range of
700 °C–800 °C in the WAXS regime [32–35]. These observations are
consistent with previous studies that reported a strong exotherm at
782 °C indicating the onset of new phase formation [19]. The intensity
of these phases increased on further heating suggesting the growth of
these phases (Fig. 3). These phases are indexed in serpentine heat-
treated at 1150 °C (Fig. S4). The respective densities of mullite,

Table 1
Composition of lizardite.

Components Weight% Components Weight%

MgO 37.00 MnO 0.10
CaO 0.42 Na2O 0.04
Fe2O3 8.09 K2O <0.01
SiO2 38.90 TiO2 0.04
Cr2O3 0.40 P2O5 < 0.01
Al2O3 1.79 V2O5 0.02

LOI% 13.20
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