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A B S T R A C T

Wet mechanochemical processing of olivine under a CO2 atmosphere promotes the CO2 sequestration in the form
of MgCO3 and the CO2 reduction to CH4 at room temperature. The effects of milling time and CO2 pressure on
the CO2 storage and CO2 reduction were evaluated at lab-scale. Wet mechanochemical introduces progressively
significant morphological, structural, microstructural and textural changes in olivine for prolonged milling times,
inducing fast carbonation reaction after 15 min of ball milling. Long milling times stimulate the CO2 conversion
to CH4 and decrease the carbonation reaction rate, because both reactions occurred simultaneously. The CO2 se-
questrated as MgCO3 is about 4.83 wt% and 6.81 wt% for 1.0 atm of CO2 after 120 min and 180 min of milling
using different CO2 charge strategy. The amount of CO2 reduced to CH4 was 24 and 33 mmoles/kg of olivine
after 120 min with 1.0 and 1.5 atm of CO2, respectively. Wet milling of olivine in CO2 atmosphere is a technique
with potential for large-scale carbon mineralization.

© 2020

1. Introduction

The increase of carbon dioxide concentration in the atmosphere since
the industrial revolution up today, has caused detrimental environmen-
tal impacts such as the global warming and the ocean acidification [1].
This situation could be mainly attributed to the increasing consumption
of fossil fuels around the world. In fact, fossil-fuel power plants are re-
sponsible of about one third of the total anthropogenic emissions of car-
bon dioxide, while other contributors being cement and chemical indus-
tries. Therefore, different approaches and technologies for carbon cap-
ture, utilization and storage are needed to mitigate the CO2 emissions
[2–5].

Carbon Capture and Storage (CCS) and Carbon Capture and Utiliza-
tion (CCU) technologies are strategies that are attracting the interest of
the scientific community [2–5]. Among the proposed carbon capture
and storage technologies (CCS), Mineral Carbonation (MC) is one of the
safest and permanent methods, which simulates the natural process of
mineral weathering. It is based on the reaction of carbon dioxide with

⁎ Corresponding author at: Consejo Nacional de Investigaciones Científicas y Técnicas
(CONICET), Centro Atómico Bariloche (CNEA) and Universidad Nacional de Cuyo
(Instituto Balseiro), Av. Bustillo 9500 R8402AGP Bariloche, Río Negro, Argentina.

E-mail address: gennari@cab.cnea.gov.ar (F. Gennari)

silicate minerals containing Mg and/or Ca to form water insoluble car-
bonates, which are also thermally stable and eco-friendly [6,7]. Suitable
materials for this MC process are abundant silicate rocks, such as olivine,
one of the most abundant mineral in the Earth's surface. Olivine is an or-
thosilicate with a general formula (FexMg1-x)2SiO4 representing a com-
plete solid solution between forsterite (Mg2SiO4) and fayalite (Fe2SiO4),
in which the magnesium member is usually dominant (~ 92%). MC of
olivine is a thermodynamically favorable process that has been observed
in nature [8] and it can be described by the following reaction:

(1)
In presence of water, wet carbonation involves the dissolution of CO2

in aqueous medium and the formation of carbonic acid, which reduces
the pH of medium:

(2)

The acidic medium favors the dissolution of olivine and Mg2+ is re-
leased from the mineral:

(3)

https://doi.org/10.1016/j.powtec.2020.09.039
0032-5910/© 2020.
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Subsequently, the Mg+2 ions react with carbonate and the formation
of MgCO3 is possible:

(4)

where (g), (l), (aq) and (s) indicate gas, liquid, aqueous and solid states,
respectively. The natural MC is a very slow process under atmospheric
temperature and pressure conditions, which makes this technology not
industrially feasible without modifications [9,10]. Therefore, current
MC research activities focus on speeding up this process in order to stor-
age CO2 in an efficient way.

Dissolution of olivine (reaction (3)) is a key step that usually con-
trols the MC reaction rate. Consequently, the factors that modify olivine
dissolution like agglomerate size, specific surface area and crystal dis-
order, impact directly on the kinetics of carbonation process [11–13].
Dissolution of forsterite showed to be dependent on the surface proper-
ties like reactive surface sites and the specific surface area. Crystallinity
is also a factor that influences the mineral dissolution rates which in-
creases with increasing of Si:O ratio [14,15]. The rate controlling step
of dissolution of silicate minerals is the breaking of Si O bonds and
thus amorphization can improve the mineral dissolution kinetics due to
disordering of the mineral structure and weakens the Si O bonds. In
this context, one possibility to upgrade olivine dissolution is to modify
its structural, microstructural and textural characteristics by mechani-
cal activation [16,17]. Mechanical milling has shown to be an effective
tool to improve olivine reactivity by reducing its particle size, grain size
and crystallinity, by increasing its surface area and via the generation of
surface and lattice defects. The excess of energy stored in the solid pow-
ders during mechanical activation could reduce the activation energy of
carbonation reaction under dry or wet conditions [15,18–20]. In addi-
tion, some studies have also noted that milling enhances the reactivity
of Mg-silicates by reducing agglomerate size [21,22]. Moreover, it has
been demonstrated that milling of olivine under dry and wet conditions
introduces different structural and morphological modifications that im-
prove its dissolution [15,17–20]. In fact, by exploring the combination
of dry mechanical activation with subsequent wet milling the specific
surface of olivine powders was enhanced [23]. It was possible to pro-
duce specific surface area of olivine at rates that exceed those obtained
by wet milling alone.

MC of olivine in natural environments has been related not only with
the formation of carbonates (CCS) but also with CH4 and hydrocarbons
production (CCU) [24–29]. There seems to be a relation between pro-
duction of H2 via olivine hydrolysis (serpentinization) and the forma-
tion of CH4 and hydrocarbons. In this regard, Neubeck et al. [24] stud-
ied the interactions between water and natural olivine in the tempera-
ture range of 30 to 70 °C. The experimental evidence suggests that CH4
and H2 were formed, and CH4 formation correlates with olivine dissolu-
tion rates. Moreover, Mac Collom et al. have shown that methane and
minor amounts of hydrocarbons may be formed in the superficial crust
through thermogenic breakdown of biomolecules, Fischer–Tropsch Type
(FTT) synthesis from CO or CO2, and decarboxylation of aqueous ac-
etate [25]. Other studies have noted that methane can be also produced
from carbonate [26,27] or from gas-water-rock reactions [28] at high
pressures. The results suggest that serpentinization of Mg-rich minerals
like forsteritic olivine leads to H2 production via Fe2+ oxidation, which
forms Fe3O4 (magnetite) and serpentine (Mg3Si2O5(OH)4). Experimental
studies at 300 °C and above have suggested that abiotic CH4 synthesis
has strong kinetic barriers unless some minerals with Fe and Cr met-
als act as catalysts [29–31]. Thus, as dissolution of olivine is promoted
within a specific range of pressure, temperature and pH conditions, si-
multaneous CO2 mineral sequestration and hydrogen/hydrocarbon pro-
duction could occur.

Our recent work explored the effect of high energetic milling of
olivine in CO2 atmosphere with water addition on both CO2 storage

and CO2 utilization processes. We demonstrated that mechanochemical
milling of olivine in presence of H2O and CO2 is efficient to promote the
formation of carbonate phases and hydrogen production, with faster ki-
netics compared with hydrothermal process [32,33]. Mechanochemical
treatments of olivine-water in CO2 atmosphere induces H2O dissociation
and the consequent H2 formation, which can promote FTT reaction on
the olivine surface. CO2 hydrogenation to obtain mainly CH4 showed an
induction period depending on both CO2 and H2 activation. The con-
centration of CH4 and other light hydrocarbons was dependent on the
experimental setup, the relative amount of olivine/water and the exper-
imental conditions applied [33].

In this work, we assess in the laboratory-scale the potential for the
CO2 storage and CO2 conversion of natural olivine by mechanochemi-
cal activation in CO2 atmosphere at room temperature. Structural, mi-
crostructural and textural changes of olivine during wet mechanochem-
ical reaction were studied and correlated with the CO2 storage and con-
version processes. The effect of CO2 pressure and milling time on the
extension of carbonation reaction and CO2 reduction was analyzed. The
final purpose of this work is to report results useful to understand the
potential role of wet mechanochemical processing of olivine as a viable
CCU technique.

2. Experimental

2.1. Starting materials and processing

Olivine powders used in this study were provided by Satef (Italy) and
originated from Norway. The chemical analysis performed by the sup-
plier indicates the following relative composition, expressed as weight
% of oxide: 50.0% MgO, 41.5% SiO2, 7.3% Fe2O3, 0.4% Al2O3, 0.3 NiO,
0.29 Cr2O3, 0.1 MnO, 0.1% CaO. Carbon Dioxide gas was provided by
Linde (5.0).

For wet milling runs, olivine powders (2 g) and deionized water
(0.3 mL) were placed in the milling chamber. The mixture was ball
milled under different CO2 pressures using a planetary mill (Fritsch Pul-
virisette 6). The experimental conditions selected were: ball to power
weight ratio of 40:1 and 500 rpm. The milling chamber was provided
with a valve to introduce CO2 gas and connected to a special gas line.
The gas line was connected to different gas reservoirs, a vacuum sys-
tem and two pressure gauges. Consecutive vacuum and charge stages of
the CO2 gas were done to ensure the purity of the reaction gas. Then, a
single initial charge of 0.25, 0.5, 1.0 and 1.5 atm of CO2 pressure was
performed for each milling time. For CO2 pressures lower than 1.0 atm,
the total pressure was 1.0 atm using Ar as balance. To perform each wet
milling run modifying the milling time and CO2 pressure, a different
olivine sample was used. In particular, four groups of experiments were
conducted at 0.25, 0.5, 1.0 and 1.5 atm of CO2 for 15, 30, 60, 90 and
120 min of milling.

Dry milling runs of 2 g of olivine were performed using two different
conditions: 1) 1.0 atm of CO2 using the same previous protocol of sin-
gle charge and 2) recharging the CO2 pressure (1.0 atm) every 30 min
of grinding to maximize the CO2/surface ratio. For dry milling runs, 15
and 120 min (case 1) and total 180 min (for case 2) were carried out. As
reference two experiments were carried out: the vial without olivine nor
water was ball milled for 30 min in 1.0 atm of CO2; olivine-water was
exposed to 1.0 atm of CO2 under static conditions.

2.2. Characterization of the solid products and reaction quantification

The starting olivine, the as-milled solid products and the gases pro-
duced were analyzed using several experimental techniques. The crys-
talline structures and the changes in the chemical compositions of the
samples after mechanochemical processing were studied by X-ray pow-
der diffraction (XRPD, Bruker D8 Advance) and Fourier-transform in-
frared spectroscopy (FTIR, Perkin Elmer Spectrum 400) analyses. The
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XRPD patterns were obtained in the range of 10° and 80° with CuKα ra-
diation (λ = 1.5406) at 40 kV and 40 mA. The relative fraction of crys-
talline phase (CXRD) in the as-milled samples was estimated on the basis
of the method proposed by Ohlberg and Strickler [34]:

(5)

being U the background level, I the integral intensity of a selected dif-
fraction peak, and the subscripts 0 and X represent the as-received sam-
ple and the as-milled sample, respectively. The 020 (hkl) peak from the
Forsterite was chosen for the calculations as it is one of the few peaks
that lends itself to a closer analysis. For the solid state FTIR studies,
pressed pellets were prepared by grinding of the samples with dry KBr
and the spectra were obtained in the range of 4000–500 cm−1 in air.

The nominal carbon content present in the powders after wet milling
of olivine in 1.0 atm of CO2 was determined using Total Carbon Analysis
(TCA, LECO CS 230). The amount of CO2 stored in each run (in grams or
in mol) was calculated assuming that the nominal carbon content mea-
sured by LECO is due to CO2 sequestrated by the sample. The wt% of
CO2 stored is the ratio of the weight of CO2 stored (in grams) to the to-
tal weight of the sample (per 100). The mol ratio (in %) of CO2 stored
is defined as the relation between the amount of CO2 stored (in moles)
and the total amount of CO2 at the beginning of the reaction (in moles).
The presence of carbon was also analyzed by Raman spectroscopy with
a confocal microscope (LabRAMHR Evolution Raman microscope) at
room temperature and using the laser wavelength of 514 nm.

The morphologies of pristine olivine and as-milled olivine were de-
termined by Scanning Electron Microscopy (SEM-FIB, Zeiss, Crossbeam
340). Powders were dispersed onto carbon stick and coated with gold
to improve the electrical conductivity. Energy-Dispersive X-ray Spec-
troscopy (EDXS) was carried out using an elemental analyzer to clarify
the distribution of C, Mg, O, Si and Fe.

N2 sorption isotherms were collected on a Micromeritics ASAP 2020
analyzer at −196 °C. Before each measurement, 0.5 g of sample were
evacuated at 350 °C overnight. The data were analyzed according to BET
and BJH methods to estimate surface area and total pore volume.

The weight changes of wet milled samples in CO2 atmosphere were
measured using thermogravimetric analysis equipment (TGA, PT-1800,
Linseis). Samples of about 40 mg were loaded into alumina capsules and
heated at 5 °C/min in argon gas flow. Simultaneously, the gases released
were analyzed by mass spectroscopy (MS).

2.3. Characterization of the gas products and reaction quantification

The extent of reaction during wet milling of olivine in CO2 was deter-
mined by gas-FTIR analysis using a degassed quartz optical cell with KBr
windows. After each milling run, gas samples from the milling chamber
were collected and analyzed by gas-FTIR technique. Calibration curves
were constructed to determine quantitatively the amount of CH4 and
CO species presented after milling, following the procedure previously
reported [35] and using analytical standards mixtures. In addition, gas
samples from some specific runs were analyzed by gas chromatogra-
phy (GC, Agilent Technologies GC System 7820A), using a Thermal Con-
ductivity (TCD) and Flame ionization (FID) detectors. In particular, GC
was used to determine the presence of non-active IR species like H2, in
addition to CH4, CO and CO2. Quantitative analyses were carried out
using calibration curves obtained by injection of analytical standards.
Methane and CO yields were quantified using mmol/kg olivine, where
the weight of olivine refers to the olivine weight at the beginning of each
experiment.

3. Results and discussion

3.1. Structural modifications of olivine after wet milling in CO2 atmosphere

Structural changes of as-received olivine and the as-milled olivine
for different times were studied using XRPD analysis (Fig. 1). A deep
structural study of the as-received olivine powders was performed in
our previous work [32]. This olivine consists of three phases: the main
phase is Forsterite (91 wt%, Fe0.2Mg1.8SiO4), followed by Enstatite fer-
roan (7.5 wt%, Fe0.2Mg0.8SiO3) and minor amounts of Clinochlore
(Al1.84Fe0.5H8Mg4.5O18Si3.16). After 15 min of wet milling under 0.5 atm
of CO2 pressure (Fig. 1), the characteristic peaks of Clinochlore phase
disappear, while those corresponding with Forsterite and Enstatite are
progressively wider. No other clear change in the nature of the phases
was observed from the XRPD patterns due to milling time increase.
Wet mechanochemical processing of olivine under CO2 atmosphere pro-
duces refinement of the microstructure of Forsterite as a consequence
of milling time progress. In order to analyze quantitatively the struc-
tural changes, the characteristic parameters of (020) diffraction peak of
Forsterite were shown in Table 1. In general, a 2θ shift to higher an-
gles was observed over milled samples in comparison with the as-re-
ceived olivine, which indicates a regular and continuous compression of
the Forsterite lattice volume. The position of the (020) diffraction peak
has a direct correlation with the lattice parameter b of the Forsterite
phase. These data could indicate a decreasing of the Fe con

Fig. 1. X-ray powder diffraction patterns of the as-received olivine and the products ob-
tained after wet milling olivine in 0.5 atm of CO2 for different milling times.

Table 1
Changes in the XRPD parameters of (020) Forsterite peak under different milling condi-
tions (CO2 pressure, presence/absence of water, time).

CO2 pressure
(atm) Water/dry Time(min)

2θ
(degree) I/I0 FWHM CXRD

– – 0 17.339 3.35 0.070 100
0.5 Water 15 17.375 0.89 0.097 25

30 17.417 0.73 0.098 20
60 17.366 0.35 0.177 17
90 17.384 0.21 0.197 12

1 Water 60 17.393 0.36 0.098 10
90 17.365 0.21 0.157 9

1 Dry 15 17.419 0.78 0.079 17
120 17.363 0.19 0.197 11
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tent in the forsterite–fayalite solid solution of olivine [36,37]. In addi-
tion, a continuous broadening of the diffraction peaks and decreasing in
the intensity were observed with milling time extension. These changes
were quantified through the increase of the full width at half of the max-
imum height (FWHM) and the reduction of the I/I0 ratio (I = intensity
of the selected peak and I0 = intensity of background) with extension
of milling time. Similar behavior was observed under dry milling con-
ditions. All these parameters indicate that the Forsterite phase suffers
structural modifications and becomes partially amorphous due to me-
chanical activation. As a confirmation, the fraction of crystalline phase
CXRD calculated by eq. (5) (Table 1 and Fig.S1) shows a sharp reduc-
tion with milling time increase. In fact, Forsterite reduces its crystalline
fraction from 100% to about 25% (12%) after 15 min (90 min) of wet
milling (Table 1). The amorphisation of olivine due to wet milling is
in the order of that measured in previous works (Table 1 and Fig. S1)
[16,21,23,38], although there are some differences associated to the
milling energy. Moreover, even after prolonged milling, the presence of
the main Forsterite diffraction peaks indicates the high resistance to me-
chanical deformation of olivine.

In order to obtain additional structural information of the olivine
after wet milling in CO2, solid-state FTIR spectra were collected af-
ter different milling times under 0.5 atm of CO2 (Fig. 2). The spec-
trum of as-received olivine is included for comparison. In all samples,
the characteristic bands of Forsterite in the range of 980–1100 cm−1,
860–890 cm−1 and 600–615 cm−1 associated to SiO4 stretching and
SiO4 bending modes respectively, were observed [39]. In contrast, two
groups of bands were detected in the samples after wet milling. On one
hand, the presence of broad peaks at 3440 cm−1 and 1635 cm−1 ascribed
to OH-stretching and -bending modes, respectively, was observed. These
bands can be associated with OH groups and water, respectively, ab-
sorbed on the olivine surface due to partial serpentinization process oc-
curring by milling. The bonding of water on the olivine surface increases
the possibility of olivine dissolution (reactions 3 and 4) [18,19]. On
the other hand, MgCO3 formation was confirmed by the identification
of double peaks in the region 1350–1600 cm−1 (C O bonds). When
the milling time increases, the intensity of MgCO3 peaks seems to in-
crease. However, crystalline MgCO3 was not detected in any XRPD pat-
terns (Fig. 1) probably due to its amorphization during milling. Identifi-
cation of Si O bands related to silica formation is ambiguous, because
its bands are located in the range 980–1100 cm−1. Similar results were
obtained at different CO2 pressure (see Fig. S2).

Fig. 2. Solid-phase FTIR spectra of phases after mechanochemical activation of olivine
with water under 0.5 atm of CO2 after different milling times.

3.2. Microstructural/textural studies of olivine after wet milling in CO2
atmosphere

The as-received olivine suffers strong textural modifications dur-
ing mechanochemical activation in CO2 atmosphere (Fig. 3 and Table
2). N2 absorption/desorption isotherm of the starting olivine shows a
typical type II physisorption isotherm, corresponding to non-porous or
macroporous material according to IUPAC classification [40]. In con-
trast, the olivine milled in CO2 atmosphere both under dry or wet con-
ditions displays an isotherm Type IV, with H3 hysteresis loop in the P/
P0 range 0.5–0.9 (Fig. 3). The specific surface area of olivine increases
from 0.5 m2/g to 33 m2/g after 60 min of milling under wet condition
(Table 2). Further wet milling for 120 min reduces the specific surface
area and the cumulative volume of pores (Table 2). This behavior was
previously observed for dry milling and usually it is associated with ag-
glomeration of particles after long milling times following the initial
particle size reduction [15]. A similar situation could be present in our
samples after prolonged milling due to partial dehydration of the pow-
ders in CO2 atmosphere. By applying the BJH method to the desorption
branch of the isotherm, the as-milled olivine samples show an average
pore size distribution between 3.5 and 3.7 nm. By comparison of the tex-
tural properties under dry and wet conditions, both high specific surface
area and pore volume were obtained in presence of water. No contribu-
tion of micropores was observed in any sample. The textural character-
izations are in agreement with previous studies, where textural proper-
ties are enhanced under wet condition respect to dry condition [23,24].

Fig. 3. N2 adsorption/desorption isotherms of as-received olivine and as-milled olivine un-
der wet and dry conditions in CO2 atmosphere (PCO2 = 1.0 atm).

Table 2
Textural parameters of the as-received olivine and after mechanochemical activation in
CO2atmosphere (PCO2 = 1.0 atm).

Conditions (wet/
dry)

Milling time
(min)

SBET
(m 2/g) a

Vmeso
(cm 3/g) b

Dav (nm)
c

Wet 0 ~0.4 <0.001 –
Wet 15 10 0.051 3.6
Wet 60 33 0.105 3.9
Wet 120 22 0.078 3.7
Dry 120 7 0.034 3.5

a BET Specific surface area obtained from 0.10 < P/P0 < 0.30; b BJH Desorption cu-
mulative volume of pores between 1.7 nm and 300 nm diameter; c BJH Desorption aver-
age pore diameter (4 V/A).
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SEM observations of olivine powders before and after wet milling in
CO2 atmosphere evidence that strong changes in the morphology and
size of the agglomerates occurred (Figs. 4A-D). The starting olivine is
formed for dense agglomerates, with a wide size distribution from 80
to 350 μm (Fig. 4A). The agglomerates have irregular shapes, straight
edges, with smooth and clean surfaces (Fig. 4B). In contrast, olivine
powders after 120 min of wet milling in CO2 show a strong decrease in
the average agglomerate size as well as a modification in the agglom-
erate morphology. In fact, after wet milling olivine agglomerates are
mostly fine, with average sizes lower than 50 μm and with some agglom-
erate of ~100 μm (Fig. 4C). The agglomerate edges are rounded and
the surfaces are formed by rounded-shaped disaggregated particles (Fig.
4D).The agglomerate looks as a sponge.

Morphological comparison between olivine powders milled for 15
and 120 min shows minor differences (Fig. 5). Sharp angular particles
up to 2-3 μm in size are still found as part of larger agglomerates af-
ter 15 min of wet milling; their presence is not evident after 120 min
of wet milling. However, big agglomerates covered by disaggregated
particles seem to remain even after 120 min of wet milling, evidencing

that olivine powders are very resistant to milling (Fig. S3). Surface im-
age of an olivine agglomerate after 15 min of milling shows the presence
of particles of some microns. The elements present in olivine such as Si,
O, Mg and Fe show a homogenous distribution. The oxygen element was
used as a reference because it is present both in the olivine and MgCO3
phases (see Fig. S4). Change in its color indicates a region with different
topology. In addition, C is distributed uniformly on the surface and it
shows that the carbonation reaction occurred.

3.3. Carbonation of olivine after wet milling in CO2 atmosphere

To evaluate the carbonation process during mechanochemical pro-
cessing of olivine, several runs for different milling times using 0.25,
0.5, 1.0 and 1.5 atm of CO2 pressure were performed. The amount of
CO2 stored in each run was calculated using the total carbon content
measured in the final product and determined by LECO analysis (Table
S1). The calculations assume that the total carbon content detected
by LECO in the sample is only associated with CO2 sequestrated, sub-
tracting the carbon content of the pristine olivine. The amount of CO2

Fig. 4. SEM micrographs of the olivine powders: (A,B) as-received; (C,D) after 120 min of wet milling in CO2 atmosphere (PCO2 = 0.5 atm).

Fig. 5. SEM micrographs of the olivine powders after wet milling for: (A) 15 min, (B) 120 min in CO2 (PCO2 = 1.0 atm).
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stored (wt%) and the mole ratio of CO2 stored (in %) were estimated
(Table S1). The maximum value of CO2 (wt%) that can be stored at each
CO2 pressure was also shown (Fig. 6A). These data show the different
influence of the milling time, CO2 pressure and wet versus dry milling
conditions on the carbonation of olivine. At short milling time (15 min),
the CO2 stored seems to be independent of CO2 pressure, with values
between 1.2 and 1.6 wt% for pressures between 0.25 and 1.5 atm of
CO2. However, when milling time progresses to 120 min, the wt% of
CO2 stored at a given CO2 pressure also increases (Fig. 6A). As a gen-
eral trend, the wt% of CO2 stored grows with the CO2 pressure between
0.25 and 1.0 atm, although it seems to be relatively constant for pres-
sure between 1.0 and 1.5 atm. Wet milling for 120 min is enough to en-
sure a 50% of the mol ratio of CO2 stored for all CO2 pressures (Fig.
6B). This is an indication that the carbonation process of olivine in wet
milling conditions was highly effective. By comparing of the mol ratio
obtained using wet milling conditions (71%) with dry conditions (64%)
at 1.0 atm of CO2, the promotion effect of water was revealed on the
CO2 storage (Table S1). All these results demonstrate the successful dis-
solution of CO2 in the olivine bulk assisted by mechanical activation in
CO2 atmosphere.

To analyze the evolution of the amount of CO2 stored with the
milling time and to correlate these values with the LECO analysis (Table
S1), thermogravimetric measurements and MS analysis were performed
(Fig. 7). Independently of the milling time, all curves display only
weight loss due to the evolution of gaseous species. The weight loss
increases with the milling time progress from 15 to 60 min (1.0 wt%
to 6.3 wt%), and afterwards the weight loss remains constant
(6.3–6.4 wt%). In particular, after 60 and 120 min of wet milling, three
different weight loss processes in the temperature ranges of 50–160 °C,
160–450 °C and 450–900 °C, were identified. The coupled TGA-MS re-
vealed that the evolved gases are water (H2O) in the first temperature
range, and carbon dioxide (CO2) in all temperature ranges.

For the curve obtained after 60 min of milling, the first weight loss
of about 2.8% was followed by losses of 3.2% and 0.3% for the sec-
ond and third stages, respectively. Similar behavior was observed for
the sample milled for 120 min, being the weight losses of each stage of
1.8, 3.4 and 1.2%, respectively. The first stage can be related mainly
with dehydration, i.e. water desorption from the surface and bulk, as
well as desorption of CO2 physisorbed onto the olivine surface. The sec-
ond stage is prominent and it is due to decarbonation of MgCO3 to MgO
[32]. The third stage involves CO2 desorption from the partial disso-
lution of CO32−ions/CO2 molecules in a disordered silicate matrix with
the increasing amorphization of the mineral [41]. Thus, there are three

distinct kinds of CO2 interaction with the olivine, concerning the three
CO2 peaks observed in the MS signal.

Moreover, if the weight loss of the first stage is mainly related to wa-
ter evolution, 4.6% of CO2 was released due to decarbonation process
from olivine after 120 min of milling. This value is in good agreement
with the wt% of CO2 sequestrated calculated from the LECO analysis
(Table S1). Regarding the first stage, there is a correlation between the
weight loss value and the specific surface area of the sample (Table 2).
In fact, the weight loss in the first stage is 2.8% and 1.8% for the samples
milled 60 and 120 min, respectively, and their specific surface areas are
33 and 22 m2/g. Similarly, other authors found that carbon dioxide ad-
sorption with mechanically activated olivine increases with milling time
and is proportional to the newly created surface [19,42]. The minor
weight loss in the first stage for the sample milled 120 min evidences its
dehydration after prolonged milling time, which explains their partial
powder agglomeration.

Raman studies after wet milling of olivine for different times in
1.0 atm of CO2 is shown in Fig. S5. All spectral signals obtained for
olivine milled from 15 to 60 min can be assigned to Si O vibrations of
olivine structure and related with symmetric and anti-symmetric stretch-
ing vibrational modes of the SiO4 ions [43,44]. Characteristic Raman
peaks in olivine groups at ~820 and ~ 850 cm−1, the “olivine doublet”,
show shifts as a function of cation substitution between forsterite and
fayalite [43,44]. Bands at 822 and 855 cm−1(Fig. S5) suggest that the
olivine has a composition approximately 90% Forsterite and 10% Fay-
alite. This composition has a good match with the Rietveld refinement
of the olivine XRPD pattern (Fe0.2Mg1.8SiO4) [30].

The intensity of these bands progressively decreases as milling time
increases, in correlation with olivine amorphization. Milling for 90 and
120 min induces the appearance of the G and D bands at 1605 and
1330 cm−1due to graphite-like sp2 and disordered sp3 carbon bonds, re-
spectively. The presence of carbonaceous species in the milled olivine
for 120 min justify the minor difference between the weight loss due
only to CO2 released from carbonates in the TG measurement (since it
is done under inert atmosphere) and the total carbon by LECO analysis
(Fig. 7 and Table S1).

3.4. CO2 hydrogenation of olivine after wet milling in CO2 atmosphere

Mechanochemical activation of different Magnesium based materi-
als in presence of water has been previously applied to induce CO2
storage and/or CO2 hydrogenation through complex reactions involv

Fig. 6. (A) Amount of CO2 stored (in wt%) and (B) mol ratio of CO2 stored (in %) after wet milling of olivine as a function of CO2 pressure.
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Fig. 7. Weight change (in %) and gas evolved (H2O and CO2) during heating of olivine
after wet milling in CO2 atmosphere (PCO2 = 1.0 atm, heating ramp = 5 °C/min in Ar-
gon flow). MS signal: 60 min of milling (red color); 120 min of milling (violet color). (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

ing solid-gas-liquid interfaces [32,33]. With this idea in mind, analy-
sis of the gas evolved after wet milling of olivine in CO2 atmosphere
was carried out. Each spectrum was obtained after wet milling of a
fresh olivine sample for a specified milling time and in a fix initial
CO2 pressure (Fig. 8A and B, Fig. S6). Independently of the starting
CO2 pressure, 15 min of milling are enough to promote CO2 reduc-
tion (νC=O = 2350 cm−1) as it can be inferred by the formation of CH4
(νC-H = 3016 cm−1, δC-H = 1305 cm−1) and CO (νC=O = 2142 cm−1).
Complete consumption of CO2 was observed after 30 min and 60 min of
milling for 0.25 and 0.5 atm of CO2 pressure, respectively (Fig. 8Aand
Fig. S3). Under these conditions, prolonged milling for 1 h induces
the formation of minor amounts of ethane and propane [45]. How-
ever, for higher CO2 pressure it partially remains unreacted in the gas
phase, in that case the milling progress does not induce the forma-
tion of CxHy species (Fig. 8B). No other IR-active gaseous compounds
were detected above the impurity level in the experiments. It is impor-
tant to mention that in the reference experiments (see §2.1) CO2 is the

only species detected in the gas phase, without evidence of CO2 conver-
sion.

Additionally, GC analysis were performed after 15, 60 and 120 min
of olivine milling with 1.0 atm of CO2 to consider the presence of
non-active IR species. In addition to the previous identified CH4, CO and
CO2 gaseous species, the presence of H2 was also detected after 60 and
120 min of milling. Hydrogen was not detected before 15 min, probably
due to an induction time necessary for its formation, as it was previously
observed [32]. A yield of 90 mmoles H2/kg olivine was obtained after
120 min of milling. Therefore, during wet milling it was observed the
simultaneous formation of CH4, CO and H2 in the gas phase. The simul-
taneous formation of H2 and CH4 is in agreement with our recent works
where olivine was milled using a spex mill [32,33].

The quantification of CH4 and CO by FTIR as a function of milling
time for different CO2 pressure shows some general behaviors (Fig. 9).
As milling time increases from 15 to 120 min, the yields of CH4 and CO
increase at different CO2 pressure. In general, CO yield is lower than CH4
yield at any milling time and CO2 pressure. Moreover, the yield of CH4
reaches a maximum value that seems to be independent of CO2 pres-
sure, but dependent of milling time. The maximum yields of CH4 and
CO are about 33 and 24 mmoles/kg olivine obtained after 120 min in
1.5 atm and 1.0 atm of CO2, respectively. These gases were formed by a
mechanism that promotes CO2 reduction to CO (partial reduction) and
CH4 (complete reduction). Taking into account that during wet milling
of olivine both CO2 capture as well as CO2 reduction processes are oc-
curring, the results demonstrate that the multiple chemical reactions be-
tween olivine, water and CO2 were promoted by mechanical energy in-
put at room temperature.

3.5. CO2 storage and conversion during wet milling: A comparison

Structural, microstructural and textural changes of olivine intro-
duced with milling time progress result in a material readily dissolvable
in acidic medium and activated for CO2 storage [16]. The results reveal
that adding water as milling aid promotes reactivity towards CO2 se-
questration (Table S1). Actually, after 15 min of wet milling, the amount
of CO2 stored was between 1.2 and 1.6 wt% for any CO2 pressure, but
only 0.1 wt% under dry conditions. At this time, the amount of CH4 pro-
duced was very low (lower than 0.5% of CO2 initial, see Fig. 9). Thus,
the main reaction between olivine and CO2 is the carbonation process
(CCS), with a CO2 storage rate of 0.33 mmoles∙kg−1 olivine∙sec−1 at
1 atm of CO2.

Fig. 8. Gas-phase FTIR spectra of the products formed after wet milling of olivine in CO2 atmosphere for different milling times: (A) 0.5 atm, (B) 1.0 atm.
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Fig. 9. CH4 and CO yields during wet milling of olivine as a function of milling time for different CO2 pressure. Yields of CH4 and CO were quantified using mmol/kg olivine.

As milling time progresses, the amount of CO2 sequestrated in-
creases, being around 4.8 wt% after 120 min of milling at 1.0 atm of
CO2 (Figs. 6 and 7). Significant mol ratio of 90% and 70% of CO2
stored for 0.25 and 1.0 atm of CO2, respectively, were obtained in wet
conditions (Fig. 6B). Considering that carbonation of olivine under
dry condition gives a lower CO2 mol ratio (64%, see Table S1) after
120 min of milling (reaction 1), we conclude that wet milling condi-
tion was effective to promote carbonation. It is important to highlight
that the carbonation rate decreased from 0.33 to 0.15 mmoles CO2∙kg−1

olivine∙sec−1 with the progress of milling time from 15 to 120 min at
1.0 atm of CO2. This behavior can be related with the simultaneous oc-
currence of competitive reactions that retards the carbonation rate [46].
In fact, prolonged milling in CO2 promotes not only the carbonation of
olivine but also the hydrogen production and posterior reduction of CO2
to CH4 and CO (Fig. 9).

Direct comparison of CO2 stored values of this study with oth-
ers obtained by alternative carbonation processes is difficult because
of the number of parameters that influence the carbonation perfor-
mance. Table 3 summarizes the amount of CO2 absorbed by differ-
ent Mg-based silicates using milling, dissolution/carbonation processes
and thermal chemisorption. Comparing the works where the olivine ac-
tivation is done together with the mechanochemical carbonation, the
wt% values achieved in this work after 120 min of wet milling olivine
in CO2 (1.0 and 1.5 atm) are superior to that previously reported us-
ing short milling time [20,42]. In addition, our values are also higher
than those obtained after olivine activation (60 min) followed by dis-
solution/carbonation process for 120 min at 185 °C and 115 atm CO2
[50]. In the olivine carbonation method that uses activation for long
times (between 120 and 480 min) and posterior chemisorption of CO2 at

500 °C, the amount of CO2 stored was between 0.71 and 5.69 wt% de-
pending on conditions used during wet milling [22,51]. Other processes
involving mineral activation, high pressures (from 60 atm up to
260 atm) and temperatures (155–250 °C) report higher CO2 storage ca-
pacity. Therefore, considering the mild conditions used in this work, i.e.
room temperature, low CO2 pressures (1.0 and 1.5 atm) and a total time
of olivine treatment of 120 min and 180 min, the simultaneous olivine
activation, dissolution and carbonation results in a promissory CO2 se-
questration process.

Regarding the CO2 reduction mechanism to produce CH4 and CO,
two different cases can be considered depending on the initial CO2
pressure. The first case involves the runs where CO2 was completely
consummated (Fig. 8A and S6). At this low CO2 pressures (0.25 and
0.5 atm), milling for 90 and/or 120 min leads to the maximum amount
obtained of CH4 or CO. In these conditions, maximum CH4 formation
is only possible by transformation of some carbonaceous solid species
present in the solid state in a H2 environment. Previous investigations
have shown that CH4 can be formed during milling of carbonate phases
[47] or inorganic carbon [48] in a H2 rich atmosphere. The experi-
mental evidence collected is not enough to clarify the main mechanism
operating, but the reduction of MgCO3 to CH4 in a H2 environment is
highly possible. The second case corresponds to the experiments per-
formed at 1.0 and 1.5 atm of CO2. Wet milling of olivine in 1.0 atm
of CO2 leads to the formation of MgCO3 and partial serpentinization
(Figs. S2, 6 and 7), but as milling progress to 90 and 120 min, C was
also detected in the solid phase (Fig. S5). The formation of C is possible
through different reactions, such as Boudouard reaction among others
[49]. In these conditions, simultaneous hydrogenation of carbon and/
or methanation of CO2 can be operating, promoted by Fe compounds to
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Table 3
Mg-based silicates carbonation datasets summarizing experimental conditions of the mechanical activation, carbonation reaction, and amount of CO2 stored (wt%).

Material
TA a

(min) Condition CR b
TC c

(min)
T
(°C)

CO2 d

(atm)
[CO2] e

(wt%) Reference

Olivine 30 wet M 30 (⁎) RT – 2.45 [42]
Olivine 60 dry M 60 (⁎) RT 5 3.96 [20]
Olivine 120 wet M 120 (⁎) RT 1 4.79 This study
Olivine 120 wet M 120 (⁎) RT 1.5 4.83 This study
Olivine 180 dry M 180 (⁎) RT 1 6.81 This study
Olivine 60 dry HP 120 185 115 4.1 [50]
Olivine 60 Wet HP 120 185 115 4.64 [50]
Fosterite – – HP 60 185 150 29.7 [52]
Forsterite and lizadite 7.5 wet HP 60 185 59 20 [53]
Forsterite and lizadite 120 dry HP 60 185 59 13 [53]
Olivine 6 dry HP 120–360 185 64 16–32 [54]
Olivine mine tailings – – HP 36,000 200–250 129–260 11.44–32.05 [46]
Olivine – – HP 4320 300 99 9.88 [55]
Forsterite and lizadite 7.5 wet Ch eq. RT 1 0.27 [56]
Olivine basalt 120 10 wt% ethanol Ch 30 500 gas flow

(5%vol)
0.71 [22]

Olivine basalt 240 50 wt% ethanol Ch 30 500 gas flow
(5%vol)

0.97 [22]

Dunite (serpentine and Olivine) 480 wet Ch 30 500 gas flow
(5%vol)

5.7 [51]

Dunite (serpentine and Olivine) 120 10 wt% ethanol Ch 30 500 gas flow
(5%vol)

5.51 [51]

Dunite (serpentine and Olivine) 120 50 wt% ethanol Ch 30 500 gas flow
(5%vol)

5.69 [51]

MA: mechanically activated; Ch = chemisorption; M = milling; HT = high temperature treatment; HP = high-pressure reaction; eq = equilibrium;
a = time of material activation (TA); b = method used in carbonation reaction (CR); c = time of carbonation reaction (TC); d = initial conditions used in carbonation reaction;

e = grams of captured CO2 by 100 g of material. (*) the carbonation time is the same of mechanical activation because both are happening simultaneously.

produce CH4 and CO. Thus, for high CO2 pressures and long milling
times, extension of carbonation reaction competes with hydrogen forma-
tion and posterior CO2 reduction reactions.

As a general behavior, the maximum amount of CH4 and CO was ob-
tained between 90 and 120 min and its value seems to be relatively in-
dependent of the CO2 pressure. Considering that both the milling energy
input and the amount of water favor the splitting of water and the con-
sequent H2 formation, one of these factors probably limits the reaction
progress. Both factors were kept constant in this study and a maximum
of 33 mmoles/kg of CH4 was obtained after 120 min under 1.5 atm of
CO2. By comparison with our previous work, same magnitude order of
CH4 (16 mmol/Kg) was obtained by milling 8 g of olivine/2 mL of water
using a high energetic spex mill, but, differently, no carbon monoxide
was detected [33]. However, when the amount of water was doubled
at constant milling energy, the amount of CH4 and others hydrocarbons
significantly increases [33]. These results suggest the possibility to en-
hance the CCU process and avoid the partial reduction of CO2 to CO. Fu-
ture investigations using different amounts of water and energetic con-
ditions during milling of olivine could help to promote the CH4 forma-
tion without detrimental effect on CO2 sequestration.

Finally, wet milling of olivine in CO2 atmosphere showed to be an
effective technique to promote mineral activation, dissolution and car-
bonation. Although it has been shown that the ball milling technique
is energy consuming [16], main advantages are its wide applicability
to other basaltic rocks abundant on the Earth's surface and the use of
simple equipment under mild operation conditions: short milling time,
room temperature and low CO2 pressure. All these characteristics make
wet grinding in CO2 a technique with potential for large-scale carbon
mineralization.

4. Conclusions

The processes of CO2 storage in MgCO3 and CO2 conversion to
CH4 are investigated using olivine activated by wet mechanochemical
milling under CO2 atmosphere at room temperature. The milling times
and CO2 pressure were the factors evaluated in wet grinding. For com-
parison, specific dry milling experiments were also performed.

Under wet conditions, short milling times (15 min) promote mainly
the CO2 sequestration of 1.2–1.6 wt% and the formation of incipient
amount of CH4 and CO for any CO2 pressure. In contrast, only 0.1 wt%
of CO2 was stored under dry milling, showing the role of water as
milling aid in both sequestration and CO2 reduction processes. As the
milling time proceeds, carbonation reaction advances by obtaining the
highest values (~4.8 and 6.8 wt%) for 1.0 atm of CO2 after 120 min in
wet milling and 180 min of dry milling, respectively. However, the car-
bonation rate decreases by a factor of 2 due to the fact that the CO2
conversion occurs simultaneously in wet milling, resulting in competi-
tive processes. Maximum amounts of CH4 and CO were produced after
120 min of milling, independently of the CO2 pressure.

This study found evidence that after long wet mechanochemical
processes in CO2, microstructural, structural, and textural modification
of the mineral occur. These changes promote the dissolution and partial
serpentinization, and activation of olivine towards both CO2 storage and
reduction. Possible limiting factors of this reaction are the amount of
water used and the energetic of the milling. Thus, further studies will be
oriented to assist the olivine dissolution and reaction with CO2 by mod-
ification of these parameters.

The results presented in this work give a scientific basis for further
developing of CO2 storage and utilization technologies using Mg-based
silicates.
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