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Forsterite-rich ultramafic rocks, such as serpentinized peridotites, are considered highly promising natural ma-
terials for mineral carbonation — a carbon capture and storage (CCS) technique aimed at reducing atmospheric
carbon dioxide (CO32) by sequestering carbon as carbonate minerals. These rocks are commonly characterized by
a high content of divalent cations, including nickel (Ni® ), whose behavior and mobility during mineral
carbonation remain insufficiently understood. This issue is critical, as the large-scale application of mineral
carbonation may pose ecotoxicological risks by mobilizing specific metallic elements naturally occurring in ul-
tramafic rocks. To elucidate possible Ni mobility during single-stage aqueous mineral carbonation, 15 g of
powdered serpentinized peridotite was carbonated in a batch-type reactor for 96 hours at 185°C and a Pco, of
100 bar. The experiment resulted in the dissolution of forsterite and the extensive crystallization of magnesite,
demonstrating that the serpentinized peridotite is a highly effective natural material for permanent CO; storage
in the single-stage carbonation processes. Nickel released during the dissolution of forsterite (approximately
50 % of the whole Ni budget) was mainly incorporated in newly formed Ni-rich phyllosilicates (more than 98 %)
and a small portion was mobilized into the post-carbonation fluid (less than 2 %), reaching a concentration of
approximately18 mg/kg after 96 hours. The presence of Ni in newly crystallized magnesite crystals has not been
detected. These results suggest that the behavior of Ni during single-stage mineral carbonation is complex and
requires careful monitoring to prevent potential negative impacts on the natural environment.

1. Introduction

Modern global climate change is attributed to the intensification of
the greenhouse effect, primarily driven by anthropogenic carbon diox-
ide (CO2) emissions. Atmospheric CO, concentrations have steadily
risen, surpassing 427 ppm at the beginning of 2025, compared to
approximately 300 ppm in 1960 [1,2]. In recent decades, substantial
progress has been made in developing a wide range of carbon capture
and storage (CCS) techniques and strategies utilizing rocks and minerals
[3-8]. One promising technology that aims for long-term and stable CO5
removal is single-stage mineral carbonation, which involves the
carbonation of natural (rocks and minerals) and anthropogenic (e.g,
alkaline industrial wastes) materials in a single reactor under
high-pressure (up to 180 bar) and high-temperature (up to 185°C)
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conditions [9-12]. The process of mineral dissolution in a COy-rich
aqueous solution generates unbound cations, which subsequently
interact with carbonate ions (COs*"), resulting in the formation of car-
bonates. The divalent metals, specifically magnesium (Mg?"), calcium
(Ca2+), and iron (Fe2+), are the most reactive ions, and their natural
source are mafic and ultramafic igneous rocks [13-15].

Peridotites, the main representative of the ultramafic rocks group,
predominantly comprise Mg-rich silicates, such as olivine and clino- and
orthopyroxene. When exposed to water, peridotites can undergo re-
actions that form hydrous Mg-phyllosilicates, known as serpentines
[16]. The abundance of various Mg-rich silicates in peridotites makes
these rocks attractive for studies exploring their potential as a feedstock
for mineral carbonation. Despite a few unique field projects enabling
direct CO5 injection into geological formation (in situ), the primary
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understanding of mineral carbonation in ultramafic rocks comes from
laboratory-scale studies or industrial pilot projects that utilize mining
wastes (ex situ) [7,14,17-23].

While serpentinized peridotites are characterized by significant Mg
content, which is beneficial to mineral carbonation, they also exhibit
elevated Ni concentrations. Whole rock analyses of a large number of
ultramafic rocks from various environments show that Ni concentrations
in these rocks can reach 10000 mg/kg [24,25]. In contrast, mafic rocks
like basalts, which are also recognized as a promising feedstock for
mineral carbonation, have an average Ni content of 200 mg/kg [7,26].
The majority of Ni in peridotites is predominantly hosted in forsterite,
the Mg-rich end-member of the olivine solid solution series, (Mg,
Fe)2Si0a. In the forsterite structure, Ni** typically substitutes for Mg>*
within the crystal lattice [27]. Ni is also present in Fe-Ni sulfides (e.g.
pentlandite) and spinel-group minerals, which commonly occur as
accessory phases in most ultramafic rocks.

Few studies have investigated the fate of trace metals and their
impact on the safety of CO: storage during ex situ mineral carbonation.
These studies can generally be categorized into two main areas. One
focuses mostly on the mobility of metals, highlighting it as an environ-
mental concern. For example, it was demonstrated that some trace
metals, including Ni, could be captured by synthetic Mg carbonates,
such as nesquehonite (MgCOs3-3H50) [28]. However, in this experiment,
trace metals were introduced to the reactor as hydrated divalent metal
chloride salts rather than being supplied through the dissolution of
natural magnesium silicates. Trace metals mobilization has been
observed during passive mineral carbonation of ultramafic mine tailings
in New South Wales, Australia [29]. It has been shown that cations of
iron and trace metals (Cr, Ni, Mn, Co) are immobilized within naturally
formed hydromagnesite [Mgs(CO3)4(OH)2-4H20] cements. Chemical
analysis of the mine pit waters from the same locality revealed that
first-row transition metals concentrations are below instrumental
detection limits. The deterioration of Ni-bearing minerals drives Ni
mobilization, posing significant risks to biological life [30]. The World
Health Organization (WHO) guidelines, updated in 2021, set drinking
water’s maximum permissible Ni content at 0.07 mg/L [31]. Addition-
ally, it has been observed that organisms consuming water with Ni
concentrations above this threshold are at risk of various health com-
plications [32].

The second group of studies explores strategies for metal recovery as
a process that may accompany ex situ mineral carbonation. For example,
Santos et al. [33] investigated the potential for Ni recovery through
mineral carbonation. The results showed that inorganic acids success-
fully leached 91-100 % of Ni from carbonated olivine. In contrast, only
64-66 % of Ni was leached out from uncarbonated olivine under iden-
tical conditions. Wang and Dreisinger [34] demonstrated that Ni
extraction efficiencies of up to 90 % can be achieved during ex situ
carbonation of natural olivine, along with a COz mineralization effi-
ciency exceeding 50 %. Furthermore, additional Ni recovery can be
accomplished through sulfide precipitation. A recent study has indicated
that mineral carbonation of serpentinite may serve as a pretreatment, as
the carbonation process converts serpentines into magnesite and silica,
altering the anisotropic surface charge. This alteration enhances the
froth flotation of Ni-bearing pentlandite from low-grade ultramafic Ni
ore (containing < 1 % Ni in pentlandite) [35].

Given the limited knowledge of Ni behavior during mineral
carbonation, we conducted a single-stage mineral carbonation experi-
ment using serpentinized peridotite. This rock contains the main Mg-
rich phases commonly found in ultramafic rocks, such as forsterite and
serpentines, but also Fe-Cr spinels, amphiboles, and sulfides. These
phases may be carbonated at different rates and release Ni to the system.
Our study aims to understand the behavior of Ni** cations during single-
stage aqueous mineral carbonation. This knowledge is essential for
evaluating the potential environmental risks associated with large-scale
ex situ carbonation projects using ultramafic rocks. Specifically, it aims
to determine whether Ni is released into carbonating fluids or
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incorporated into solid products of mineral carbonation.
2. Material and methods
2.1. Source of experimental material

As a feedstock for the single-stage carbonation experiment, we used
serpentinized peridotite sourced from the mafic-ultramafic Braszowice-
Brzeznica Massif (BBM), part of the Central Sudetic Ophiolite (CSO). The
CSO is located in the northeast part of the Bohemian Massif, the east-
ernmost segment of the European Variscides, and is composed of a few
tectonically dismembered mafic-ultramafic massifs [36,37]. Previous
studies on single-stage aqueous mineral carbonation of ultramafic rocks
from the CSO have demonstrated that serpentinized peridotite from the
BBM exhibits the highest reactivity and susceptibility to carbon miner-
alization [38]. Accordingly, this rock was selected for experimental
studies to investigate the fate of Ni during single-stage carbonation. A
serpentinized peridotite sample was obtained during fieldwork from the
wall of an open-pit magnesite mine situated in the western part of the
BBM (50°32°33.791"N, 16°45’47.123"E).

2.2. Whole-rock chemical analysis

The whole-rock chemistry of serpentinized peridotite before and
after the carbonation experiment was analyzed in the laboratories of
Bureau Veritas Commodities in Canada. This analysis involved a lithium
borate fusion and a quantitative examination of major oxides and trace
elements using inductively coupled plasma mass and atomic emission
spectrometry (ICP-MS and ICP-ES). For this procedure, the analytical
reproducibility (20), as estimated from five measurements of standards
STD SO-19 (reference material for whole rock analysis) ranges from
0.07 % (MgO and CaO) to 0.45 % (SiO2) at 95 % confidence limits.
Analytical accuracy (20) based on the measurements of standards ranges
from 0.03 % (MgO and CaO) to 0.2 % (SiO3) at 95 % confidence limits.
Total carbon (TOT/C) content in samples was determined using the Leco
method. Loss on ignition (LOI) was measured by the weight difference
after a 4-hour ignition at 1000 °C. Whole-rock chemical analyses of the
serpentinized peridotite before carbonation were conducted on two
types of material: one bulk sample, consisting of solid, uncrushed rock,
and one powdered and sieved equivalent (particle size <50 pm). The
analysis of both bulk and powder samples aimed to determine whether
mineral sorting occurs during mechanical sieving and whether the
powder intended for the carbonation experiment corresponds to the
chemical composition of the bulk sample.

2.3. Petrographic and chemical in situ characterization

2.3.1. Starting material

The mineral composition of serpentinized peridotite was studied
using a Zeiss Axioscope petrographic microscope under transmitted and
reflected light conditions. A preliminary analysis of serpentinized peri-
dotite, prepared as a carbon-coated thin section, was conducted using a
JEOL JSM-IT100 scanning electron microscope (SEM) at the University
of Wroctaw, combined with an Oxford Instruments X-act energy-
dispersive X-ray spectrometer (EDS). Measurements were performed in
a high vacuum at an accelerating voltage of 15-20 kV, with a counting
time of 40 seconds per analytical spot. The chemical composition of
rock-forming and accessory minerals in serpentinized peridotite was
conducted by electron microprobe (EMPA) Cameca SX-100 at the Fac-
ulty of Geology, University of Warsaw. Point measurements were ac-
quired with an acceleration voltage set at 15 kV and a beam current of
25 nA. The counting time duration varied depending on the analyzed
mineral to achieve the lowest possible detection limits for nickel,
chromium, and cobalt. Studied thin sections were coated with a 10 nm
thick carbon layer for conductivity. To ensure high-quality analyses, the
following set of standards was used; standard (element): albite (Na),
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diopside (Mg, Si, Ca), FeoO3 (Fe), rhodonite (Mn), rutile (Ti), NiO (Ni),
CoO (Co), Cro03 (Cr), LaPO4 (P).

2.3.2. Post-carbonation material

The imaging and chemical analysis of the post-carbonation products
were conducted using a Quanta 3D FEG Dual Beam emission scanning
electron microscope (FESEM) equipped with an EDAX energy dispersive
spectroscopy (EDS) system at the German Research Centre for Geo-
sciences (GFZ) in Potsdam. Field emission scanning electron microscope
operated with energy-dispersive X-ray analysis at an accelerating
voltage of 20 keV and 45 nA beam current. To remove the fine particles
and improve SEM imaging quality, the post-experimental powder was
placed into a polypropylene vial and filled with isopropyl alcohol.
Subsequently, the vial underwent ultrasonic cleaning for several mi-
nutes. In the following step, dried post-experiment material was
mounted onto aluminium stubs and coated with a 10 nm thick carbon
layer for conductivity. Additionally, a high-resolution secondary elec-
tron (in-lens) imaging of magnesite crystals morphology was performed
at the British Geological Survey, using Zeiss Sigma 300 VP-FEG FESEM
at 5 kV. The material was analyzed as carbon sputter-coated (approxi-
mately 25 nm thick) powder mounted onto an aluminium stub.

2.4. X-ray powder diffraction

Prior to analysis, the starting and post-carbonation materials were
mixed with ethanol and ground using corundum grinding elements in a
Retsch McCrone mill. The samples were then dried at room temperature
for 24 hours and homogenized using an agate mortar and pestle. The
obtained powders were encapsulated in capillaries (Hilgenberg, special
glass no. 10) with a diameter of 0.5 mm and wall thickness of 0.01 mm
by a vertical manual charging process.

The XRD analysis was conducted with a Panalytical X’Pert Pro MPD
powder diffractometer (Faculty of Geology at the University of Warsaw)
equipped with a capillary spinner stage. The diffractometer was oper-
ated at 40 kV and 40 mA with a line-focus X-ray tube generating CoKa
radiation (AKal =1.7890100 A). The XRD patterns were recorded at
room temperature in coupled 20/6 transmission mode with a step size of
0.013 °20 and a counting time of 5 s per step over a range of
5.007-77.998 °260. The instrument configuration included a 240 mm
radius incident beam, parabolic mirror, 0.04 rad Soller slit, and a 1 mm
fixed divergence slit. The diffracted beam setup featured a 240 mm
radius, 7.5 mm anti-scatter slit, 0.04 rad Soller slit, and a PIXcel detector
with an active length of 3.347°. Phase identification was performed by
comparing the recorded diffractograms with the patterns from the ICDD
PDF-5 + database using Bruker Diffrac.Eva software (ver. 5.0.0.22).
Quantitative phase analysis via Rietveld Refinement was performed
using the XRD patterns of the starting and post-experimental materials
with Diffrac.Topas (version 6.0). The reliability of the Rietveld Refine-
ment is indicated by the parameter Rwp = 8.81 for the starting material
and Rwp = 7.79 for the post-experimental material, demonstrating the
constructed refinement model to be reliable.

2.5. Experimental procedure

Serpentinized peridotite was ground in an agate jar using a planetary
ball mill (Retsch PM 100) for 40 minutes at a milling speed of 500 ro-
tations per minute under dry and ambient temperature conditions.
Ground serpentinized peridotite was sieved through a 50 ym aperture
sieve to obtain a fine powder with a smaller particle size for faster re-
action kinetics. The carbonation experiment was conducted using a
batch-type high-pressure and high-temperature autoclave (Novoclave
by Biichi AG, Switzerland). The experiment involved placing 15 g of
pulverized and sieved starting material into a 200 mL Hastelloy® re-
action vessel. To achieve a fluid-rock ratio of 10:1, 150 mL of ultrapure
water (ISO 3696) was added to the reactor. To prevent undesirable fluid
and CO, leakage, the vessel was sealed with Viton® O-ring seals. In the
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following step, the reactor was pressurized with CO3 (>99.995 % purity)
to approximately 50 bar. After several minutes, the reactor was heated
to an operating temperature of 185 °C and pressurized to the desired
100 bar. The mineral composition of the serpentinized peridotite
selected for the carbonation experiment is dominated by olivine Mg end-
member, forsterite (Mg2SiO4). It was proven that the temperature of
185°C aligns with the optimal conditions for the most efficient forsterite
carbonation over a range of partial pressure of CO2 (Pco,) [19,39-42]. A
mechanical stirrer was not used in this experiment. A diagram illus-
trating the carbonation system is shown in Fig. 1. After 96 h, the reactor
was slowly cooled to 35-40°C and gradually depressurized. Fluid was
sampled directly from the reaction vessel shortly after the completion of
the experiment and subsequently filtered through a 0.2 pm nylon sy-
ringe filter. For further cations analysis, a portion of the fluid was
acidified with nitric acid (HNOs3) (50 %) to prevent secondary precipi-
tation. After complete fluid extraction from the vessel, post-carbonation
solids were sampled. Due to the strong solidification, a chisel and
hammer were used to remove the solid from the vessel. The solids were
then dried in an oven at 24°C for the next four days.

2.6. Chemical analysis of post-carbonation fluid

Cation concentrations (Ca, Mg, Na, K, Fe, Al, Si, Mn, Cr, Ni, Co, Cu,
Zn, and Sr) were determined using an Inductively Coupled Plasma —
Optical Emission Spectrometer (Avio 200 ICP-OES™, PerkinElmer,
Waltham, Massachusetts, USA). Conditions of analysis are reported in
Supplementary Materials in Table S1. Calibration curves were con-
structed using a multi-element standard solution prepared from single
reference ICP standard solutions (Supelco®-Merck and CPAchem).
Quality control was achieved using analysis of diluted ICP-Multi
Element Standard Solution IV (Supelco®-Merck). Chemical analysis of
the post-carbonation fluid was performed in triplicate.

2.7. Geochemical modeling

The saturation indices (SI) and the solution ionic speciation were
calculated using PHREEQC version 3.7.3 [43]. The PHREEQC input file
was constructed using cation concentrations measured in the
post-experimental leachate (see Table 3) and a temperature of 185 °C.
The pH of the post-carbonation fluid was measured at 6.55 using a
calibrated pH meter (Elemetron 410) shortly after reactor decompres-
sion. For the SI and solution ionic speciation calculations, a pH of 5.449
was employed, as determined through PHREEQC simulation. This value
represents the estimated in situ pH before decompression, accounting
for the influence of dissolved CO:. To incorporate CO into the calcu-
lation, CO, fugacity (fCO2) was determined using the Peng-Robinson
equation with Thermosolver 1.0 software [44,45]. With a CO5
fugacity coefficient of 0.8934 at 100 bar and 185 °C, the resulting fCO2
is 89.3 bar. The input files used for speciation and saturation-index
calculations are available in the supplementary materials. Activity and
predominance diagrams have been constructed using Geochemist’s
Workbench® (GWB) software packages. The thermodynamic properties
of minerals and molecules for PHREEQC and GWB calculations were
sourced from the Thermoddem V1.10 thermodynamic database, pro-
vided by the Bureau de Recherches Géologiques et Minieres [46].

2.8. Nickel mass balance

Ni distribution before and after the carbonation experiment was
estimated using average Ni contents in forsterite, serpentine, tremolite,
spinel, and sulfides measured in this study. The proportions of minerals
were based on the Rietveld Refinement analyses. The Ni concentration
in clinochlore was taken from the study of Kierczak et al. [47]. The
proportion of sulfides was calculated from the total sulfur concentration
(TOT/S) in the whole rock. Ni concentration in Ni-phyllosilicate was
sourced from EDS analyses. For estimating the experiment budget, we
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Fig. 1. Scheme of the setup used for the single-stage aqueous mineral carbonation experiment.

used Ni content in natural magnesite from the studied area [48]. To
assess the potential incorporation of Ni into secondary
Ni-phyllosilicates, the total Ni content was fixed at the value measured
in the post-experimental solid by whole-rock analysis, while the pro-
portion of Ni-phyllosilicate was treated as an unknown variable.

3. Results
3.1. Whole-rock chemical composition

The serpentinized peridotite bulk and powdered samples demon-
strated comparable compositions concerning major oxide content, LOI,
and TOT/C. Serpentinized peridotite from BBM showed typical Ni
concentrations for the Earth’s upper mantle, averaging 2000 mg/kg
[49].

After the carbonation experiment, the material contained slightly
different concentrations than the starting material (powder). There was
a clear decrease in the content of silica (SiO5) (decrease by 7.37 wt%)
and Mg oxide (MgO) (decrease by 7.81 wt%). The concentrations of the
remaining major oxides were slightly lower than those of the starting
material. However, these decreases were balanced by a substantial in-
crease in the LOI value, which rose by 17.4 %, and in the TOT/C, which

increased by 5.28 %. The Ni content in post-carbonation material
reached 2304 mg/kg, while Cr and Co contents showed a reduction.
Table 1 provides a comparative overview of the whole-rock chemical
compositions of bulk and powdered serpentinized peridotite samples
from BBM alongside the post-carbonation materials. Supplementary
materials (Table S2) provide a comparison of other trace elements
analyzed before and after carbonation.

3.2. X-ray powder diffraction

Quantitative and qualitative analyses using X-ray powder diffraction
were performed to identify the solid products of the mineral carbonation
experiment and evaluate compositional changes relative to the starting
material. The diffractograms obtained demonstrated significant changes
in the phase composition of the serpentinized peridotite during the
carbonation (Fig. 2). All of the phases present in the unreacted material
were less abundant after the experiment, with the largest decrease
observed for forsterite proportion. Rietveld Refinement suggested that
42 % of forsterite was dissolved during the experiment (Table 2).
Instead, approximately 46 % magnesite was formed in the post-
carbonation material.
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Table 1
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The serpentinized peridotite whole-rock chemical composition for bulk and powdered samples before and after mineral carbonation. Nickel, chromium, and cobalt are

included in the total (wt%) in their oxide forms.

Serpentinized peridotite

Bulk sample

Powdered sample After carbonation (using powdered sample)

Si0y (Wt%) 41.07
MgO (wt%) 37.46
Fe,03 (Wt%) 8.95
CaO (wt%) 1.84
Aly03 (Wt%) 0.33
LOI (wt%) 9.0
Ni (mg/kg) 1911
Cr (mg/kg) 2065
Co (mg/kg) 118
Total (wt%) 99.28
TOT/S (%) 0.02
TOT/C (%) 0.47

40.48 33.11
37.98 30.17
8.86 7.22
1.24 0.97
0.47 0.38
9.5 26.9
2034 2304
2341 1984
122 88.7
99.33 99.05
0.03 0.04
0.46 5.74

Serpentinized peridotite after carbonation

Serpentinized peridotite
O O T O B A O B B B S B A O B T B B B B B O B A A O O B A B A A A A R A R R A A A A B R B RO NN A

10 20 30

40
°28(CoKa)

i Forsterite
@ Magnesite
Serpentine
V¥V Tremolite
Clinochlore
* W Fe-Cr spinels

*

50 60 70

Fig. 2. Comparison of XRD patterns of unreacted (pre-experiment) and carbonated (post-experiment) serpentinized peridotites from the Braszowice-Brzeznica
Massif. Note the lack of forsterite and the dominance of magnesite in the carbonated sample.

Table 2

Comparison of the phases present in the unreacted serpentinized peridotite from
BBM and the same sample after the single-stage aqueous carbonation experi-
ment. Quantitative data (wt%) were acquired through Rietveld Refinement.

Serpentinized peridotite

Mineral name before carbonation (wt%) After carbonation (wt%)

Forsterite 48.0 6.0
Serpentine 13.6 9.7
Tremolite 10.3 5.63
Clinochlore 16.7 12.9
Fe-Cr spinels 0.55 0.49
Magnesite 0.00 46.0

3.3. Petrography and mineral chemistry

3.3.1. Starting material

The mineral composition of serpentinized peridotite was primarily
comprised of forsterite (Fogg_gp). The rock also contained a significant
presence of serpentine minerals and tremolite. The most common
accessory minerals present in the rock were Fe-Cr spinels. Serpentinized

peridotites in BBM were characterized by a ribbon-shaped mesh texture,
where microscopic serpentine veins cross-cut forsterite grains (Fig. 3a).
Tremolite occurred as blady and elongated crystals, often cut by
serpentine veinlets (Fig. 3b). Smaller magnetite grains (up to a few pm)
were typically associated with serpentinite-dominated zones (Fig. 3c).
The largest individual crystals of Fe-Cr spinels reached 1 mm and
exhibited a well-preserved chromiferous core surrounded by magnetite
or chromian magnetite. Clinochlore aggregates partially replaced many
primary spinels, appearing as inclusions or aureoles. Additionally, there
were very rare diopside relicts, dolomite grains within serpentine veins
(Fig. 3d), and < 8pm Ni-Fe sulfides grains, including millerite and
pentlandite (Fig. 3e). A summary of the chemical composition of indi-
vidual mineral phases, obtained through EMPA spot analysis, was pro-
vided in the supplementary materials (Table S3).

EMPA analyses (n = 50) revealed that Ni concentrations in forsterite
did not exceed 0.34 wt%, which was consistent with mantle-derived
forsterite, typically containing an average of approximately 0.3 wt%
Ni [50,51]. The second most abundant phase in the studied peridotites
was the serpentine subgroup minerals, however, their Ni concentrations
(n = 8) did not exceed 0.29 wt%. Tremolite showed the lowest Ni con-
tent (n = 7), with concentrations below 0.1 wt%. Among Fe-Cr spinels
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Fig. 3. Microscopic (a, e) and back-scattered electron (b,c,d) images of serpentinized peridotite from Braszowice-Brzeznica massif before mechanical activation (thin
section). (Ol — olivine, Srp — minerals from the serpentine subgroup, Mag- magnetite, Tr- tremolite, Dol- dolomite). The rock predominantly comprises anhedral
olivine grains (a), and bladed tremolite crystals (b) cross-cut by serpentine veinlets. Magnetite and chromium magnetite occur mostly as scattered, irregular grains
(c). Rare dolomite is present, mostly within serpentines (d). A reflected light image of pentlandite is presented in figure (e).

(n = 14), two distinct groups were observed (Fig. 4). The first group,
with lower Ni content, corresponded to chromiferous cores, where Ni
concentrations remained below 0.1 wt%. These cores also showed
elevated Mg and Al concentrations (see Table S3). In contrast, higher Ni
concentrations were observed in magnetite rims and grains, typically
remaining below 0.5 wt%. Sulfides, although scarce, contained the

30 - < .“ & Forsterite
% | @ Serpentine
@ Tremolite
» | R @ { @ Fe-Crspinels
o & sulfides
= <
S 18 +
z 14+ KD OO
(o2}
= 10
6 'S 4
2L
0 frmremmns e @5 LD
Ty T T T
0,01 0,1 1 10 100

Ni [wt.%]

Fig. 4. Scatter plot of Mg (wt%) vs. Ni (wt%) showing EMPA analysis for
forsterite, serpentine, tremolite, Fe-Cr spinels, and sulfides, illustrating the
distribution of Ni across individual mineral phases in serpentinized peridotites
from BBM. For sulfides, Mg concentrations were set to the value of “0” due to
the absence of Mg analyses. Note that values on the x-axis are displayed on a
logarithmic scale.

highest Ni concentrations, with millerite (n = 10) showing 58.1-68.4 wt
% Ni and pentlandite (n = 9) 30.7-33.6 wt% Ni.

3.3.2. Post-carbonation material

FESEM analyses revealed the details of magnesite crystals formed
during the carbonation experiment. Magnesite appeared as < 8 pm
euhedral, rhomboid-shaped crystals (Fig. 5a), locally cementing
unreacted powder of serpentinized peridotite. Magnesite was observed
to have undergone partial recrystallization, resulting in the formation of
a cryptocrystalline matrix that frequently acted as a cementing agent for
the undissolved fine rock particles (Fig. 5b). All analyzed magnesites
exhibited a typical chemical composition of approximately 48.0 wt%
MgO and 52.0 wt% COs.

The XRD diffractogram of the solid products displayed peaks at
characteristic positions for quartz (see Fig. 2), indicating the formation
of small quantities of crystalline SiO during carbonation. FESEM ana-
lyses of the post-carbonation material confirmed the presence of chal-
cedony layers exhibiting a distinctive botryoidal morphology (Fig. 6a).
Some of the chalcedony-composed surfaces were additionally over-
grown with another layer of Ni phyllosilicates (Fig. 6b). The direct
contact between chalcedony and the layer of Ni phyllosilicate was most
visible at the edge of the observed structures or in the central parts of the
nodules (Fig. 6¢, Fig. 6d). A homogeneous rectangular area (5 pm x 8
pm), within the Ni phyllosilicate layer, was analyzed for its chemical
composition, revealing 41 wt% SiO2, 35 wt% NiO, and 6 wt% MgO.
Honeycomb-like and cornflake textures [52], visible in BSE images,
suggested that the Ni silicates might belong to the smectite group.
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Fig. 5. Back-scattered electron (BSE) images of (a) single euhedral magnesite (Mgs) crystal surrounded by ultramafic, unreacted fines and; (b) magnesite (Mgs)
recrystallized aggregates.

Fig. 6. Back-scattered electron (BSE) images of (a) naked chalcedony (Chc) layer with characteristic nodules on its surface; (b) chalcedony layer overgrown with Ni-
phyllosilicate layer (c) the contact between the chalcedony layer and Ni silicates; (d) a close-up image of two silica nodules, where Ni-phyllosilicate completely
overgrows one nodule while the second remains exposed.

3.4. Chemical composition of post-carbonation fluid experimental leachate revealed that Si and Mg exhibited the highest

average concentrations, reaching 3360 mg/kg and 679 mg/kg, respec-

The triplicate analysis of cation concentrations in the post- tively. The element with the third highest concentration was Ni, with an
Table 3

The triplicate analysis (I — III) of the chemical composition of the post-experimental leachate. The average concentrations, listed in the last row, were used for
geochemical modeling.

mg/kg Ca Mg Na K Fe Al Si Mn Cr Ni Co Sr

1 13.1 687 10.9 2.31 4.41 0.021 3360 1.20 0.05 17.5 0.04 0.30
I 12.6 667 10.4 2.46 4.35 0.021 3337 1.18 0.05 17.5 0.04 0.29
I 13.0 684 11.0 2.33 4.59 0.021 3382 1.21 0.05 17.7 0.05 0.30
avg. 129 679 10.8 2.37 4.45 0.021 3360 1.20 0.05 17.6 0.04 0.30
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average concentration of 17.6 mg/kg. The Ca and Fe content in the post-
experimental leachate was 12.9 mg/kg and 4.45 mg/kg, respectively.
The complete chemical composition of the fluid is summarized in
Table 3.

3.5. Nickel mass balance model

In the proposed model, the Ni budget in serpentinized peridotite,
before mineral carbonation, was estimated based on the quantitative
distribution of individual mineral phases and their respective Ni con-
centrations (Table 4). Despite some uncertainties, such as (1) the
average Ni concentration in sulfides that included both pentlandite and
millerite, and (2) the average concentration of Ni in spinels that included
Cr-rich and Fe-rich types, the Ni budget calculated before the experi-
ment (total) approximated the Ni concentration in the whole rock (WR).

The same methodological approach was applied to determine Ni
distribution in the post-experimental material. Based on this analysis,
the proportion of Ni-phyllosilicate required to balance the Ni budget
(WR = 2305 mg/kg of Ni) was estimated to be no more than 1 wt%, and
was likely closer to 0.5 wt% in the post-carbonation material. Moreover,
secondary magnesite, with an average Ni content of approximately
5 mg/kg, had no significant impact on controlling the overall Ni budget.

4. Discussion

Mineral carbonation occurs when gaseous CO: dissolves in water,
forming aqueous CO2, which undergoes hydration to produce carbonic
acid (H2COs). Carbonic acid then dissociates predominantly into
hydrogen ions (H*) and bicarbonate ions (HCOs"), with further dissoci-
ation into carbonate ions (COs*") depending on pH. In the presence of
divalent cations, these ions can precipitate as carbonate minerals [13].
This process was documented throughout our batch experiment, during
which serpentinized peridotites underwent carbonation. This discussion
primarily addresses the mobility of Ni during mineral carbonation of
serpentinized peridotites at 185 °C and a P¢o, of 100 bar. We show that
at least 50 % of Ni was mobilized and subsequently 95 % was incorpo-
rated into secondary Ni-phyllosilicate, but also several percent remained
in the carbonation fluid.

4.1. Forsterite dissolution
The ultramafic feedstock used in the single-stage aqueous carbon-

ation experiment primarily comprises forsterite, which constitutes
48.0 wt% of the whole rock and contains approximately 0.3 wt% Ni.

Table 4
Nickel balance model before and after single-stage aqueous mineral carbonation.
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Therefore, the extent of forsterite preservation during the carbonation of
serpentinized peridotites is an essential factor controlling Ni supply to
the system. A comparative analysis of XRD diffraction patterns (before
and after carbonation) revealed the nearly complete absence of for-
sterite in the post-experimental solid. The forsterite content of approx-
imately 6.0 wt% in the post-experimental material, as determined
through Rietveld Refinement, falls within the analytical margin of error.
Moreover, the presence of forsterite was not detected when observing
the material using electron microscopy. This indicates that under the
applied pressure, temperature, and duration, forsterite was either
completely dissolved or, if any grains remained, they were so scarce that
they were effectively undetectable. The complete dissolution of for-
sterite could be enhanced by slightly acidic pH, a condition that pro-
motes efficient olivine dissolution [53-55]. It remains unclear whether
all the forsterite fully dissolved or partially transformed into serpentine
minerals. However, the decrease in both serpentine and amphibole
proportions after the experiment (Table 2) suggests that other primary
phases were also dissolving. Nonetheless, we propose that the extensive
dissolution of forsterite was the main source of divalent cations (Mg?*
and Ni") and could contribute approximately 1000 mg/kg to the
mobilized Ni budget (based on the average Ni content in olivine as
measured by EMPA and its initial proportion from the Rietveld Refine-
ment). As the post-experimental fluid contained only 680 mg/kg of Mg
and 18 mg/kg of Ni, the majority of these elements were probably
incorporated into newly precipitated phases such as magnesite (Mg2*")
and Ni-phyllosilicates (Ni%*).

4.2. Magnesite precipitation

Depending on the specific conditions of the mineral carbonation
process, both hydrated and non-hydrated magnesium carbonate min-
erals can be formed [56]. Although magnesite and, for example, nes-
quehonite share the same Mg: C ratio (1: 1), magnesite is anhydrous, and
its lower molecular weight, together with its higher CO2 mass fraction
(52 wt %), confers a much greater CO»-storage density and long-term
chemical stability, making it an attractive mineral sink for carbon
storage [57]. In this study, magnesite is the only carbonate identified (SI
=1.33).

The analysis revealed no detectable Ni content in the studied
magnesite crystals. Furthermore, XRD analysis did not identify the
presence of the gaspéite, a Ni end-member of the (Mg,Ni)COs solid so-
lution series, among the solid products of our carbonation experiment.
In nature, gaspéite is a very rare mineral [58], but it was synthesized in
laboratory conditions at 250 °C, pH approximately 4, and approximately

Before mineral carbonation

Mineral proportions [wt%]

Ni content [mg/kg] Contribution to total Ni budget [mg/kg]

Forsterite 48.00
Serpentines 14.00
Tremolite 10.00
Clinochlore 17.00
Fe-Cr spinel 0.55
Sulfides 0.09
Total

WR [mg/kg]

After mineral carbonation
Mineral proportions [wt%]

Forsterite 6.00
Serpentines 9.70
Tremolite 6.00
Clinochlore 12.9
Fe-Cr spinel 0.49
Sulfides 0.09
Magnesite 46.00
Ni-phyllosilicate 0.50

WR [mg/kg]

2260 1084.8
1500 204
680 70.04
1886 314
2500 13.75
450000 405
2092
2034

Ni content [mg/kg] Contribution to total Ni budget [mg/kg]

2260 135.6
1500 145.5
680 40.8
1886 243.3
2500 125
450000 405
5 2.3
261100 1306
2304
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40 atm of Pco, [59]. The calculated SI for NiCOs is 2.03, indicating the
potential for its precipitation. We suggest that gaspéite did not form in
this study because carbonate ions preferentially form chemical bonds
with Mg rather than Ni** [60], particularly when Mg is significantly
more abundant in the solution.

4.3. Silica precipitation

Various forms of silica are a common by-product of mineral
carbonation, using forsterite-bearing rocks [20,61-63]. The presence of
silica in the system is consistent with the course of the carbonation re-
action [64]. As Mg, rather than Si, combines with carbonate ions during
the dissolution of forsterite, silicon concentration in the solution
continuously increases. This process typically continues until the system
reaches amorphous silica saturation (the point where precipitation may
start). Studies have shown that silicon in the post-carbonation fluid
primarily exists in the form of orthosilicic acid (H4Si04) [65,66], a result
also confirmed in our experiment by fluid speciation modeling.

Qualitative and quantitative XRD analysis revealed a small amount
of quartz in the post-experimental solid, estimated at 1.7 wt%. During
SEM-BSE studies, prismatic quartz crystals were not observed among the
solid products. However, chalcedony and quartz exhibit overlapping
XRD peaks, particularly around the 20 position at 26.6°, due to the
presence of 50-100 nm a-quartz crystallites as components of chalced-
ony [67]. Therefore, the XRD patterns align more closely with chal-
cedony, as confirmed by BSE imaging observations. Chalcedony occurs
as a layered structure with numerous nodules on its surface. This
distinctive morphology, characterized by a hemispherical texture, is
called botryoidal and is a commonly observed feature of chalcedony
[68]. The calculated SI of 1.36 suggests that the solution was supersat-
urated with respect to chalcedony, indicating a tendency for it to pre-
cipitate from the solution during the carbonation experiment. It is also
noteworthy that the chalcedony precipitated as a flat and relatively
extensive layer (approximately 250 pm in length), which may suggest
that it crystallized on the inner wall of the vessel and subsequently fell
into the reacted ultramafic fines during or shortly after reactor
decompression.

The precipitation of a chalcedony layer may be essential for pro-
moting smectite growth, which can serve as a sink for transition metals
and play a key role in controlling Ni mobilization. Experimental studies
at similar temperatures (100-150 °C) have shown that quartz supplies
additional silica to the solution, which is crucial for smectite crystalli-
zation on the surface of quartz [69]. Chalcedony formation during
single-stage carbonation may provoke the growth of smectite minerals
by increasing silica activity in the solution, thereby promoting smectite
nucleation and growth on the clean chalcedony layer.

4.4. Formation of Ni-phyllosilicates

The presence of Ni-phyllosilicates among post-carbonation solid
products strongly correlates with chalcedony. It was observed that the
chalcedony layer is extensively overlaid by a thin (< 5 pm) mineral
layer. This coating is predominantly compositionally homogenous,
although there are areas where the underlying silica layer remains
exposed (see Fig. 6b).

Electron microscopy analysis revealed a distinct honeycomb struc-
ture, a characteristic feature of the smectite group [52]. Analogous
textures were observed in nature during the growth of smectite layers on
sand grains, where detrital quartz probably plays an important role as a
source of silica necessary for smectite formation [70].

On a laboratory scale, Ni phyllosilicates, visually resembling those
formed during our carbonation experiment, have been synthesized as
precursors for Ni/SiO2 catalysts [71]. Similar Ni phyllosilicates, in the
form of spherical particles, have been synthesized as reusable catalysts
and versatile catalytic support materials for the chemical industry [72].
Also, a group of 2:1 type Ni-phyllosilicates was synthesized to develop
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Ni/SiOy catalysts for CO; methanation [73]. The experiments
mentioned above focused on catalyst synthesis and were conducted
under hydrothermal conditions with aqueous solutions, similar to the
approach used in this study. Although this question remains unan-
swered, there is a possibility that during single-stage carbonation of
ultramafic rocks with high Ni content, byproducts resembling Ni/SiO-
catalysts could be synthesized.

To the best of our knowledge, there are no direct reports in the
literature of Ni-phyllosilicate crystallization as a by-product during the
experimental mineral carbonation of ultramafic rocks. In natural set-
tings, different Ni-phyllosilicates are frequently observed as products of
the lateritization of ultramafic rocks [74,75]. Water plays a crucial role
in this process by facilitating the dissolution of silicates and the subse-
quent release of Mg?* and Ni** cations, which are then incorporated into
newly formed phyllosilicates. Additionally, when sufficiently enriched
with CO2, water can promote the precipitation of carbonates, contrib-
uting to the formation of magnesite within weathered ultramafic massifs
[76]. The P-T (185 °C and Pco, of 100 bar) conditions inside the
experimental reactor used in this study, although much higher than
those typical of tropical weathering, resemble accelerated lateritization.

The conditions inside the reactor significantly exceeded those typical
of tropical weathering, a comparatively low-temperature process when
contrasted with hydrothermal or magmatic activity. Despite these
temperature discrepancies, the process may still resemble lateritization
and, therefore, the formation of secondary Ni ores, with the applied 185
°C and Pco, of 100 bar, significantly enhancing and accelerating this
process.

Nickel speciation and activity plot of log (aMg**)/(aH*)? vs. log aSiO-
are used to identify the potential Ni-bearing phyllosilicates at equilib-
rium with the fluid in the 96th hour of carbonation experiments (shortly
before reactor decompression). The speciation diagram for the Ni in the
CO02-H:0 system indicates that Ni** is the dominant species in solution
(Fig. 7a). The activity plot was constructed for the MgO-SiO3-Al;03-H20
system at 185 °C and solution pH of 5.44, corresponding to the final
stage of the experiment. The applied system could not be extended to
NiO due to the unavailability of the equilibrium coefficient (log K) for
Ni-end-member phyllosilicates at temperatures above 25°C [77]. The
activity plot (Fig. 7b) shows that after 96 hours, equilibrium was
reached for Mg-saponite [Mgg 17MgsAlg 34Si3.66010(0H)2] (acc. Ther-
moddem database). Saponite and its varieties are 2:1 trioctahedral
phyllosilicates and belong to the smectite group [78]. The precipitation
of Mg-saponite is also supported by a high SI of (>12) after 96 hours of
the experiment. However, the measured chemical composition of the
precipitates does not correspond to the Mg-rich saponite, primarily due
to the absence of aluminium and the exceptionally high NiO content
(approximately 35.00 wt%). Since Ni?* was nickel dominant ion species
at the experiment final stage, it could replace Mg?*, especially as most of
the Mg was consumed by carbonate ions. Wang and Dreisinger [79]
described the “complex competition of divalent metals” during the
mineral carbonation of olivine, where Ni** and Mg?* compete to form
stable complexes, with Mg?* predominantly combining with carbonate
ions to precipitate as Mg carbonates. We hypothesize that the Ni content
in the fluid would either increase over time or combine with other ions
to form more complex compounds, such as phyllosilicates, rather than
carbonates. The nickeliferous smectites found among post-carbonation
solids in our experiment may represent a Ni-rich, Al-free variant of
saponite-like phases. Nonetheless, without detailed crystallographic
data for this Ni-rich phase, assigning a definitive nomenclature remains
challenging, warranting further investigation. Due to many challenges
(intimate mixtures, fine-grained nature) in characterizing and classi-
fying these minerals, researchers commonly use the term “garnierites” to
describe Ni-Mg phyllosilicates occurring in lateritic covers of ultramafic
rocks [80]. Similarly, the Ni-rich phase that crystallized in our experi-
ment may be classified under the term “garnierite”. Given the data ob-
tained and the specific formation conditions, this designation appears to
be more scientifically accurate.
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Fig. 7. (a) Nickel predominance (T vs. pH) diagram in CO,-H,0 system at 185 °C; (b. Activity plot of log a[(Mg**/H*)?] vs. log aSiO, for the system MgO-SiO,-Al,05-
H,0 at 185 °C and pH 5.44. The thermodynamic properties of minerals and molecules were sourced from the Thermoddem V1.10 thermodynamic database.

4.5. Nickel mobilization to fluid

Chemical analysis of the post-experimental fluid revealed that under
the applied temperature and Pco,, Ni was mobilized into the solution,
reaching concentrations of an average of approximately 18 mg/kg. It is
possible that the Ni concentration was higher during the experiment and
may have continued to increase until Ni-rich phases began to precipi-
tate. The approximately 18 mg/kg of Ni in the post-carbonation fluid
was achieved after 96 h.

Although the literature on Ni mobilization during ex situ mineral
carbonation and olivine dissolution are scarce, related natural science
research offers valuable insights. Montserrat et al. [81] demonstrated in
laboratory experiments that olivine dissolves steadily in seawater with
increasing Ni concentrations, proposing that Ni can effectively serve as a
proxy for tracking olivine dissolution rates. It was also noted that the
release of Ni into seawater could exceed safe thresholds, potentially
affecting marine life, particularly in coastal areas with limited water
exchange. Groundwaters associated with ophiolitic complexes typically
show Ni concentrations below 50 ppb, which are significantly lower
than those observed in post-carbonation fluid [82-84]. In contrast,
analysis of Ni mobility in soil using EDTA extraction shows that up to
5 % (over 100 mg/kg) of Ni can be leached from ultramafic rocks, which
are higher than the Ni levels observed in post-carbonation fluids. There
is currently no available literature on the formation of Ni-bearing phases
following EDTA extraction, as it is believed that plants absorb most of
the extracted Ni. In our study, the nickel released from olivine dissolu-
tion was primarily associated with secondary phases, which results in
the lower Ni-content in the final extraction fluid compared to Ni content
in fluids related to ultramafic rocks weathering [47].

4.6. Nickel distribution before and after carbonation

Ni mass balance model suggests that at least 50 % of Ni was removed
from the serpentinized peridotite (approximately 1000 mg/kg). Also,
the low concentration of Ni in post-experimental fluid (approximately
18 mg/kg) and high in post-experimental solid (2300 mg/kg) indicate
that most mobilized Ni must have been included in secondary phases.
The only Ni-bearing secondary phase identified in post-experimental
products was Ni-phyllosilicate with a measured Ni concentration of
approximately 26 wt%. Although Rietveld Refinement did not detect
this phase, its high Ni content suggests that even a small amount, as little
as 0.5 %, could account for the over 1000 mg/kg of Ni released. This
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likely corresponds to the whole of the Ni derived from forsterite disso-
lution (see Table 4). Mass-balance calculations involve some uncer-
tainty, particularly regarding the unknown fate of sulfides, a primary Ni-
bearing phase. Nevertheless, these calculations suggest that more than
half of the Ni can be mobilized during carbonation, with the majority
(approximately 98 %) eventually immobilized in a relatively small
fraction of secondary phyllosilicate.

5. Conclusions

The single-stage aqueous mineral carbonation of serpentinized
peridotite, performed at 185 °C under a partial CO2 pressure of 100 bar
for 96 hours, led to significant forsterite dissolution and magnesite
precipitation. Under these carbonation conditions, forsterite dissolution
regulated the Ni supply to the system. This study revealed that Ni** was
primarily incorporated into newly formed phyllosilicates, while some
remained in the aqueous fluid. No Ni was detected in newly crystallized
magnesite. The Ni-phyllosilicates formed during single-stage carbon-
ation had a high Ni concentration and were the main contributors to the
Ni budget in the post-carbonation material despite their overall quantity
being minimal.

Ultramafic rocks, such as the partially serpentinized peridotites used
in this study, are promising candidates for single-stage aqueous mineral
carbonation, offering a pathway for permanent CO: sequestration.
However, the dissolution of forsterite-bearing ultramafic rocks is ex-
pected to release Ni, which may pose environmental risks. Our study
provides insights into the mobility of Ni and raises important questions
for further research around the optimization of mineral carbonation
technologies with minimal environmental impact. We thus recommend
monitoring the formation of potential Ni-rich phases during carbonation
as well as the concentration of Ni in the carbonating fluids, particularly
in future large-scale ex situ mineral carbonation projects using ultra-
mafic rocks. Experimental results indicate that both CO2 sequestration
and the synthesis of Ni-rich phyllosilicates can be achieved through
single-stage mineral carbonation. Further work is needed on the stability
of the newly formed phases, and their long-term potential for Ni
immobilization.
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