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A B S T R A C T

Carbon capture, utilisation and storage is among the key strategies to mitigate the increasing concentration of 
atmospheric carbon dioxide. Mineral carbonation stands out as a promising solution for long-term carbon 
sequestration by exploiting Ca–Mg-bearing oxides, hydroxides, and silicate minerals such as olivine and 
serpentine. Although the reaction occurs spontaneously in nature, it is strongly hindered by mineralogical and 
structural factors.

In this study, nanocrystalline pure forsterite and Mg- and Ni-endmember serpentines were synthesised as 
model phases to disentangle the role of composition, crystal structure, and morphology in incipient dissolution 
and carbonation and to maximise reactivity through increased surface-to-volume ratios. The choice of Ni- 
serpentine endmember aims to investigate the fate of Ni after dissolution and carbonation, considering that in 
nature serpentine can incorporate up to 0.5 wt% of nickel oxide. A systematic experimental strategy was 
designed to investigate their early-stage dissolution and carbonation behaviour under mild hydrothermal con
ditions (100 ◦C, pCO2 ≤ 6 bar), using microwave-assisted treatments in a controlled environment. The products 
were thoroughly characterised, both as solid precipitates and aqueous components, through X-ray Powder 
Diffraction, Scanning Electron Microscopy, Transmission Electron Microscopy, micro-Raman and Inductively 
Coupled Plasma – Optical Emission Spectroscopy. This direct, parallel comparison reveals distinct behaviours 
among the tested materials, with forsterite and Mg-serpentine releasing Mg into solution and promoting the 
formation of hydrated Mg-carbonates, whereas Ni-serpentine nanocrystals remain largely inert, immobilising Ni 
within their structure. These findings have potential implications not only for carbon dioxide sequestration but 
also for critical metal recovery processes.

1. Introduction

It is well known that the average concentration of carbon dioxide 
(CO2) in the troposphere has experienced an increase of about 50 % due 
to anthropogenic activities during the last two centuries (IPCC, 2023). 
This has been recognised as a major factor responsible for a substantial 
enhancement of the greenhouse effect causing a steady positive drift of 
average temperatures around the globe (IPCC, 2023 and references 
therein). For this reason, in the last decades many studies focused on 
carbon capture, utilisation and storage (CCUS) as a possible solution to 
mitigate the large increase of CO2 in the atmosphere. Our planet, in 
terms of geological reservoirs, can potentially sequester billions of 

tonnes of CO2 per year acting as the largest laboratory available for 
long-term storage. Indeed, in geological reservoirs, CO2 can be trapped 
by physical and chemical mechanisms. Among chemical mechanisms, 
mineral carbonation is emerging as a potential solution for virtually 
irreversible long-term carbon capture and storage. The idea consists of 
an accelerated form of water-mediated weathering of natural rocks, 
where the reaction of CaO- and MgO-bearing minerals (silicates, oxides 
and hydroxides) with water and CO2 is spontaneous and exothermic (e. 
g., Berner et al., 1983; Lackner et al., 1995; O’Connor et al., 2002, 2004; 
Herzog, 2002; Hänchen et al., 2007; Matter and Kelemen, 2009; 
Lacinska et al., 2017). As an example, forsterite and serpentine reacting 
with CO2 produce magnesite + quartz ± H2O with ΔH = − 88 and − 35 
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kJ/mol, respectively, and ΔQ = 24 kJ/mol (at T = 515 K) and 78 kJ/mol 
(at T = 680 K) respectively (Lackner et al., 1995). These reactions 
proceed slowly in nature, particularly in ultramafic rocks (Kelemen and 
Matter, 2008), because several kinetic barriers pose great limitations to 
the reaction, unless catalytic geological processes occur locally, such as 
in serpentinites (Boschi et al., 2019). Indeed, reactivity depends 
dramatically on the crystal structure, surfaces exposed, along with the 
surface-to-volume ratio of the solid phase (Ide et al., 2007). For this 
reason, comparisons of reactivity among different minerals should refer 
to specific surfaces of minerals in single-crystal form. Up to date no 
experimental data on single crystals have been obtained to study the 
kinetics of serpentine carbonation, even if data on ex-situ carbonation 
reported by Sanna et al. (2014), comprising acidic treatments, indicate 
that the carbonation reaction efficiency of antigorite is 92 % compared 
to lizardite and olivine (66–81 %). This is likely due to the different 
reactive surface areas: 18.7 m2/g for dehydrated antigorite, compared to 
10.8 m2/g for dehydrated lizardite and 4.6 m2/g for olivine (O’Connor 
et al., 2001). Ex-situ mineral carbonation of serpentine therefore rep
resents the future perspective for CO2 mineralisation, particularly in 
nanocrystals or powdered minerals. However, traditional methods to 
accelerate carbonation, such as applying elevated temperature–pressure 
conditions (Kwak et al., 2011), thermal activation (McKelvy et al., 
2004), or intensive grinding (Rashid et al., 2019), often achieve signif
icant reaction rate increments but at the expense of high energy demand 
and operating costs. In contrast, as we will show in this work, the use of 
microwave-assisted treatments on nanocrystalline serpentines offers a 
more sustainable pathway, enhancing carbonation kinetics while 
maintaining energy efficiency.

Forsterite (Mg2SiO4, 2MgO ⋅ SiO2) is an orthosilicate, with octahe
drally coordinated Mg2+ and tetrahedrally coordinated Si4+. O’Connor 
et al. (2002) carried out several carbonation experiments on natural 
samples of powdered olivine and serpentine, in aqueous solution, and at 
temperatures between 155 and 185 ◦C, and at CO2 partial pressures up 
to 187 bar. At CO2 partial pressure of 152 bar, olivine was observed to be 
more reactive than serpentine. Conversely, by heat treatment at tem
perature higher than 600 ◦C and high energy attrition grinding, the re
action between powdered serpentine and CO2 was demonstrated to be 
more effective (Gerdemann et al., 2003). An enhanced carbonation of 
olivine and serpentine was achieved by some pioneering experiments 
employing a microwave (MW) hydrothermal equipment (White et al., 
2004), and, recently, a systematic study of the reaction kinetics and the 
product obtained in the MW-driven carbonation of brucite allowed to 
identify key advantages in the use of radiative heating instead of thermal 
heating (Campione et al., 2024, 2025).

Serpentine [Mg3Si2O5(OH)4, 3MgO ⋅ 2SiO2 ⋅ 2H2O] has a structure 
characterised by alternating layers of tetrahedral (T) silica (SiO2) and 
octahedral (O) brucite-like [Mg(OH)2] sheets (Yada and Iishi, 1974; 
Evans, 2004). Lizardite is the polytype having planar structure (Mellini, 
1982), whereas chrysotile has tubular structure, in which TO-layers are 
wrapped up (Yada, 1971; Yada and Iishi, 1974, 1977; Wicks and 
Whittaker, 1975; Falini et al., 2004; Jancar and Suvorov, 2005; Lafay 
et al., 2013). Besides Mg and Fe, serpentine (along with olivine) is able 
to incorporate significant Ni concentrations in natural ultramafic rocks. 
In support to this ability, Baron et al. (2016) successfully synthesised the 
complete Mg–Ni-bearing serpentine solid solution, from lizardite 
[Mg3Si2O5(OH)4] to nepouite (Ni3Si2O5(OH)4) endmembers, with a 
MW-assisted hydrothermal apparatus. As far as we know, no study 
experimentally determined the rate of water-mediated carbonation of 
synthetic serpentine, and very few works have investigated the funda
mental (micro- and nanoscale) understanding of the progression of this 
reaction, with a focus on the incipient stages (e.g., Sissmann et al., 
2013). Rather, previous studies mainly focused on natural samples of 
olivine and serpentine, employing extreme experimental conditions and 
chemical treatments to permit complete conversion of the reactants, in 
accordance with the overall weak tendency of these minerals to react.

In this work, we deliberately use mild (hydrothermal) conditions to 

study the incipient dissolution and carbonation stages of synthetic well- 
defined models of forsterite and Mg- and Ni-serpentine. Considering that 
substitutions such as Ni2+, Fe2+ and Fe3+ for Mg2+ and Al3+ for Si4+ can 
modify the structure of serpentine and its physical-chemical properties 
(Foresti et al., 2005; Bloise et al., 2009, 2010), hydrothermal synthesis 
of Mg- and Ni-serpentine end members, with progressively increasing 
heat treatment time, were carried out to understand the crystallisation 
pathways of serpentine and how the presence of Mg2+ or Ni2+ can 
modify the synthesis process and the final crystal morphologies. We 
synthesised forsterite by high-temperature calcination of a previously 
synthesised chrysotile/brucite mixture at hydrothermal conditions. To 
contrast the inertness of these phases, while ensuring the possibility to 
focus on the incipient stages of the reactions they are involved in, 
serpentine and forsterite were synthesised in the form of nanocrystals. 
This feature in fact promotes higher surface-to-volume ratios and sub
stantially increases the mineral reactivity. Systematic hydrothermal 
treatments on the synthesised phases were carried out at 100 ◦C and at a 
partial pressure of N2–CO2 mixtures not exceeding 12 bar with the aid of 
a MW reactor, as described in Campione et al. (2024). The products of 
the performed treatments in the residual solid phase and in the dried 
supernatant liquid were analysed by X-ray Powder Diffraction (XRPD), 
Scanning Electron Microscopy (SEM), and Transmission Electron Mi
croscopy (TEM). The amounts of Mg, Ni, and Si in the aqueous com
ponents were monitored as a function of the treatment duration and gas 
composition by Inductively Coupled Plasma-Emission Optical Spec
troscopy (ICP-OES). This last step is of paramount importance as it can 
provide information on the fate of heavy metals such as Ni after the 
carbonation processes. Indeed, Ni and Cr can be mobilised after mineral 
carbonation reactions requiring mineral dissolution (Hamilton et al., 
2018; Lu et al., 2022). The study of the behaviour of Ni-bearing 
serpentine during the first stages of carbonation could provide infor
mation on the possible applications of mineral carbonation and con
current enhanced metal recovery as reported by Wang and Dreisinger 
(2022) for natural olivine.

Our results show that the structure and composition of the syn
thesised (versus natural) forsterite and of Mg- and Ni-serpentine have an 
important impact on the progress of carbonation, giving rise to specific 
inclinations to release in solution metal ions or the silica component. 
This kind of study has never been conducted, at least, on single minerals, 
and particularly at low temperature conditions, similar to those recor
ded in nature (hydrothermal conditions). Our results indicate that for
sterite and Mg-serpentine exhibit similar reactivity toward CO2. In 
contrast, Ni-serpentine appears to be a much more inert phase. In na
ture, Ni-serpentine can incorporate up to 0.5 wt% NiO in ultramafic 
bodies, more than 2 wt% in Ni-rich serpentine laterite soils, and up to 40 
wt% in garnierite (Soler et al., 2008). In our experiments, Ni-serpentine 
produced fluids with metal concentrations about twenty times lower 
than those obtained from the Mg-endmember compounds. This opens 
new perspectives in the use of Mg-bearing silicates for CO2 storage and 
in the exploitation of Ni-serpentine for Ni recovery.

Table 1 
Quantities of reagents used for forsterite and Mg- and Ni-serpentine end member 
synthesis. In all syntheses deionised water is used as solvent.

Reagents Forsterite Mg-serpentine 
endmember

Ni-serpentine 
endmember

Na2SiO3⋅9H2O (Sigma- 
Aldrich)

5.7 g 1.522 g 0.149 g

MgCl2 (Sigma-Aldrich) 3.8 g 0.764 g –
NiCl2⋅6H2O (Sigma- 

Aldrich)
– – 0.187 g

NaOH solution (Carlo 
Erba Reagents)

350 ml, 0.4 
mol l− 1

6 ml, 1.0 mol l− 1 2 ml, 1.0 mol l− 1
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2. Materials and methods

Table 1 reports the mass of reagents, the volume and molarity of 
NaOH solutions used for all syntheses, which will be explained in the 
following sections. The concentration of NaOH determines the volume 
necessary to ensure the addition of a stoichiometric quantity (in the case 
of Mg- and Ni-serpentine synthesis) or an excess quantity (in the case of 
forsterite synthesis).

2.1. Forsterite synthesis

Following the experimental procedure proposed by Liu et al. (2018), 
the reagents (Table 1) were placed in a polypropylene liner and mixed. 
The liner was sealed, inserted into an autoclave reactor, and heated at 
200 ◦C for 12 h in a furnace, to obtain a precursors mixture with the 
correct stoichiometry to produce forsterite. The liner contents were 
transferred to a set of centrifuge vials and centrifuged at 6000 rpm for 5 
min. This procedure, followed by rinsing with deionised water, was 
repeated twice to remove the excess NaCl formed during the following 
reaction: 

2MgCl2 + Na2SiO3 + 2NaOH +0.5H2O → 0.5Mg3Si2O5(OH)4 [serpen
tine] + 0.5 Mg(OH)2 [brucite] + 4NaCl                                          (1)

The precursor mixture was then dried at temperature of 110 ◦C for 4 
h and ground to obtain a powder suitable for XRPD analysis. The for
sterite precursor was subsequently transferred into a crucible and 
calcined at 900 ◦C for 4 h in a muffle furnace, to obtain the final product, 
i.e., forsterite: 

Mg3Si2O5(OH)4 [serpentine] + Mg(OH)2 [brucite] → 2Mg2SiO4 [for
sterite] + 3H2O                                                                             (2)

The solid residue and dried supernatant collected after forsterite 
carbonation were also analysed with a SEM Gemini 500 (Zeiss), oper
ating at 15 kV and 0.2 nA.

2.2. Hydrothermal synthesis of Mg- and Ni-serpentine endmembers

For Mg-serpentine synthesis, the starting material was a co- 
precipitated gel formed from the interaction between sodium meta
silicate and an alkaline solution of Mg2+ (Monguzzi et al., 2014; Baron 
et al., 2016), in accordance with the following reaction: 

2Na2SiO3 + 3MgCl2 + 2NaOH → Mg3Si2O5(OH)4 [chrysotile] + 6NaCl 
+ H2O                                                                                           (3)

The reagents were weighed according to the stoichiometry of reac
tion (3) and placed in a plastic vial with the addition of 9.0 ml of 
deionised water. Dispersion of the reagents was achieved by sonication 
of about 5 min, then centrifugation was performed at 6000 rpm for 5 
min to separate the solid product (the co-precipitated gel) from the su
pernatant solution. Supernatant was removed, and the co-precipitated 
gel was rinsed with deionised water. The procedure was repeated to 
eliminate the excess NaCl. The co-precipitated gel, with addition of 220 
ml of deionised water, was placed in a polypropylene liner with a vol
ume of ~500 ml. The liner was closed, placed in the autoclave, sealed, 
and positioned in a furnace pre-heated at 45 ◦C with a setpoint tem
perature of 250 ◦C. Using this procedure, five different batches of co- 
precipitated gel were subjected to progressively increasing heat treat
ment times (2, 4, 6, 8, and 16 h).

For Ni-serpentine synthesis, the reagents (Table 1) were placed in 
autoclave, without any preparatory treatment. The synthesis reaction 
was as follows: 

2Na2SiO3 + 3NiCl2 + 2NaOH → Ni3Si2O5(OH)4 [nepouite] + 6 NaCl +
H2O                                                                                              (4)

Also in this case, five different batches were subjected to 

progressively increasing heat treatment times (2, 4, 6, 8, and 16 h) at a 
setpoint temperature of 250 ◦C.

After each synthesis, the liner contents were transferred to a set of 
centrifuge vials and centrifuged at 6000 rpm for 5 min, to separate the 
solid precipitate from the supernatant solution. Each solid product was 
analysed after exsiccation at 110 ◦C for 4 h. XRPD analysis of the solid 
products was carried out with a X’Pert Pro diffractometer (Malvern 
Panalytical), with a Bragg-Brentano geometry, using CuKα radiation 
(1.5417 Å) and operating conditions of 40 kV and 40 mA, and a diver
gence slit of 1/2◦. The powder samples were back-loaded into flat 
sample holders, and XRPD patterns were collected over a 2θ angular 
range of 5–80◦, with a step of 0.0167◦ and a counting time of 90 s/step.

The products obtained after 16 h of heat treatment of Mg- and Ni- 
serpentine syntheses were also analysed by TEM. Images were ob
tained with a JEOL JEM 2100 Plus TEM operating at 200 kV. A sus
pension of powdered materials dispersed in distilled water (3.0 μl) was 
dropped onto copper TEM grids with a 200-mesh framework (50 μm 
pitch) and diameter 3.05 mm, coated with a carbon support film.

2.3. Powdering of San Carlos olivine

Natural crystals classified as San Carlos Olivine (14.5 g) were ground 
using a Retsch vibratory mill in a 10 ml agate jar with six 7 mm agate 
grinding spheres, obtaining an ash-grey powder with a grain size of <20 
μm. An XRD analysis was performed to characterise the sample.

2.4. Dissolution and carbonation experiments

Dissolution and carbonation of aqueous slurries of the powdered 
synthesised samples were performed using a MW synthesiser (Syn
thWave, Milestone) equipped with a mechanically stirred four-vial 
(glass, 40 ml capacity each) rack, housed in a Teflon-lined reactor 
with a total capacity of 900 ml filled with 200 ml of tap water (see inset 
in Table 2). Tap water was preferably used as the base load because it 
contains a fair concentration of electrolytes that facilitate the microwave 
absorption. The vials (total liquid volume is 30 ml) were filled with 
aqueous slurries of the nanominerals, prepared by adding a similar 
weight of the solid powders and an amount of water ensuring the same 
solid/water molar ratio (molality around 0.14 mol kg− 1, Table 2). This 
ensured good powder dispersion, considering that the weight should not 
exceed 0.5–1.0 g. Since forsterite, Mg-serpentine and Ni-serpentine have 
substantially different molecular masses (140.69, 277.11, 380.28 g 
mol− 1, respectively), the selected quantities represent the best trade-off 
between comparable powder mass and solid/liquid molar ratio.

The reactor was pressurised at room temperature (RT) by injecting 
12 bar of N2 (99.999 %) or a mixture of 6 bar of N2 (99.999 %) + 6 bar 
CO2 (99.995 %), as measured by a built-in pressure gauge. These pres
sures ensure a suitable excess of CO2 when mixed with N2 (see Campione 
et al., 2024 for details). In the former case, the use of pure N2 allowed for 
hydrothermal treatments where only dissolution could occur. We 
therefore refer this set of treatments to as “dissolution experiments”. In 
the latter case, the use of N2/CO2 mixtures enabled hydrothermal 
treatments where dissolution was enhanced, and simultaneous carbon
ate formation could occur. For simplicity, we refer to this set of treat
ments to as “carbonation experiments”.

The mixture with N2 and the relatively low partial pressures adopted 
were intended to use the CO2 reactant in a dilute form and under con
ditions easily scalable to those available at industrial contexts (e.g., fuel 
gas, which can contain CO2 with a concentration as high as 20 %). Re
action runs began with a linear heating ramp (heating stage) lasting 600 
s until the setpoint temperature was reached, as measured by a tem
perature gauge immersed in the base load. Once the setpoint tempera
ture was achieved, a dwelling stage of 1h followed (Table 2). After 
completion of the runs, the reactor was cooled by a water circuit running 
inside the reactor steel chamber to quench the reaction. Decompression 
was carried out at a temperature just below 65 ◦C, and the reactor 
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chamber was opened once it had cooled to below 35 ◦C. The vial con
tents after each run were transferred in a set of centrifuge vials and 
centrifuged at 6000 rpm for 5 min to separate the solid residue from the 
supernatant solution. The supernatant liquid was poured into another 
vessel. Each dissolution and carbonation experiment was repeated six 
times, using in each run (except the first) the solid residue obtained in 
the previous run and adding an appropriate amount of fresh deionised 
water according to Table 2.

Metal elements (Mg, Si, Ni) contained in supernatant solutions were 
determined by using an ICP OES Optima 7000 DV (PerkinElmer, Italy) 
system. Supernatant solutions were subsequently exsiccated at 50 ◦C in a 
thermostated furnace after pH measurement, to determine their dis
solved electrolyte content. The dried residues were weighted and ana
lysed by XRPD and Raman spectroscopy. Raman Spectroscopy analyses 
on the pristine and treated samples were carried out at the Experimental 
Mineralogy Laboratory “Fiorenzo Mazzi” (Department of Earth and 
Environmental Sciences, University of Pavia). Raman spectra were 
collected with a Horiba LabRam HR Evolution spectrometer (holo
graphic gratings of 600 grooves mm− 1) equipped with an Olympus BX41 
confocal microscope at a controlled temperature of 20(1) ◦C. Raman 
spectra were excited by the 532 nm line of a solid-state (YAG) laser. The 
laser power on the sample surface was approximately 10 mW. The 
spectrometer was calibrated to the silicon Raman peak at 520.5 cm− 1. 
The spectral resolution was ~2 cm− 1 and the instrumental reproduc
ibility in determining the peak positions was ~0.5 cm− 1. Data evalua
tion was performed using the OriginPro 2019 software package. The 
collected spectra were baseline-corrected for continuum luminescence 
background and normalised to acquisition time.

3. Results

3.1. Characterisation of the products of forsterite synthesis

The synthesis of chrysotile and brucite precursor mixture, and its 
subsequent calcination to obtain forsterite, proved successful, in 
agreement with Liu et al. (2018). In Fig. 1, the presence of NaCl (halite) 
is due to reaction (1). After calcination, a decrease in the precursor 
mixture mass was observed, due to water loss, as reported in reaction 
(4). Indeed, a 27.4 wt% water loss was measured (to be compared with 
16.1 wt% expected based on reaction 4), which is slightly higher than 
the 22.5 wt% reported by Liu et al. (2018).

In addition to forsterite, as shown in Fig. 2, periclase and enstatite 
can occur in the calcined material, in accordance with the following 
reactions taking place during the calcination process: 

Mg(OH)2 [brucite] → MgO [periclase] + H2O                                 (5)

Mg3Si2O5(OH)4 [chrysotile] → 2MgSiO3 [enstatite] + MgO + 2H2O(6)

MgSiO3 + MgO → Mg2SiO4 [forsterite]                                           (7)

The XRPD pattern of the synthesised forsterite precursor (reaction 1) 
is characterised by the co-existence of two different phases (Fig. 1). One 
phase is represented by broader and less intense peaks, suggesting a 
partially disordered structure, at: 11.84◦ (d = 7.46 Å), 19.69◦ (d = 4.50 
Å), 24.23◦ (d = 3.66 Å), 34.81◦ (d = 2.57 Å), 36.38◦ (d = 2.46 Å), and 
60.25◦ (d = 1.53 Å), which correspond respectively to (002), (11-1), 
(004), (20-2), (202), and (061) of chrysotile (Falini et al., 2004). The 
other phase is represented by sharper and more intense peaks, at: 18.57◦

(d = 4.77 Å), 31.64◦ (d = 2.82 Å), 37.97◦ (d = 2.36 Å), 50.82◦ (d = 1.79 

Table 2 
Experimental set up for each 1h-run of hydrothermal treatments on synthesised Mg- and Ni-silicates under controlled partial pressure of N2 and CO2. The inset at the 
bottom shows a schematic image of the microwave synthesiser.

Starting sample Added deionised Water (ml) Setpont Temperature (◦C) pCO2 (bar) pN2 (bar)

Vial 1 Mg-serpentine 0.60 g 15 100 0–6 12–6
Vial 2 Ni-serpentine 0.54 g 10 100 0–6 12–6
Vial 3 forsterite 0.50 g 25 100 0–6 12–6
Vial 4 olivine (San Carlos) 0.50 g 25 100 0–6 12–6
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Fig. 1. XRPD pattern of forsterite precursor, after hydrothermal synthesis in autoclave, at 200 ◦C for 12 h. The product corresponds to a mixture of chrysotile (C) and 
brucite (B), with traces of halite (H). Peaks are identified and indexed using the reference structure by Falini et al. (2004), Catti et al. (1995) and Walker et al. (2004), 
respectively. Intensity in arbitrary units (arb. u.) of the ordinates axis is in linear scale.

Fig. 2. XRPD pattern of the precursor phase (Fig. 1) after calcination at 900 ◦C for 4 h. Indexed peaks correspond to forsterite (F), with traces potentially attributable 
to periclase (P) and enstatite (E). Peaks are identified using the reference structures reported by Birle et al. (1968), Hazen (1976), and Hugh-Jones and Angel (1994), 
respectively. Intensity (arb. u.) of the ordinates axis is in linear scale.
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Å), 58.59◦ (d = 1.57 Å), 62.03◦ (d = 1.49 Å), 68.19◦ (d = 1.37 Å), and 
71.98◦ (d = 1.31 Å), which correspond respectively to (001), (100), 
(101), (102), (2–10), (2–11), (103), and (20-1) of brucite (Catti et al., 
1995). Consequently, in accordance with reaction 1, synthesised for
sterite precursor is a mixture of chrysotile, Mg3Si2O5(OH)4, and brucite, 
Mg(OH)2. A minor phase is detected at 31.7◦, and 45.4◦, and identified 
as halite NaCl (Walker et al., 2004).

The total amount of synthesised forsterite precursor (3.97 g) was 
subjected to calcination at 900 ◦C for 4 h. According to the reaction (2), 
water was removed from the synthesised forsterite precursor, resulting 
in a substantial weight decrease (2.88 g), corresponding to 27.4 % water 
loss.

In the XRPD pattern of the synthesised forsterite precursor after 
calcination (Fig. 2), the most intense peaks at 17.33◦ (d = 5.11 Å), 
22.85◦ (d = 3.88 Å), 32.26◦ (d = 2.77 Å), 35.67◦ (d = 2.51 Å), 36.46◦ (d 
= 2.46 Å), 39.63◦ (d = 2.27 Å), 52.18◦ (d = 1.75 Å), respectively cor
responding to (020), (021), (130), (131), (112), (122) and (222), are 
attributable to forsterite (Birle et al., 1968).

Two secondary phases are detected at 42.92◦ and 58.04◦, potentially 
ascribed to periclase, MgO (Hazen, 1976), and enstatite, MgSiO3 
(Hugh-Jones and Angel, 1994), respectively, although no other diag
nostic peaks of both phases are observed.

To investigate the morphology of the synthesised forsterite, TEM 
images were acquired, showing clusters of subhedral particles with a 
maximum diameter of about 100 nm (Fig. 3).

To summarise, the adopted synthesis method allowed us to obtain 
forsterite mineral in the form of nanopowder. Trace amounts of periclase 
and enstatite were detected.

3.2. Characterisation of the products of hydrothermal synthesis of Mg- 
and Ni-serpentine endmembers

The XRPD patterns of the synthesised Mg- and Ni-serpentine end 
members (reactions 3 and 4) are shown in Figs. 4 and 5, respectively. 
Each spectrum represents an independent synthesis product, and not a 
time-monitored single batch. In Fig. 4, the bottommost curve shows the 
pattern of the co-precipitated gel (predominantly amorphous) with very 
broad reflections between 33 and 38◦, and between 58 and 61◦, 
potentially attributable to an incipient ordered stacking of the (202), 
(20-2) and (061) planes of Mg-serpentine (Falini et al., 2004). The 
product of 2 h-synthesis shows changes in the regions approximately 
between 18 and 30◦, 35 and 40◦, 58 and 65◦, and 70 and 75◦. In the first 

range, two peaks are visible at 19.82◦ (d = 4.47 Å), and 24.43◦ (d = 3.64 
Å), whose positions match the interplanar distance of the (11-1) and 
(004) crystallographic planes of the reference structure. In the second 
range, the peak at 35.27◦ (d = 2.54 Å) may be ascribed to the (20-2) 
plane. In the third range, the reflection at 59.92◦ (d = 1.54 Å) is slightly 
downshifted with respect to the (330) plane. In the last range, a weak 
peak at 71.95◦ is visible, although its indexation is quite difficult. The 
XRPD pattern of the 4 h-synthesis product shows minor changes: peaks 
indexed as (11-1) and (004) are narrower, and the latter is downshifted 
to 24.34◦ (d = 3.65 Å). A low intensity peak at 38.04◦, probably (101) of 
brucite (B, Catti et al., 1995), is observed.

In the 6 h-synthesis product, a peak at 11.93◦ (d = 7.41 Å), close to 
the (002) plane of the reference at 12.06◦, appears. The ones at 18.67◦, 
and 50.96◦, are indexed as (001) (nominally at 18.58◦), and (102) 
(nominally at 50.80◦) of brucite, respectively. In the 8 h-synthesis 
product, the peaks are more intense and narrower, and brucite is no 
longer detected. The (002) peak is downshifted to 11.75◦, and the peak 
at 60.27◦ (d = 1.53 Å) is consistent with (061) (nominally at 60.38◦ of 
reference). Another peak is observed at 36.20◦ (d = 2.47 Å), potentially 
corresponding to the (202) plane of the reference (nominally at 36.58◦). 
In the 16 h-synthesis, (002) shifts to 12.00◦ (d = 7.36 Å), resulting in a 
better match with the reference structure. The (11-1) peak, previously at 
19.82◦, shifts to 19.65◦ (d = 4.51 Å), and (004) is at 24.26◦ (d = 3.66 Å); 
the peak at 36.20◦ shifts to 36.50◦ (d = 2.45 Å), corresponding to the 
(202) plane of the reference. Also in this case, peaks of brucite are 
detected.

The XRPD pattern of Ni-serpentine obtained after 2 h of hydrother
mal treatment closely resembles that of Ni-serpentine end member 
nepouite (Brindley and Wan, 1975). It is characterised by high intensity, 
well-defined peaks at 11.88◦ (d = 7.43 Å), 19.67◦ (d = 4.51 Å), 24.54◦ (d 
= 3.62 Å), 34.02◦ (d = 2.63 Å), 36.00◦ (d = 2.49 Å), 60.50◦ (d = 1.53 Å), 
and 72.12◦ (d = 1.31 Å), which are potentially ascribed to (001), (110), 
(002), (200), (201), (060), and (261) of the reference nepouite structure 
(Fig. 2). In the 4 h-synthesis, (001) at 11.94◦ (d = 7.40 Å), (110) at 
19.57◦ (d = 4.53 Å), (002) at 24.41◦ (d = 3.64 Å), (200) at 34.08◦ (d =
2.63 Å), and (060) at 60.54◦ (d = 1.53 Å) are more intense, narrower, 
and slightly shifted from the previous positions. In the 6 h-synthesis, no 
substantial changes are observed compared to the 4 h heat treatment. In 
the 8 h-synthesis, (001) at 12.08◦ (d = 7.31 Å), (110) at 19.64◦ (d = 4.51 
Å), (200) at 33.97◦ (d = 2.63 Å), and (201) at 36.06◦ (d = 2.49 Å) are 
more intense and slightly shifted from the previous positions. A poorly 
defined peak at 42.23◦ (d = 2.14 Å), possibly corresponding to (132) of 

Fig. 3. Bright field TEM image of a cluster of particles representing the product of synthesis of forsterite.
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the reference, is observed. In the 16 h-synthesis, (001) shifts to 12.10◦ (d 
= 7.30 Å), (002) becomes more intense and shifts to 24.53◦ (d = 3.62 Å), 
and (132) becomes more defined.

To investigate the morphology of the synthesised serpentine phases, 
TEM images of Mg-serpentine and Ni-serpentine end members obtained 
after 16 h of synthesis at 250 ◦C were acquired. Fig. 6a and b shows 
nanolamellae of brucite and hollow cylindrical nanocrystals of Mg- 
serpentine endmember, respectively. Cylindrical nanocrystals have 
length of 20–300 nm and external diameter of 20–60 nm, showing the 
diagnostic nanotubular morphology typical of chrysotile. In Fig. 6c and 
d, nanocrystals correspond to Ni-serpentine end member, as shown by 
qualitative XRPD analyses (Fig. 5). Nanolamellae have diameters of 
20–100 nm and are mostly hexagonal, whereas nanotubes are 60–100 
nm long (with maximum lengths of 300–400 nm), slightly longer than 
chrysotile.

To summarise, our hydrothermal synthesis procedure for the Mg- 
and Ni-serpentine endmembers allowed us to obtain nanocrystalline 
phases of these minerals, predominantly showing a tube-like 
morphology for Mg-serpentine, and a mixture of lamellar and tube- 
like morphologies for Ni-serpentine. Minor amounts of brucite flake- 
like nanocrystals were occasionally found in the Mg-serpentine 
synthesis.

3.3. Dissolution and carbonation experiments

Table 3 reports the mass of solid residues collected after separation 
from the supernatant solution in each dissolution (12 bar N2) and 
carbonation (6 bar N2 + 6 bar CO2) runs. These estimates are not meant 
to provide accurate indications on the dissolution progress, which rely 

on the results of ICP-OES, but rather to show that the molar ratio be
tween the solid and the water varies within a range of 15–50 % at the 
beginning of each run.

The measured metal and silicon concentrations, as well as the metal/ 
silicon molar ratios as a function of the number of 1h treatments, are 
reported in Fig. 7. Common features of the trends are the substantial 
increase of the solubilisation of all minerals in presence of CO2 and the 
strong incongruency of solubilisation, both with and without CO2. 
Moreover, concentrations tend to stabilise after the first run. Indeed, Mg- 
serpentine increases Mg concentration fourfold as a consequence of CO2 
injection, from about 5.0 × 10− 3 to 2.0 × 10− 2 mol l− 1. This increment is 
even more pronounced for Ni in Ni-serpentine (from 2.0 × 10− 5 to 1.5 ×
10− 3 mol l− 1) and Mg in forsterite (from 8.0 × 10− 4 to 3.0 × 10− 2 mol 
l− 1). Similarly, Si increases its concentration with the presence of CO2, 
although its concentrations are always lower than those of the other 
metals. On the other hand, while the solubilities of forsterite and Mg- 
serpentine are comparable, Ni-serpentine is almost 20 times less solu
ble (note the y-scales in Fig. 7A–D, G). Another distinctive feature of Ni- 
serpentine is that, in absence of CO2, it is the only phase producing a 
supernatant solution composed almost exclusively of Si (reaching con
centrations of 1.0 × 10− 4 mol l− 1, Fig. 7H). In all other cases, the su
pernatant solution is enriched in the metal component, except for 
forsterite at later stages. In this respect, Mg-serpentine shows an 
exceptional behaviour, yielding relatively high levels of Mg in the su
pernatant even without CO2, an extraordinarily high Mg/Si ratios 
(Fig. 7F).d with Si level as low as 5.0 × 10− 6 mol l− 1 (compared to 6.0 ×
10− 4 mol l− 1 of forsterite), producing.

The Mg and Si concentration trends of olivine are similar to those of 
forsterite, although concentrations stabilise at values one order of 

Fig. 4. XRPD patterns of the products of hydrothermal synthesis of Mg-serpentine end member, carried out at 250 ◦C with progressively longer heat treatment times, 
indicated on the right of each curve. The bottommost curve corresponds to the co-precipitated gel (without any heating process), obtained from the interaction 
between the reagents used for the synthesis series, and reported in Table 1. Products obtained after 2 and 4 h-synthesis show diffraction patterns resembling a “proto- 
serpentine” structure, as suggested by indexed peaks with reference structure of chrysotile (Falini et al., 2004). For heat treatments longer than 6 h, products 
correspond to Mg-serpentine end member. Peaks are identified and indexed using the reference of chrysotile (Falini et al., 2004), and B indicates the ones of brucite 
(Catti et al., 1995). Intensity (arb. u.) of the ordinates axis is in linear scale. Note that the broad peaks, even after long treatments, indicate that the mineral phases 
preserve their nanocrystalline morphology.
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magnitude lower (Fig. 8). We attribute this effect to the larger average 
size and thus lower surface-to-volume ratios of the mineral particles, 
which also leads to a greater deviation of the Mg/Si ratio in the first run. 
The Ni concentration is as low as ~10− 7 mol l− 1 after each run carried 

out without CO2 and increases by two orders of magnitude in the pres
ence of CO2.

3.3.1. Characterisation of solid residues after dissolution and carbonation 
experiments

The comparison between the XRPD patterns of the untreated pow
ders and of the solid residues obtained and dried after dissolution and 
carbonation experimental runs at 100 ◦C shows no detectable differ
ences. The only exception is represented by Mg-serpentine, which, after 
the first run (both with and without CO2) produces a pattern in which 
brucite peaks are absent, likely due to the higher solubility of this phase. 
This result corroborates the mild experimental conditions adopted, 
which involve only a transformation of the surface of the nanocrystallite 
surfaces without affecting their bulk crystallinity and structure, and 
without promoting the direct precipitation of detectable amounts of 
carbonate phases.

3.3.2. Characterisation of the carbonate phases produced by exsiccation of 
supernatant solutions subjected to carbonation

After each carbonation run and separation of the solid residue from 
the supernatant solution, the pH of the latter was measured with a pH 
meter (Hanna Instruments – Edge HI2002-02). As shown in Fig. 9, for 
forsterite and Mg-serpentine carbonated solutions, the pH ranges be
tween 8.5 and 9.0, while for Ni-serpentine it progressively decreases, 
reaching 7.5. The pH trend measured for olivine closely follows that of 
synthetic forsterite, with an average value roughly 0.5 pH units lower. 
The alkalinity of the supernatants of forsterite and Mg-serpentine is 
consistent with solutions enriched in hydrogen carbonate and carbonate 
anions, formed as a consequence of enhanced dissolution reactions, 
which, e.g., for forsterite can be written as: 

Fig. 5. XRPD patterns of the products of hydrothermal synthesis of Ni-serpentine end member, carried out at 250 ◦C with progressively longer heat treatment times, 
indicated on the right of each curve. Already after 2 h-synthesis, the product corresponds to Ni-serpentine end member and remains the same for longer heat 
treatments times (cf. sharp peaks with broad peaks of Fig. 4). Peaks are identified and indexed using the reference of nepouite structure (Brindley and Wan, 1975). 
Intensity (arb. u.) of the ordinates axis is in linear scale.

Fig. 6. Bright field TEM images of the products of hydrothermal synthesis of 
Mg- and Ni-serpentine end members, carried out at 250 ◦C for 16 h. A-B) 
Nanolamellae of brucite, and hollow nanotubes of chrysotile. C, D) Nanolamellae 
and hollow nanotubes of Ni-serpentine.
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Mg2SiO4,(s) [forsterite] + 2CO2,(aq) + → 2 Mg(aq)
2+ + 2CO3,(aq)

2− + SiO2, 

(aq)                                                                                                (8)

Mg2SiO4,(s) [forsterite] + 4CO2,(aq) + 2H2O → 2 Mg(aq)
2+ + 4HCO3,(aq)

− +

SiO2,(aq)                                                                                         (9)

We attribute the lower pH value in Ni-serpentine supernatants to its 
lower solubility. Indeed, the cumulative masses obtained from the six 
exsiccated supernatants were 351 mg for forsterite, 24 mg for San Carlos 
olivine, 108 mg for Mg-serpentine, and only 6 mg for Ni-serpentine.

Exsiccation allows the attainment of saturation concentration of a 
family of mineral phases that, based on reactions (8) and (9), are 

expected to yield solid residues composed of carbonates and silica with 
various degrees of hydration (Norouzpour et al., 2025). Fig. 10 reports 
the XRPD and Raman spectra collected on the cumulative powders ob
tained after isothermal exsiccation at 50 ◦C of the six supernatants for 
each synthetic mineral.

The XRPD pattern collected on the forsterite sample (Fig. 10A) show 
the clear presence of a crystalline phase, together with a background 
signal indicating an amorphous phase. Given the good match with a 
reference structure provided by Raade (1970), the XRPD pattern reveals 
that the supernatant obtained from forsterite incipient carbonation 

Table 3 
Quantities (in grams) of weighted solid residues collected after dissolution and carbonation reactions.

Exp. Run Forsterite, Mg2SiO4 Mg-serpentine, Mg3Si2O5(OH)4 Ni-serpentine, Ni3Si2O5(OH)4 Olivine

[140.69 g mol− 1] [277.11 g mol− 1] [380.28 g mol− 1] [145–153 g mol− 1]

12 bar N2 6 bar CO2 + 6 bar N2 12 bar N2 6 bar CO2 + 6 bar N2 12 bar N2 6 bar CO2 + 6 bar N2 12 bar N2 6 bar CO2 + 6 bar N2

Initial mass 0.5 0.5 0.6 0.6 0.54 0.54 0.5 0.5
[0.14 mol l− 1] [0.14 mol l− 1] [0.14 mol l− 1] [0.14 mol l− 1] [0.14 mol l− 1] [0.14 mol l− 1] ​ ​

After run #1 0.54 0.49 0.63 0.53 0.49 0.52 0.49 0.48
After run #2 0.5 0.4 0.57 0.51 0.44 0.48 0.44 0.46
After run #3 0.48 0.37 0.54 0.54 0.39 0.47 0.39 0.45
After run #4 0.45 0.28 0.5 0.45 0.34 0.44 0.34 0.38
After run #5 0.43 0.24 0.49 0.44 0.29 0.44 0.29 0.38
After run #6 0.42 0.18 0.46 0.41 0.29 0.35 0.29 0.33

Fig. 7. Molar concentration of Mg (blue), Si (black), and Ni (green) as measured in supernatant solutions separated from forsterite (A and B), Mg-serpentine (D and E, 
the latter in square root scale), and Ni-serpentine (G and H) slurries prepared as illustrated in Table 2 and subjected to subsequent 1h-hydrothermal treatments at 
100 ◦C with 12 bar N2 (dashed lines) and a mixture of 6 bar N2 + 6 bar CO2 (solid lines). Related Metal/Si molar ratios are reported in panels C, F, and I, respectively. 
The solid horizontal lines indicate the molar ratio expected in the case of congruent dissolution (1.5 for serpentines and 2 for forsterite).
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precipitates as the hydroxy-carbonate hydrate dypingite, 
Mg5(CO3)4(OH)2⋅5H2O. The Raman spectrum collected on the same 
sample (Fig. 10B) shows a clear peak at ca. 1100 cm− 1, confirming the 
presence of a carbonate phase. Both spectra in Fig. 10A and B shows no 
evidence of forsterite, demonstrating the efficacy of the supernatant 
separation procedure and suggesting the precipitation of the silicon 
component as amorphous silica.

The XRPD pattern collected on the Mg-serpentine sample (Fig. 10C) 
corresponds mainly to an amorphous phase. However, the very weak 
identifiable peaks are again consistent with dypingite. The presence of a 
carbonate phase is clearly demonstrated by the Raman spectrum 
(Fig. 10D), which is very similar to that of the exsiccated forsterite 
solution.

Finally, the XRPD pattern collected on the Ni-serpentine sample 
(Fig. 10E) is very similar to that of the pristine synthetic phase, showing 
a high background due to the amorphous component and a very few 
weak additional peaks. Raman spectroscopy of the same sample pro
vides evidence of a heterogeneous material, showing regions of the 
pristine phase (consistent with XRPD) and additional regions of a car
bonate phase (Fig. 10F). We note that the presence of Na+ and Cl− ions 
from the synthesis precursors (see section 3.1) might play a minor role in 

determining the nature of the precipitated phases.
Based on the XRPD analysis, the exsiccated phase obtained from 

supernatant solutions derived from olivine carbonation results in 
amorphous silica (Fig. 11A). However, Raman analysis allows the 
identification of a clear signal attributable to a carbonate phase 
(Fig. 11B).

4. Discussion

4.1. Structural properties of hydrothermal synthetic Mg- and Ni- 
serpentine endmembers

As shown by the XRPD pattern in Fig. 4, the co-precipitated gel is 
predominantly amorphous. However, the two broad reflections in the 
short-range order between 33 and 38◦, and 58 and 61◦ suggest a 
partially ordered structure, even before the hydrothermal treatment for 
the synthesis of the Mg-serpentine endmember. Therefore, the presence 
of these diffraction peaks may indicate that T-sheets are already ordered 
at early stages.

After 2h of synthesis, we observed an evolution of the diffraction 
pattern, with two new peaks sub-perpendicular and parallel to the basal 
plane (Fig. 4). The (11-1) plane could be linked to the formation and 
ordering of the octahedral O-sheet, with Mg(OH)2 composition, while 
the appearance of (004), potentially containing a TO-layer, could be 
related to the formation of the TO-structure itself (Fig. 4). The simul
taneous formation of (11-1) and (004) may correspond to the develop
ment of the double-layered structure of the serpentine, whereas the 
absence of (002) (i.e., the basal plane) suggests that single TO units are 
formed but not completely organised, since their stacking is not yet 
observed.

The product obtained after 4 h of synthesis shows no substantial 
differences with the previous one. Both materials cannot be defined as 
Mg-serpentine endmember because of the absence of (002), and can thus 
be classified as proto-serpentine (PS), considered a precursor of 
serpentine minerals and previously described as an amorphous or poorly 
crystalline material from which serpentine starts to grow (Yada and 
Iishi, 1974; Devouard et al., 1997; Grauby et al., 1998; Viti and Mellini, 
1998; Normand et al., 2002; Andreani et al., 2004, 2007, 2008). Lafay 
et al. (2013) obtained PS with a flake-like morphology, together with 
brucite, after 2 h of synthesis in an autoclave at 300 ◦C and observed PS 
stability up to 3 h of reaction time and brucite disappearance after 8 h, 
when only chrysotile was detectable. Since (004) appears before (002), 
we agree that PS has a planar, flake-like morphology (Jancar and 
Suvorov, 2005; Lafay et al., 2013).

In the XRPD patterns of the products after 6, 8, and 16 h of synthesis, 
(002) is observed as a result of TO-layer stacking. This is diagnostic of 
Mg-serpentine endmember formation. The 2θ position of (002) tends to 
increase, although not systematically, from the 6 h product to final one. 
The shift of (002) towards values close to 12◦, similar to the reference 
value (Falini et al., 2004), suggests a progressive decrease in d002, which 
could correspond to a shrinkage of the TO layers structure of 
Mg-serpentine as synthesis time progresses. From the TEM images 
(Fig. 6), Mg-serpentine collected after 16 h of synthesis shows only 
nanotube morphology, and can thus be defined as chrysotile (specif
ically, nano-chrysotile).

Jancar and Suvorov (2005) obtained a serpentine-like structure 
before the effective appearance of chrysotile, with a flake-like 
morphology similar to the PS observed by Lafay et al. (2013, 2016). It 
was proposed that chrysotile crystallisation starts from the early 
flake-like nanocrystallites of PS. The latter shows a double layer 
TO-structure and continues growing with time until a threshold size is 
reached, at which point a “curling”-like process starts, leading to 
nanotube formation (Jancar and Suvorov, 2005). Moreover, chrysotile 
was reported to crystallise from dissolution of PS and brucite, through a 
dissolution-reprecipitation mechanism consistent with Ostwald 
ripening. Considering these chrysotile crystallisation pathways, our 

Fig. 8. (A) Molar concentration of Mg (blue), Si (black), and Ni (green) as 
measured in supernatant solutions separated from olivine slurries prepared as 
illustrated in Table 2 and subjected to subsequent 1 h-hydrothermal treatments 
at 100 ◦C with 12 bar N2 (dashed lines) and a mixture of 6 bar N2 + 6 bar CO2 
(solid lines). (B) Related Metal/Si molar ratios as reported in the text. The solid 
horizontal lines indicate the molar ratio expected in the case of congruent 
dissolution.
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XRPD and TEM analyses suggest that the stacking of TO-layers is 
concomitant with the curling of the initial planar, flake-like PS, which 
displays only nanotubes morphology after 16 h of synthesis.

As shown in Fig. 5, the synthesis of Ni-serpentine endmember pro
ceeds more rapidly than that of Mg-serpentine (i.e., chrysotile). Already 
after 2 h of synthesis, the product exhibits an XRPD pattern compatible 

with Ni-serpentine endmember, i.e., nepouite (Brindley and Wan, 1975).
The (001) plane of Ni-serpentine represents the basal plane, while 

the (200) plane is perpendicular to (001), and other planes are sub- 
perpendicular to the basal one. As already observed for the co- 
precipitated gel in Mg-serpentine synthesis, the planes perpendicular 
or sub-perpendicular to the basal one could be related to the formation 

Fig. 9. pH measured at 17 ◦C of the supernatant solutions after the carbonation treatments of the synthesised minerals: forsterite (black), Mg-serpentine (blue), Ni- 
serpentine (light green), and San Carlos olivine (dark green, dashed line).

Fig. 10. XRPD (A, C, E) and Raman spectra (B, D, F) collected on pristine synthetic samples (lower line in each panel) and exsiccated supernatant solutions (upper 
line) obtained after the carbonation treatments. The histogram in A reports the intensity lines known for the dypingite structure reported by Raade (1970). In panel F, 
two representative spectra of the exsiccated supernatant collected in different areas of the powder are displayed.
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of Si–O–Si bonds, and then to the individual SiO4 tetrahedra forming the 
T-sheet. Similarly to the (004) plane in chrysotile, the (002) plane is 
suggested to be associated with the formation of single TO-unit, where 
the O-sheets have Ni(OH)2 composition. The (001) and (002) planes are 
observed concurrently.

Subsequent syntheses (4, 6, 8, and 16 h) show a progressive shift of 
the peaks, likely explained by the shrinkage of the TO structure of Ni- 
serpentine as synthesis time progresses. TEM analysis (Fig. 6C and D) 
shows that Ni-serpentine after 16 h of synthesis displays a more complex 
morphology (nanolamellae, and nanotubes), whereas for Mg-serpentine 
after 16 h of synthesis exhibits only nanotubes.

Previous studies on Ni-doped systems aimed to synthesising Ni- 
serpentine phases (Korytkova et al., 2005a, 2005b; Korytkova and Piv
ovarova, 2010; McDonald et al., 2009; Bloise et al., 2010) demonstrated 
that several parameters (temperature, time, pH, pressure, and Ni con
tent) play important roles in determining morphology and size during 
Ni-serpentine synthesis (Bloise et al., 2010). Korytkova et al. (2005a)
obtained (Mg,Ni)3Si2O5(OH)4 nanotubes from NiO and MgO, and 
Ni3Si2O5(OH)4 nanotubes from NiSiO3 and MgO, both at 400 ◦C and 70 
MPa. McDonald et al. (2009) synthesised Ni-serpentine endmember 
nanotubes from a mixture of Ni-chloride, silicic acid, and NaOH, in 
autoclave for 18 h at 250 ◦C and 10 MPa.

The comparison between Mg-serpentine and Ni-serpentine end
member syntheses shows that the complete substitution of Mg2+ by Ni2+

can promote and accelerates both nucleation and crystallisation. In this 

study, chrysotile formation is preceded by the precipitation of a meta
stable phase (PS), stable up to 4 h. After 6 h, stacking of the previously 
formed single TO layers begins, leading to curling and the development 
of nanotubular morphology from the earlier flake-like PS structure. 
Conversely, as noted above, the Ni-serpentine endmember is already 
obtained after 2 h of synthesis, without passing through the metastable 
PS stage, as observed for chrysotile. Moreover, Ni maintains the 
serpentine structure planar for a longer time (possibly until 6 h) and 
indeed d001 remains between 7.40 and 7.43 Å. For prolonged reaction 
time (8, and 16 h) the curling process occurs, and d001 decreases to 7.30 
Å. However, this transformation occurs more slowly than in the Mg- 
serpentine 16 h synthesis. In the former case, nanolamellae are still 
visible, whereas in the latter only nanotubes appear.

The different kinetics and morphology between Mg-serpentine and 
Ni-serpentine endmembers can be explained by the different bonding 
length of Mg–O and Ni–O within the octahedral O-sheets, and the 
consequent lateral mismatch with the tetrahedral T layer. For the Mg- 
serpentine endmember (i.e., chrysotile), the mismatch is greater and 
compensated by the curling of TO layers after 6 h of synthesis, whereas 
for Ni-serpentine the mismatch between O and T-sheets is smaller, and 
the curling process takes place only at later times. These observations 
agree with Korytkova and Pivovarova (2010), who proposed that the 
cation in the octahedral O-sheets of the serpentine structure is the main 
factor determining the mechanism and rate of nanotubes formation, as 
well as of their morphology and sizes. The kinetics of Mg- and 
Ni-serpentine nucleation and crystallisation, and the shape of the 
resulting nanocrystals, have important implications in the incipient 
dissolution and carbonation reaction discussed below.

4.2. Dissolution and carbonation experiments

In chrysotile nanotubes, the outermost sheet is in principle purely 
octahedral, having a Mg(OH)2 composition, whereas the inner surface 
has a purely silica composition. This characteristic may explain the 
surprisingly high tendency of this mineral phase to release Mg even in 
neutral environments (Fig. 7D, E, F; Lesci et al., 2014). This structural 
motif also holds in the case of Ni-serpentine nanotubes. However, as 
observed in Fig. 7G and H, Ni is far less prone to be released from the 
octahedral layer. Under neutral conditions, the tetrahedral layer appears 
weaker than that of chrysotile (as indicated by the higher concentration 
of Si in solution), whereas under acidic conditions both tetrahedral and 
octahedral layers appear stronger. This behaviour can be in general 
explained by the lower reactivity of the Ni(OH)2 component with respect 
to Mg(OH)2 and by the morphological and structural features discussed 
in section 4.1 and illustrated in Fig. 6. Indeed, the leaching of Ni(OH)2 is 
much more difficult due to the stronger Ni–OH bonds and the tighter 
TO-layer structure (d001 = 7.30 against 7.43 Å of chrysotile). Since the 
O- and T-sheets are interlayered, the O-layers in nepouite exert a pro
tective effect on the T-sheets, making them less leachable than those in 
chrysotile. On the other hand, the more planar morphology of our 
Ni-serpentine sample (Fig. 6) makes the T-layer more exposed to the 
external environment, explaining the higher Si concentration under 
neutral environment.

The action of CO2 on the O-layers is illustrated by the following 
reaction: 

M(OH)2,s + CO2,aq → M2+
aq + CO3

2−
aq + H2O; M = Mg2+,Ni2+ (10)

Subsequently, once the O-layer is removed from the nanotubes or 
nanolamellae, the exposed surface is composed of the polymerised T- 
sheet of [Si2O5]2- units, which are less reactive to CO2, causing a 
decrease or stabilisation of the dissolution rate.

Forsterite, being an orthosilicate, is expected to exhibit substantial 
differences in its dissolution dynamics compared to phyllosilicates. In 
neutral environment, forsterite releases a constant amount of Mg, much 
lower than chrysotile, and a slowly increasing amount of Si (much 

Fig. 11. XRPD (A) and Raman spectra (B) collected on pristine San Carlos 
Olivine (lower line in each panel) and exsiccated supernatant solutions (upper 
line) obtained after its carbonation treatments.
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higher than chrysotile, Fig. 7B). Forsterite is the only sample displaying 
a Mg/Si trend crossing the congruency, from Mg-excess at early times, to 
Si-excess at late times (Fig. 7C). This means that the solid residue, 
similarly to serpentines, tends to be Si-enriched, but unlike serpentines, 
this silica component is more soluble than that formed by serpentines. 
This is reasonable, since silicate groups are not polymerised in forsterite 
and do not tend to polymerise under neutral conditions (Pokrovsky and 
Schott, 2000). Their solubilisation is therefore facilitated.

Surprisingly, under CO2-rich conditions, the behaviour of forsterite 
closely resembles that of chrysotile. Indeed, concentration trends of Mg 
and Si are almost superimposable (Fig. 7A–D). In such environment, the 
process of dissolution of forsterite starts with an exchange of two H+ in 
the acidic solution with one Mg2+ on the forsterite surface, followed by 
the formation of [Si2O7]6- dimers, which, in turn, can adsorb an addi
tional proton, promoting dissolution of the silica layer. Hence, this 
mechanism leads to the formation of a superficial silica-rich layer 
depleted in Mg2+, which is then released into the solution (Pokrovsky 
and Schott, 2000; Daval et al., 2011). The polymerisation induced by the 
acid catalyser produces apparently a solid residue with similar chemical 
properties as that produced by leaching of chrysotile. Several authors 
pointed out that a passivation process may take place around serpentine 
grains within the aqueous reaction environment, after sample leaching. 
This prevents the sample from further chemical etching but also hinders 
the metal ion release and the occurrence of carbonation reaction, i.e. the 
above-mentioned cations to precipitate as carbonate phases 
(Jonckbloedt, 1998; Park et al., 2003; Alexander et al., 2007). This 
behaviour might be reflected even at early stages of carbonation by the 
observed decreasing trend of the concentration of Mg ions (Fig. 7A–D), 
which, however, seems not to be the case for Ni-serpentine (Fig. 7G).

4.3. Carbonate phases precipitated from dried supernatant solutions

In the case of synthesised forsterite and Mg-serpentine, the carbonate 
phase precipitated from the solutions after the carbonation treatment 
was identified as dypingite. In this respect, we underline that dypingite 
should be regarded as a series of phases with varying degrees of hy
dration rather than a single, well-defined phase. Its specific character
istics, such as diffraction peak positions, depend on the hydration 
degree, which in turn is related to the evolution of the carbonation re
action (Yamamoto et al., 2022). Further support for this interpretation is 
provided by theoretical kinetic models of early-stage olivine dissolution 
in the presence of CO2 (Shikazono et al., 2014), which identified the 
formation of artinite, Mg2(CO3)(OH)2⋅3H2O (Akao and Iwai, 1977), a 
hydroxy-carbonate with a different degree of hydration. Consistent with 
the primary role played by the octahedral sheet in chrysotile, both 
dypingite and hydromagnesite are observed as direct products of pure 
brucite carbonation at 100 ◦C. The corresponding dried supernatant 
solutions give rise to mixed hydromagnesite–dypingite phases, with 
proportions depending on the drying temperature (Campione et al., 
2024).

To tentatively assign the unidentified carbonate phase(s) in the case 
of synthesised Ni-serpentine endmember, we rely solely on the chemical 
composition of the studied system. Indeed, the literature reports XRPD 
patterns of natural samples of hydrated Ni-carbonates, which do not 
completely match our experimental XRPD data. A possible explanation 
is that our experiments involved synthesised nanocrystals, likely 
exhibiting different lattice and crystal morphologies, which could have 
led to a distinct reaction pathway. Consequently, we speculate that 
hydrated Ni-carbonates are among the products formed in the dried 
supernatant fraction of the synthesised Ni-serpentine endmember 
carbonation at 100 ◦C (reported in Fig. 10E and F).

The side-by-side evaluation of forsterite, Mg-serpentine, and Ni- 
serpentine endmembers provides a novel framework for disentangling 
the respective roles of crystal structure and composition in controlling 
early-stage dissolution and carbonation. While forsterite and Mg- 
serpentine share a propensity to release Mg and favour carbonate 

precipitation, Ni-serpentine exhibits sluggish reactivity and strong Ni 
retention, highlighting the contrasting behaviours of structurally related 
silicates. Such parallel testing under the same experimental conditions 
provides a unique benchmark for interpreting mineral reactivity and 
guiding the selective use of ultramafic materials in CCUS and metal- 
recovery strategies.

4.4. Implications for the use of ultramafic phases in CCUS processes

The systematic comparison of forsterite, Mg-serpentine, and Ni- 
serpentine highlights how subtle differences in crystal structure and 
composition translate into markedly different behaviours during early- 
stage carbonation. Forsterite and Mg-serpentine exhibit a clear pro
pensity to dissolve and release Mg, which in turn promotes the precip
itation of hydrated Mg-carbonates. This confirms their potential as 
efficient feedstocks for CO2 sequestration, particularly when present as 
fine-grained or nanocrystalline phases that maximise reactive surface 
area.

By contrast, Ni-serpentine shows sluggish dissolution, retains Ni 
within its lattice, and produces solutions with metal concentrations 
nearly an order of magnitude lower than those generated by Mg- 
serpentine or forsterite. This inertness implies limited effectiveness of 
Ni-serpentine in accelerating carbonation, but at the same time points to 
its ability to immobilise Ni and thus restrict its mobility during miner
al–fluid interactions. This dual behaviour has direct implications for 
both CCUS and environmental management: Mg-rich serpentinites can 
be prioritised for rapid carbonation and CO2 uptake, while Ni-bearing 
serpentinites may instead play a role in long-term metal immobilisa
tion, limiting the release of potentially critical or toxic elements.

From an applied perspective, the exploitation of serpentinite quarry 
waste, particularly from industrial districts such as Valmalenco, Italian 
Central Alps (Cavallo, 2018), represents a unique opportunity to couple 
CCUS deployment with circular economy goals. The large amounts of 
Mg-rich waste generated annually (e.g., serpentine, relict olivine and 
orthopyroxene, chlorite) could be transformed from an environmental 
burden into a strategic resource for CO2 mitigation, while simulta
neously producing carbonate and silica by-products for various indus
trial markets.

Our findings underscore the need to discriminate among ultramafic 
phases when evaluating natural or industrial feedstocks for carbonation. 
Materials dominated by Mg-serpentine and forsterite are expected to 
contribute most effectively to CO2 capture, whereas the presence of 
significant Ni-serpentine fractions may lower carbonation efficiency but 
simultaneously stabilise Ni within the solid phase. Such knowledge is 
essential for the rational design of CCUS strategies that balance the 
objectives of carbon sequestration, resource recovery, and environ
mental safety.

5. Conclusions

This study investigated the dissolution and carbonation behaviour of 
synthetic nanocrystals of forsterite and Mg- and Ni-serpentine end
members. The adopted synthesis routes yielded well-defined nano
crystals, allowing us to disentangle the role of crystal structure, 
morphology, and composition under mild hydrothermal conditions.

Key findings are as follows: 

1) Mg-serpentine nanotubes fully crystallise at 250 ◦C after 16 h, 
evolving from a metastable proto-serpentine phase, whereas Ni- 
serpentine nanocrystals reach complete crystallinity after only 2 h, 
without passing through this intermediate stage.

2) Forsterite and Mg-serpentine readily dissolve in CO2-saturated 
water, producing undersaturated solutions that precipitate hydrated 
Mg-carbonates (mainly dypingite) upon exsiccation. Higher CO2 
pressures or longer reaction times are required to achieve full 
saturation.
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3) The nanotubular structure exerts a major control on reactivity: the 
Mg(OH)2-rich outer O-sheets of chrysotile-like Mg-serpentine 
dissolve easily even in neutral conditions, whereas the Ni(OH)2 
sheets in Ni-serpentine are significantly more resistant.

4) Carbonation of Ni-serpentine is sluggish or absent, resulting in strong 
Ni retention within the solid phase. Hence, mineral structure and 
cation chemistry critically govern carbonation kinetics and the flu
id–solid partitioning of transition metals.

Beyond these specific results, this work provides the first direct, side- 
by-side comparison of forsterite, Mg-serpentine, and Ni-serpentine 
nanocrystals synthesised and tested under identical conditions. The 
systematic framework highlights how subtle structural and composi
tional differences dictate dissolution pathways, carbonation efficiency, 
and element mobility. Such insights establish a robust basis for assessing 
the selective reactivity of ultramafic phases in CO2 sequestration and 
critical-metal recovery strategies.
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