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The main obstacle to the aqueous carbonation of non-serpentinised

magnesium silicates is the formation of surface passivation layers, which

severely limits the reaction rate and thus the overall e�ciency of the process. A

technological solution to overcome this problem is to perform the carbonation

process inside a stirred bead mill, which aims to continuously remove the

surface by-product layers by attrition. In this work, the aqueous carbonation

of ferronickel slag, a mineralogically complex mining waste composed of a

Mg/Si rich amorphous phase and a crystalline ferrous forsterite, was studied

at 150◦C and under 10 bar of CO2 with di�erent operating configurations:

carbonation alone (C mode), attrition followed by carbonation (A-C mode)

and concomitant attrition and carbonation (AC mode). By careful observation

of the mineralogy and the surface of the secondary phases formed using

complementary analytical techniques, the article allows a better understanding

of the passivation phenomenon inherent to the carbonation of magnesium

silicates, and confirms the e�ectiveness of continuous surface mechanical

depassivation for reaching high carbonation rates with this type of material.

Comparative analysis of the products obtained with the three operatingmodes

shows that a true synergy takes place between attrition and carbonation due

to the combined e�ect of continuous exfoliation and mechanical activation

of particle surface, which goes far beyond the simple increase in surface

area due to particle size reduction. While mechanical depassivation is

here substantiated by several evidence, the additional mechanochemical

activation e�ect cannot be delineated from experiment; however its beneficial

contribution to carbonation is inferred from its observation in A-C mode.

The work finds that the synergy between attrition and carbonation also

yields very characteristic products. They consist in micrometric agglomerates

formed by bound spherical particles a few tens of nanometers in size.

These particles themselves contain an entanglement of nanometric grains

of carbonates and amorphous silica dispersed inside a magnesium-depleted

alumino-siliceous matrix. These results confirm that concomitant
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attrition and carbonation o�ers one of the most promising pathways

for developing direct aqueous carbonation processes with non-thermally

activatable magnesium silicates.

KEYWORDS

CO2 utilization, direct aqueous mineral carbonation, concomitant attrition and

carbonation, stirredbeadmill,magnesiumsilicates, silica-rich layers, ferronickel slags,

industrial wastes

Introduction

Over the past 3 decades, mineral carbonation has
progressively developed, structured and imposed itself as a
realistic way to mitigate CO2 emissions (Seifritz, 1990; Lackner
et al., 1995; Huijgen and Comans, 2003; Sanna et al., 2014;
Yadav and Mehra, 2021). It consists in entrapping CO2 in
a highly stable solid form as carbonates formed by reaction
between CO2 and a magnesium or calcium bearing feedstock in
an aqueous medium. Mineral carbonation products, primarily
silica and carbonates, are stable under weakly acidic natural
precipitation conditions and CO2 can be stored for more than
100,000 years (Lackner, 2003; Wang et al., 2018). A distinction
is made between in-situ mineral carbonation, which consists in
trapping CO2 in geological reservoirs (natural gas reservoirs, oil
reservoirs, brine reservoirs, etc.) where carbonation reactions
occur with the host rock, and ex-situ mineral carbonation,
where carbonation reactions are carried out in a dedicated
optimizable process or plant.

Natural feedstocks used for mineral carbonation are Mg,
Fe or Ca-rich silicates, which are plentiful in the Earth’s
crust. Key minerals are serpentine [Mg3Si2O5(OH)4]
(antigorite, lizardite, chrysotile) and olivine [Mg2SiO4]
(forsterite) which react with CO2 to form anhydrous or
hydrated magnesium carbonates like magnesite (MgCO3),
hydromagnesite (Mg5(CO3)4(OH)2.4H2O) and nesquehonite
(MgCO3.3H2O) (Guermech et al., 2022), or wollastonite
(CaSiO3) which forms calcite (CaCO3). The steps that limit the
reaction can be the dissolution of CO2 in the aqueous solution,
the dissolution of silicates, the lack of liberation of leachable
phases, and the passivating precipitation of silica-rich layers and
carbonates on the surface of the particles (Sanna et al., 2014).

Among natural magnesium feedstocks, it is clear that
there is a significant difference between serpentinized and
non-serpentinized materials from the point of view of the
passivation phenomenon. The former allow the carbonation
of a significant amount of labile Mg by controlled thermal
activation (dehydroxylation), which transforms thematerial into
a reactive amorphous phase (McKelvy et al., 2004; Dlugogorski
and Balucan, 2014; Pasquier et al., 2014; Rim et al., 2020). It is
worth noting that the energy expended for this high temperature

activation pretreatment is partially and inefficiently recovered
through the low temperature exothermicity of the carbonation
reaction. Thus, a significant number of studies have focused
on the carbonation of heat-treated serpentine (Werner et al.,
2013, 2014; Dlugogorski and Balucan, 2014; Pasquier et al.,
2014; Hariharan and Mazzotti, 2017; Du Breuil et al., 2019;
Rim et al., 2020). The latter, exemplified by olivine, undergo a
shrinking core dissolution: a silica-rich passivation layer forms
during the reaction, which opposes the carbonation process.
The nature and in particular the permeability of this surface
layer depends on material factors, such as the structure and
chemical composition of the feedstock and the implementation
and operating conditions of the carbonation process (Schott and
Berner, 1983; Béarat et al., 2006; Julcour et al., 2015; Wang et al.,
2019). The characteristics of these surface layers is discussed
in more detail afterwards. For natural calcium feedstocks,
wollastonite has emerged as the most prized mineral (Huijgen
et al., 2006; Daval et al., 2009; Ding et al., 2014; Min et al.,
2017; Di Lorenzo et al., 2018). In general, the overall carbonation
kinetics are significantly higher with calcic feedstocks, which is
partly explained by the slower precipitation kinetics of MgCO3

compared to CaCO3, as reported by Saldi et al. (2009).
In recent years, scientific and commercial developments

have intensified around the carbonation of anthropogenic wastes
in a quest for greater circularity of the economy and wealth
creation. The review by Yadav and Mehra (2021) reports a
detailed mapping of carbonatable industrial wastes, including
steel slag, cement wastes, mining wastes (asbestos, nickel
tailings, redmud), household waste incineration ashes and paper
industry wastes. Compared to natural minerals, industrial wastes
are available in significantly smaller quantities. They represent a
feedstock category of their own, as they exhibit compositions,
in metals particularly, and reactivities that are generally higher
than those of natural materials (Huijgen et al., 2005; Gadikota
et al., 2015).

Although thermodynamically favored, mineral carbonation
reactions are naturally slow. The most favorable pathway in
this respect is ex-situ aqueous mineral carbonation (Doucet,
2011), as opposed to in-situ and dry mineral carbonation.
Several approaches have been studied, alone or in combination
to increase the kinetics and the advancement of aqueous
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carbonation reactions: particle size reduction, temperature, CO2

partial pressure, pH, thermal activation, chemical additives,
catalysts, concomitant grinding and carbonation (O’Connor
et al., 2001; Park and Fan, 2004; Chizmeshya et al., 2007;
Gerdemann et al., 2007; Rashid et al., 2019, 2021; Rim et al.,
2020). Invariably, the associated demands in energy, additives
or consumables become sensitive issues as they tend to oppose
the net benefit of the carbonation process.

Compared to other techniques, the use of concomitant
grinding in mineral carbonation is relatively new and under-
researched. A better understanding of the mechanisms that
govern the performance of this process is deemed necessary
to envisage turning it into a viable mineral carbonation
process. Moreover, because of their refractory character to
carbonation, only few studies (Julcour et al., 2015; Rashid
et al., 2019, 2021; Wang et al., 2019; Rim et al., 2020) have
focused specifically on aqueous carbonation of olivine type
feedstocks aided by attrition. Consideration of physical abrasion
as a means to eliminate passivated surfaces in the context
of mineral carbonation dates back to 2004 with the work
of Penner et al. (2004). The authors posited that a possible
advantage of the highly turbulent environment provided by
their flow-loop carbonation reactor was high-energy particle-
particle interactions, which they suspected could exfoliate
passivated surfaces and thus produce additional dissolution and
reaction of Mg. The search for solutions to deliberately apply
abrasion during the carbonation process was later reported
by Julcour et al. (2015), followed by Rashid et al. (2019,
2021) and Rim et al. (2020). Julcour et al. (2015) exemplified
the performance and robustness of concurrent attrition and
carbonation for a suite of natural Mg-silicates and put forward
the hypothesis of a synergy between the two processes. A
following-up work on the kinetic modeling of this concurrent
process applied to a ferronickel slag (Julcour et al., 2020)
suggested the existence of a limit size below which attrition
becomes ineffective at removing the by-product layers, but
whose experimental proof needed to be provided. Rashid
et al. (2019) concluded on the benefit of concurrent grinding
for minerals unresponsive to thermal activation. In Rashid
et al. (2021), punctual semi-quantitative EDS measurements of
particle surface and core’s chemical composition led them to
conclude to the continuous removal of silica-rich surface layers
on the surface of natural dunite, olivine and lizardite ores.
Adding grinding beads to a PCO2-swing aqueous carbonation
process, Rim et al. (2020) looked at the effect of continuous
abrasion on carbonation of heat-activated serpentine. Applying
a stress intensity approach derived from that used to scale
and optimize stirred mills for fine grinding, they looked into
the effect of surface vs. body fragmentation on carbonation
efficiency. Against intuition, they concluded that the latter was
more effective at continuously removing Si-rich layers and
improving carbonation efficiency. The present paper is another
contribution to understanding the effect of concurrent attrition

and carbonation, with the demonstration of depassivation
at its core, in particular by a combination of chemical
surface analyses.

Economic attractiveness of ex-situ mineral carbonation
demands that the reaction proceeds quickly and reaches a high
conversion rate. The added-value of the carbonation products
is also critical, as it is today the main carbonation process
development driver. Commercial targets for carbonation
products are construction materials (supplementary
cementitious materials, hydraulic binders) for Ca and Mg
feedstocks and precipitated calcium carbonates (PCC) for
calcium feedstocks (Gadikota et al., 2015; Yadav and Mehra,
2021). Besides the energy cost of mineral carbonation, which
translates directly into CO2,eq emissions if the energy used is
not of renewable origin, a point of consideration is its potential
value from the viewpoint of waste management. Indeed, ex-situ
mineral carbonation is now widely understood as a way to
co-valorize CO2 and industrial wastes in order to produce
useful commercial materials. The legitimacy of carbonation in
the circular economy then implies the valorisation of part or all
of its products. The valorisation of industrial and urban wastes
presents a challenge in relation to natural resources, insofar
as they contain a many trace elements, metals in particular,
which are often undesirable in commercial products. The value
of the carbonation products can be the inerting of the metals
to which the carbonation reactions can lead. The reduction
of toxicity of carbonated wastes can thus allow them to be
stored at a significantly lower cost than the original waste.
Conversely, production of PCC from waste can potentially
produce a significant amount of Ca-depleted solid wastes
whose valorization or storage can be an issue. The valorization
of carbonation products is therefore a critical factor for the
development of mineral carbonation. Thus, the positioning
of mineral carbonation as a way of producing useful and
recoverable materials has encouraged the emergence of early
opportunities, which have logically focused on the carbonation
of calcium feedstocks, with more favorable implementation
conditions and carbonation yields. This has already led to the
development of several successful enterprises, such as Solidia
Technologies (Meyer et al., 2018), Carbon 8 (Guning and
Hills, 2014), CarbonCure (Monkman and Shao, 2010) and MCi
(Brent et al., 2015) to only name a few, each in different sectors
of mineral carbonation and not necessarily directly treating
silicate minerals.

Figure 1, despite its somewhat simplistic view of the status
of current ex-situmineral carbonation developments, highlights
the maturity gap in research and development for magnesium
feedstocks. This paper and the research program to which is it
attached are mainly directed toward reducing the knowledge
gap about mineral carbonation of magnesium feedstocks,
particularly non-serpentinized magnesium ores and wastes,
with views on developing viable operational processes for such
feedstocks.
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FIGURE 1

Overview of ex-situ mineral carbonation developments (++ High maturity/commercial developments, + Significant research and development,

- largely unexplored).

As previously mentioned, the performance of mineral
carbonation can be strongly impacted by the formation of
dissolution layers on the surface of native particles (Béarat et al.,
2006; Kwak et al., 2010; Daval et al., 2011; Saldi et al., 2013;
Johnson et al., 2014; Julcour et al., 2015; Li et al., 2018; Gadikota
et al., 2020). It is also a phenomenon found in the natural
alteration of silicates in acidic conditions (Casey et al., 1989;
Velbel, 1993; Zakaznova-Herzog et al., 2008; Hellmann et al.,
2012; Ruiz-Agudo et al., 2012; Schott et al., 2012; Monasterio-
Guillot et al., 2021a,b). The complexity of the formation and
nature of these surface layers explains why their characterization
has been explored using numerous analytical techniques:
X-ray photoelectron spectroscopy (Zakaznova-Herzog et al.,
2008), Raman spectroscopy (Ruiz-Agudo et al., 2012), infrared
spectroscopy (Schott et al., 2012; Monasterio-Guillot et al.,
2021b), atomic force microscopy (Hellmann et al., 2012; Ruiz-
Agudo et al., 2012), small angle X-ray scattering (Schott et al.,
2012), 29Si NMR spectroscopy (Kwak et al., 2010; Schott et al.,
2012; Rim et al., 2020), SEM and TEM observations (Béarat et al.,
2006; Kwak et al., 2010; Schott et al., 2012; Saldi et al., 2013;
Johnson et al., 2014; Sissmann et al., 2014; Julcour et al., 2015;
Li et al., 2018; Rim et al., 2020; Monasterio-Guillot et al., 2021b),
TEM/EDX analysis of FIB sections (Casey et al., 1989; Béarat
et al., 2006; Daval et al., 2011; Hellmann et al., 2012; Sissmann
et al., 2014; Julcour et al., 2015).

These numerous studies have revealed the great variability
of dissolution co-product layers, whose composition and
morphology depend on:

- operating conditions : temperature (Julcour et al., 2015),
presence of CO2 (Kwak et al., 2010) or O2 (Saldi et al.,
2013), contact time between the fluid and the solid (Saldi
et al., 2013; Monasterio-Guillot et al., 2021b), salinity of the
aqueous phase (Johnson et al., 2014; Gadikota et al., 2020),

- feedstock’s initial phases: silicates or aluminosilicates
(Gadikota et al., 2020), calcium or magnesium silicates
(Daval et al., 2011), with significant differences in
composition, crystallography and reactivity between these
native phases, with a possible epitactic interaction between
the deposition layer and the underlying phase (Daval et al.,
2011; Hellmann et al., 2012),

- the presence of impurities in reactive phases: iron in
particular, which can enhance the passivating character of
the siliceous leached layer (Saldi et al., 2013),

- the chemical environment, i.e., the presence of elements (Al,
Fe) in the other phases that coexist inside the ore (Sissmann
et al., 2014; Li et al., 2018).

The few common characteristics of these layers are their
amorphous character and their higher silicon content than the
native phases.

Among the surface layers’ formation mechanisms,
dissolution-precipitation at the fluid-solid interface is the most
commonly accepted. It explains, at the same time, the steep
variations of elemental concentration between the native
mineral phase and the product layers, the precipitation of
siliceous phases below their apparent saturation based on the
liquid phase composition, and the effect of the liquid-solid
contact time on their formation (Zakaznova-Herzog et al.,
2008; Daval et al., 2011; Schott et al., 2012). These layers need
thus to be considered as evolving materials, possibly subject
to densification, cracking or redissolution phenomena during
the conversion of the ore (Béarat et al., 2006; Kwak et al., 2010;
Daval et al., 2011; Saldi et al., 2013; Brent et al., 2015).

In the context of mineral carbonation, studies were
particularly focused on the case of forsterite (Béarat et al.,
2006; Kwak et al., 2010; Daval et al., 2011; Saldi et al., 2013;
Johnson et al., 2014; Sissmann et al., 2014; Brent et al., 2015;
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Li et al., 2018). Most authors mention the formation of a
single amorphous layer, enriched in silicon and depleted in
magnesium. Depending on the operating conditions, it can be
a quasi-impermeable layer of silica and iron (III) a few tens
of nanometers thick, or a thick (around 1µm) and diffuse
phyllosilicate layer (Julcour et al., 2015). In the absence of iron
or under anoxic conditions, the silica layer can however allow
the migration of cations (Saldi et al., 2013).

It should be noted that more complex passivation
mechanisms have been reported in the case of basalts or garnets
(Hellmann et al., 2012; Sissmann et al., 2014). These can yield
stratified layers with parallel zones of different structure and
composition (Hellmann et al., 2012) or different layers formed
on the surface of grains of distinct mineral phases that coexist
inside the ore (Sissmann et al., 2014).

While the paper touches upon a variety of issues related
to the quest for efficient aqueous carbonation pathways for
magnesium bearing feedstocks, the main contribution of this
communication is 2-fold. Firstly, through the prism of the
carbonation inside a stirred bead mill of a nickel slag, a
Mg/Si-rich pyrometallurgical waste that cannot be activated
thermally, the work aims to establish the synergistic effect
between attrition and carbonation on depassivation of reactive
surfaces and direct aqueous carbonation performance. Secondly,
through observation of carbonation products formed with
and without attrition by means of complementary physico-
chemical characterization techniques (TGA, elemental analysis,
XRD, SEM & TEM/EDX, XPS, gas porosimetry, particle size
distribution) and thermodynamic predictions, the paper aims
at an improved understanding of magnesium silicates’ surface
passivation and depassivation phenomena during the aqueous
carbonation process.

Materials and methods

It is brought to the attention of the reader that an attention
to detail has been brought to this section for the sake of
replicability of the experimental protocols used, to the detriment
of the conciseness of the text. The authors justify this choice
by the great complexity of the carbonation processes, which
require an extreme meticulousness in the conduct of the tests
and the analysis of the products to hope to shed light on
their mechanisms.

Nickel slag feedstock

The carbonation feedstock used in this work is a granulated
slag produced during the pyrometallurgical extraction of
ferronickel by Société Le Nickel (SLN) in New Caledonia.
It is obtained by melting an oxidized ore in electric arc

TABLE 1 Measured chemical and mineralogical composition of SLN

ferronickel slags.

Chemical compositiona

(wt% as oxides)

SiO2 52.6

MgO 31.2

Fe2O3 12.4

Al2O3 2.7

Cr2O3 1.1

CaO 0.7

MnO 0.2

Carbon contentb (wt%) 0.08

Mineralogical

compositionc (wt%)

Forsterite (Mg1.78Fe0.22SiO4) 42–44

Chromite (FeCr2O4) 1.6

Clinoenstatite (MgSiO3) 0.1–0.4

Amorphous phased 54–56

Typical element ratio

(from at%) in

amorphous phasee

Fe/Mg ≈0.5

(Mg+Fe)/Si 0.4–0.6

Al/Si 0.1–0.2

aBy ICP analysis, b by elemental analysis, c by XRD analysis except for chromite which is
calculated by Cr2O3 content, d by difference, e by TEM/EDX analysis of FIB thin section
in cross-section of the slag particles embedded in a resin.

furnaces, which comprises a mixture of laterite and saprolite
resulting from the surface alteration of ultrabasic siliceous
rocks. The slag is granulated by quenching with seawater
after it is drawn from the furnace, forming millimetric
particles that are collected in dedicated concrete pits where
they finish cooling down before being stored outside. The
slag contains a high content of Si and Mg, a direct
result of the composition of the mined ore. The elemental
chemical composition of the slag and its mineralogical
composition are detailed in Table 1. The methods used
to analyze the feedstock and carbonation products are
presented in Section Analyses of solid products. Due to
the extensive characterization work carried out in this
study, some results, graphs and images are available as
Supplementary Information.

Based on the chemical composition presented in Table 1, and
considering that the carbonatable elements are Mg, Fe, Mn, and
Ca are the ones that can carbonated under the conditions used,
the CO2 storage potential of the ferronickel slag is 416 kg of CO2

per ton of slag.
According to XRD analyses, the ferronickel slag is composed

of an amorphous phase (around 55 wt%) and a crystalline
phase. The latter consists mainly of ferrous forsterite, a natural
magnesium silicate of the olivine family, in which some of
the magnesium cations are substituted by iron (II) cations.
Clinoenstatite is also present in trace amounts and chromite
in small quantities. The low crystallinity of this ferronickel
slag is explained by its rapid cooling during granulation by
quenching, which essentially only allows the crystallization of
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forsterite, the first crystalline phase to form in the 1,800◦C
molten slag.

SEM observations of a polished section of resin-coated
slag (Figures 2A,B) and TEM diffraction images of a FIB
thin section (Figure 2C) show that they are composed of an
amorphous matrix (zone C) encompassing massive crystals
(zone A) and tapered crystals (zone B) that surround the
former. TEM/EDX analysis of these zones shows that the
massive crystals are made of ferrous forsterite, whose EDX
derived composition Mg1.8Fe0.2SiO4 is a perfect match to
that obtained by Rietveld refinement. The tapered crystals
have a slightly lower (Mg+Fe)/Si ratio (between 1.4 on their
outer fringe and 2 at their core). They could be formed
from a mixture of forsterite and enstatite, probably crystallized
later during the quenching of the slag by recombination of
the forsterite and amorphous phases already present. The
amorphous phase presents a (Mg+Fe)/Si ratio around 0.5 and
is thus much richer in silicium than the overall slag whose
ratio is close to 1. Material balance also confirms the high
forsterite content in the slag, estimated at more than 40%
by XRD.

Thermogravimetric analysis (TGA) of the native slag (cf.
Section Carbonation extent) showed negligible mass loss (<0.5
wt%) between 105 and 1,000◦C, indicating the absence of
hydrated, hydroxylated or carbonated phases.

Before carrying out carbonation tests, the slag was first
dry ground using a jar mill. Approximately 500 g of slag are
introduced into an alumina jar of dimensions 18.5× 18.5 cm (D
× L). The jar, which is filled with 25, 39 and 60 alumina balls,
with diameters 31.8, 18.8 and 9.2mm, respectively, is rotated
at 92 rpm for 4 h. After grinding, the ground product is sieved
at 100µm and the larger size fraction is reground until zero
rejection at 100µm. The volume size distribution of the ground
slag is shown in Figure 5. It has a median diameter (dv,50) of
24.5µm and a diameter dv,90 of 79.1µm (Table 2).

SEM images of the powder (cf. Supplementary Figure S1)
show angular particles whose size indeed varies between
a few microns and tens of microns. Their surface appears
relatively smooth, with few and sparsely deposited
submicron fragments.

The Sauter diameter value (d3.2), equal to 7.3µm, leads
to a geometric surface of 0.28 m²/g, while the BET surface
measured by gas porosimetry is 1.8 m²/g. The porosity of
the slag being negligible (0.004 cm3/g), the surface roughness
defined as the ratio between BET and geometric surfaces is
6.5. This value is consistent with values reported by Rimstidt
et al. (2012) who indicated forsterite’s surface roughness
values between 1 and 10, with an average value of 5.4.
Finally, the skeletal density of the slag is 2.94 g/cm3, which
is slightly lower than that of the forsterite at 3.27 g/cm3

(Anthony et al., 2001).

Attrition-carbonation experimental
set-up

Carbonation tests were carried out inside a 300ml autoclave
reactor that is fitted with a stirred bead mill impeller (Figure 3).
This set-up allows carbonation reactions to be carried out
at controlled temperature and pressure in the presence of
continuous attrition.

The Hastelloy
R©
reactor, 60mm diameter and 100mm high,

is equipped with a peek liner to protect its surface from attrition
wear. The temperature in the reactor is measured with a Pt100
probe inserted in a thermowell immersed in the suspension.
The reactor is heated by an annular resistor, whose power
is controlled by a PID control loop to maintain a constant
temperature during the whole reaction time. The pressure in
the reactor is measured by a piezo-resistive transmitter (Keller
PA-23SY) and is regulated via a pressure regulator connected
to a gas tank previously pressurized with CO2 gas. This gas
tank, with a volume of 522ml, is equipped with a precision
pressure sensor (Keller PA-33X) and a Pt100 temperature probe,
which allow to follow the instantaneous CO2 consumption
during a carbonation test. The suspension is agitated using an
attrition impeller whose geometry is close to that of Stirred
Media Detritors (SMD). It is made of two 60mm long and
10mm diameter cylindrical blades. The blades are arranged
perpendicularly and 8mm apart. The bottom of the lower
blade sits 3mm above the bottom of the reactor. The stirring
speed and torque are measured with a Kistler 4520A torque
sensor, which can be converted into power draw and energy
consumption. Typically, the operating system draws 8.2W
under the aqueous carbonation test conditions used. All the
instruments are recorded at a 1Hz sampling rate.

Experimental protocol

The standard experimental protocol for the carbonation
tests is presented hereafter. When variants of this protocol
were used, they are described in the corresponding sections
(cf. Section Carbonation kinetics and morphological and
textural properties of products for different operating modes).
The reference test uses a slurry temperature of 150◦C and
a CO2 partial pressure of 10 bar. Carbonation tests are
typically carried out over 24 h, bearing in mind that CO2

consumption is recorded throughout the test duration. Given
the objectives of the paper, the operating conditions are
not optimized with respect to slurry solids concentration,
stirring speed, grinding bead size and mill loading. In
particular, the 24 h reaction time is not meant to be the
ideal reaction time from a process development perspective;
it is merely the duration that was chosen to standardize the
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FIGURE 2

Micrographs of native ferronickel slag cross-sections: (A,B) SEM observations showing FIB cut on (B) (green line), (C) TEM observation of the FIB

lamella with di�raction diagrams—(A) ferrous olivine, (B) sticklike mixture of olivine and enstatite, (C) silicium and aluminum-rich amorphous

phase.

TABLE 2 Textural properties of ferronickel slag feed and carbonation products from C, A-C and AC modes.

Mode Particle size (µm) BET surface area

(m2.g−1)

Mesoporous

volume (BJH)

(cm3.g−1)

Microporous

volume (HK)

(cm3.g−1)

Skeletal density

(g.cm−3)

dv,10 dv,50 dv,90 d3,2

Native slags 2.4 24.5 79.1 7.3 1.8 0.0035 0.0008 2.94

C mode 2.8 18.8 81.6 7.2 36.6 0.0380 0.0159 2.83

A-C mode Step 1 0.4 0.7 16.2 0.9 373.4 0.444 0.167 2.32

Step 2 2.0 3.9 19.0 3.8 441.8 0.504 0.181 2.41

AC mode 0.8 1.7 14.5 1.6 73.6 0.308 0.0306 2.53

testing and study until what point attrition has an effect on
the reaction.

The standard experimental protocol uses a slag-in-water
suspension containing 9.1 wt% solids. The test procedure is
as follows: 540 g of 1mm diameter yttriated zirconia grinding
balls (Netzsch ZetaBeads Plus) are placed in the reactor. Next,
8 grams of ground slag powder are deposited on the surface

of the bed of grinding beads and 80 grams of distilled water
are added with a wash bottle, ensuring that the powder is well-
wetted. The filling level of the reactor is then 68 vol.%. Once
closed, the reactor is purged several times with nitrogen in
order to eliminate the oxygen present in the gas volume over
the slurry, then it is pressurized with ∼1 bar of nitrogen. This
overpressure avoids the formation of large gas bubbles during
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FIGURE 3

Photographs and schematics of the attrition-carbonation reactor: (A,C) overview and (B,D) detail of the attrition system: (1) Hastelloy®

autoclave reactor, (2) annular furnace, (3) gas supply tank with temperature probe and pressure transducer, (4) pressure regulation valve, (5)

tachymeter, (6) torque meter, (7) HMI system for control and data acquisition, (8) peek liner, (9) impeller, (10) immersion sleeve with Pt100 probe,

(11) pressure transducer.

the boiling of the water which, when they cross the surface
of the slurry, carry away solids which accumulate on the walls
of the reactor. The CO2 supply tank is initially filled at a
pressure of 35 bar. The slurry is heated to 150◦C temperature
in half an hour. The CO2 is then introduced into the reactor
in order to reach the desired partial pressure, accounting for
the partial pressures of nitrogen and water vapor under the
conditions used. Typically, the pressure of the N2 and H2O
mixture in the reactor is 7 bar at 150◦C, to which is added
the set partial pressure of 10 bar of CO2. After stabilization
of the pressure and temperature inside the supply tank and
reactor, which takes about 2min, the stirring is started at 500
rpm. This corresponds to an impeller tip speed of 1.38m.s−1.
At the end of the test, heating and stirring are stopped, and
the reactor is quenched to room temperature in about 30min

by immersion in ice water. The pressure of the gas ceiling is
then released to the atmosphere before opening the reactor.
The entire reactor content is poured onto a 0.8mm sieve and
rinsed thoroughly with distilled water to separate the grinding
beads from the slurry. The internals are carefully rinsed with
distilled water to collect all particles and grinding beads stuck
on their surface. The amount of distilled water added during
this phase, about 1 L, is precisely measured. The cleaning process
yields a dilute slurry with <1 wt% solids. Before separating the
solids from the process water by high-speed centrifugation, the
slurry is stirred inside a glass beaker from which three 2mL
aliquots are syringed out for particle size analysis (cf. Section
Particle size distribution). The centrifugation filtrate is collected
for chemical analysis and the filtration cake is oven dried for 24 h
at 105◦C in air. The solid product is finally manually ground in
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FIGURE 4

Time variation of carbonation yield for ferronickel slags carbonated under C, A-C, and AC modes.

an agate mortar and dry sieved to zero rejection on an 80µm
metal screen before further characterization. Grinding bead
wear is evaluated by measuring the dry bead mass before and
after testing.

Monitoring CO2 consumption during
carbonation tests

The instantaneous CO2 consumption by the system is
calculated from the real-time recording of the CO2 pressure
and temperature inside the CO2 supply tank. The number of
moles of CO2 consumed by the system is estimated using the
Peng-Robinson equation of state. According to the experimental
protocol, the system is agitated only once the pressure inside
the reactor reaches the set total pressure. Due to the slow
gas-liquid transfer in the reactor, it is estimated that the CO2

saturation of the aqueous phase, which is around 10−1 mol.L−1

according to geochemical equilibrium calculations, is reached in
about 10min. It is therefore not possible, under the conditions
of carbonation under attrition, to separate CO2 dissolution
in water from CO2 consumption by carbonation at the very
beginning of the test. This leads to unreliable measurement of
the initial carbonation kinetics. Afterwards, CO2 consumption
is entirely attributable to the carbonation reaction, and this over
the whole test duration. The beginning of the reaction is thus
identified by starting from the end point of the recording, i.e.,
by making the total consumption of CO2 measured at the end
of the test coincide with that deduced from the carbonation
rate of the material measured by TGA or elemental analysis
(cf. next paragraph). This results in the 10min abovementioned
delay between the start of the stirring and the initial time of the
reaction thus determined.

Analyses of solid products

As for the starting material, carbonation products were
analyzed by a panel of analytical techniques, with the objective
of linking their size distribution, morphological properties,
elemental composition and mineralogical composition to the
attrition and carbonation processes. These different analyses are
grouped hereafter according to the type of information they
return. Unless otherwise stated, these analyses were performed
on the products dried at 105◦C and after manual micronization
below 80 µm.

Morphological and textural properties

Particle size distribution

Particle size distribution was determined using aMastersizer
3000 (Malvern Instruments) using a Hydro 3000 dispersion unit
(with agitation set at 3500 rpm) and distilled water as the diluent.
The refractive index was set at 1.52, which is close to that of
silica (Rawle, 2015). As for the absorption index, it is set to
0.1. The obscuration rate used in the analysis is 10%. As earlier
mentioned, three 2mL aliquots are syringed out of the stirred
slurry. The sampling procedure was checked for segregation
and repeatability. The size distribution is the average of five
consecutive measurements performed on the 3 aliquots.

Electronic particle imaging

Particles of carbonation products were observed by air-
drying a drop of diluted slurry deposited on an aluminum pad.
After metallization with platinum, the images are obtained using
a SEM-FEG JEOL JSM 7100F TTL microscope operating with
an acceleration voltage of 10 kV and at a working distance of
10mm. Some observations (Figure 6) were also made during
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FIGURE 5

PSD by volume for ferronickel slag feed and carbonation products from C, A-C, and AC modes.

the cutting of the FIB sections [cf. Section Electron microscopy
(scanning / transmission) coupled with elemental analysis] using
an acceleration voltage of 5 kV and a working distance of 4mm.
Transmission electron microscope (TEM) observations were
also made using particles from the supernatant liquid obtained
after high-speed centrifugation. A drop of supernatant liquid
was then placed on a copper grid and dried in ambient air.
The particles were observed on a JEOL 2100F microscope using
a Gatan RIO16IS CMOS camera, at an acceleration voltage of
200 kV.

Structural and textural analysis

The skeletal density of the samples was determined by
helium pycnometry with an AccuPyc 1330 (Micromeritics)
of a 1 cm3 chamber. Specific surface area (BET) and pore
volume were measured with a Belsorp-Max apparatus (Bel
Japan) using N2 adsorption at the temperature of 77.4 K on
samples weighing about 1.5 g. Before measurement, the samples
are degassed under vacuum at 120◦C for 10 h using a Belprep-
Vac II apparatus (Bel Japan). The mesopore volume is obtained
with the BJH method (Barrett et al., 1951) and the micropore
volume with the HK method (Horváth and Kawazoe, 1983).

Elemental and mineralogical composition

Atomic emission spectrometry with inductively

coupled plasma (native slag)

The elemental composition of the native slag was
characterized by ICP-OES after total digestion of the material
by alkaline fusion. This digestion method consists in making an
alkaline glass bead by melting the material at 1,100◦C with a flux
composed of 35% lithium tetraborate (LiB4O7) and 65% lithium
metaborate (LiBO2). The bead produced is then dissolved in a
2 wt% nitric acid solution which is analyzed with an Optima
7000 DV spectrometer (PerkinElmer) to determine the solid’s
elemental composition. This method of mineralization is
preferred to triacid dissolution, which does not reliably dissolve
the siliceous phases of the slag, carbonated or not.

Electron microscopy (scanning/transmission) coupled

with elemental analysis

In addition to the morphology of the particles/aggregates
during the attrition carbonation, electron microscopy coupled
with the EDX elemental analysis yields information on the
composition of the phases, before and after reaction. Depending
on the size of the particles available and the information required
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FIGURE 6

SEM images of reaction products from C mode after 24h of reaction covered with a Si-rich passivation layer: (A) low resolution, (B–D) high

resolution (red circle: carbonates).

(global composition of the phases, nature of the surface layers),
different preparations were used. They are described below.

Polished sections

Polished sections were prepared by mixing native, ground
or carbonated slag particles in a slow-setting EpoFix (Stuers)
resin. These were then polished manually and with polishing
discs using an abrasive paste bearing 3µm diamond powder.
The polished sections were then carbon coated (about
50 nm) in a Leica EM ACE600 high-resolution secondary
vacuum evaporator.

Analysis of thin sections

FIB sections were cut from polished sections in order
to quantify the composition of the amorphous phase for
both native slag and the carbonation products. It is worth
emphasizing that the intimate imbrication of the phases inside
native and carbonated slag particles make it impossible to isolate
the composition of the amorphous phase from that of the whole
material by direct analysis of polished sections with the X-ray
microprobe. In addition, in order to examine surface layers
caused by carbonation only, a FIB sample was cut out from
a product particle obtained by C mode, whose size was close
to feed particles. Carbon coating was applied to the samples

(polished sections or powder fixed on carbon tape) prior to
cutting out FIB sections.

The FIB cut samples were produced using a dual beam
SEM-FIB microscope (FEI Helios NanoLab600i) equipped with
an EasyLift micromanipulator. The Ga ion source used for the
preparation of the thin slides was operated at 30 kV, except for
the final “cleaning” phase where voltages between 2 and 5 kV
were applied. A 20-nm-thick carbon coating was first deposited
using the electron beam on the sample surface (over an area
of 20µm × 2µm), followed by a 3 µm-thick Pt layer made

by ion beam over the same area. The purpose of these two
superimposed coatings was to protect the underlying area of

interest from the intense currents used during FIB cutting. The

particle was partially cut and themicromanipulator tip was glued

to the cut via a platinum deposit. The cutout was then lifted out

of the sample, then fixed on a copper grid by Pt deposition, and

finally released from the tip. Then began the ion beam thinning
phase, which used a progressively reduced current from 2.5 nA

to 80 pA (under 30 kV). Finally, “cleaning” steps at 5 and 2 kV

were performed on each side.
The thin FIB sections were then observed with a JEOL 2100F

microscope, using a Gatan RIO16IS CMOS camera in TEM

mode. Images were also taken in HAADF STEM mode in order
to perform EDX mapping. The spectra and EDX mapping of
the areas of interest were obtained using an Ultim Max 80 mm²
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windowless analyzer (Oxford Instruments). Images were also
taken in diffraction mode to evaluate the crystallinity state of the
phases present.

Carbonation extent

To monitor the progress of the carbonation reaction,
the amount of carbonates formed was determined both by
thermogravimetric analysis and analysis of their carbon content.
It is recalled that the original slag does not show significant mass
loss up to 1,000◦C (<0.5%) and a carbon content of only 0.08%.

Thermogravimetric analysis

Thermograms were obtained on a TGA/DSC 1 -
Thermogravimetric Analyzer (Mettler-Toledo). The samples
(5mg) were first heated to 105◦C at a constant rate of 10◦C/min
under nitrogen atmosphere (20mL.min−1), then maintained
at this temperature for 30min in order to remove moisture. A
new temperature increase at 10◦C.min−1 to 1,000◦C was then
performed, still under nitrogen atmosphere. A thermogram
was recorded for each product. Preliminary TGA-MS analyses
on the carbonated slag (cf. Supplementary Figure S2) showed
that carbonates decomposed essentially in the 300–600◦C
temperature range, while structural water was removed before
reaching 300◦C.

Elemental analysis of carbon

The carbon content of the solid product was measured on
a Perkin Elmer 2400 series II CHNS elemental analyzer, using
about 2mg of powder. These analyses were therefore performed
in redundancy with the thermograms in order to validate the
measured carbonation yields.

Calculation of the carbonation extent

In concomitant attrition-carbonation or AC mode, a
small amount of plastic may contaminate the carbonation
product through wear of the peek liner. The extent of this
contamination increases the longer the duration of the AC
mode experiment, and may lead to an overestimation of
the carbonate amount by elemental carbon analysis. This is
verified in Supplementary Figure S3, which shows that elemental
analysis starts overestimating the actual carbonation extent for
samples with 50% and more conversion, which is reached in
about 5 h in AC mode.

For attrition followed by carbonation or A-C mode
(cf. Section Carbonation kinetics and morphological and
textural properties of products for different operating
modes), XRD analysis revealed the formation of weakly
crystallized montmorillonite and a significant increase in
the amount of amorphous phase, which may contribute
to the mass loss in the 300–600◦C temperature range.
Thus, a higher amount of carbonates could be predicted by
TGA against elemental C analysis in this case (cf. diamond

symbols in Supplementary Figure S3). Montmorillonite
was never detected however in AC mode tests under the
conditions used.

For these reasons, TGA analysis was the preferred technique
for measuring carbonation extent in C mode and AC
mode, whereas elemental carbon analysis was used with A-C
mode tests.

The carbonation extent is defined as the ratio between the
number of moles of carbonates formed and the total number
of moles of carbonatable elements, here Mg, Fe, Mn and Ca,
contained in the nickel slag.

On the basis of the TGA, it is then calculated using
Equation (1):

carbonation rate =

mfinal×%wt.( TGA loss)
MCO2

∑

j=Mg,Ca,Fe, Mn
minitial×%wt.( j)

Mj

(1)

whereminitial andmfinal are respectively the mass of solid before
and after reaction, %wt.

(

TGA loss
)

the percentage of mass
loss measured by TGA in the 300–600◦C temperature range,
%wt.

(

j
)

the initial mass percentage of Mg, Fe, Mn and Ca in
the native slag, Mj their molar mass, and MCO2 the molar mass
of carbon dioxide (emitted by decomposition of the carbonates
present in the sample).

X-ray di�ractometry

Crystalline phases of the feed material and products were
characterized by X-ray diffraction (XRD). These analyses were
performed on a Bruker D8 Advance instrument, equipped
with a LynxEye XE-TTM detector using a copper X-ray
anode (λKα1 =15,418 Å), a 40 kV voltage, and a 40mA
intensity. Diffractograms were collected over an angular range
of 5◦ to 70◦, with a step size of 0.02◦ over a total
acquisition time of 2.5 h. Crystal phase identification was
performed using Bruker-AXS DIFFRACplus Eva v4 software
and the ICDD 2015 PDF database. In addition, to obtain
a quantitative measurement of the crystalline phases and
the total amount of amorphous phases, modeling by the
Rietveld method was performed using the DIFFRACplus
Topas v5 software (Bruker-AXS). The necessary calibration
used the external standard method with zincite, which
requires prior knowledge of the elemental composition of the
samples analyzed.

X-ray photoelectron spectrometry

Surface analysis of native and carbonated slag was
performed by X-ray photoelectron spectrometry (XPS). XPS
was used to characterize the atoms present at the extreme
surface of the material (first atomic layers) and learn
about their immediate chemical environment. Photoelectron
emission spectra were recorded on a Thermo Scientific K-
Alpha spectrometer, using a monochromatic source with
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an aluminum anode (hυ = 1486.6 eV) and a spot size
of 400 µm.

XPS survey spectra were obtained with a pass energy of
160 eV (1 eV step), and high resolution spectra with a pass
energy of 30 eV (0.1 eV step).

The calibration energy of the spectrometer was performed
using the reference peaks Au4f7/2 (83.9 ± 0.1 eV) and Cu2p3/2
(932.8 ± 0.1 eV). The XPS spectra were recorded in direct
N(Ec) mode and the background signal was subtracted using
the Shirley method. A charge compensation system was used
during the measurements to neutralize surface charges. These
parameters allow the analysis of 400 µm² surfaces to a depth of
<10 nm. The uncertainty of the measured binding energy values
is±0.1 eV.

Results and analysis

Expected phase formation at
thermodynamic equilibrium

As indicated in the introduction, the nature of the
carbonation reaction products depends on the composition of
the initial phases contained in the feedstock as well as on
the operating conditions. Equilibrium calculations were thus
performed in order to take into account the complex initial
composition of the slag (Table 1) and provide an indication of
the expected nature of the stable solid phases. The calculations
were performed with the PHREEQC geochemical software and
the Thermoddem 2017 database (Blanc et al., 2012; Blanc, 2017),
implementing the B-dot model for the calculation of activity
coefficients in the aqueous phase. A detailed presentation of the
model is available in a previous article (Julcour et al., 2020).
Because of the possible inaccuracies in the equilibrium constants
describing the solid phases [especially for the challenging clay
minerals, as discussed by Blanc et al. (2015)] and the kinetic
limits sometimes inhibiting the formation of certain phases, the
equilibrium calculations in this complex reactive system were
performed on a large PCO2-temperature range.

The resulting predominance diagrams, presented in
Supplementary Figure S4, indicate in which solid phase can
be included each major element (Si, Mg, Fe, Al). Apart from
the main reaction products, namely magnesite (MgCO3),
siderite (FeCO3) and amorphous silica (SiO2), it comes that
several phyllosilicate phases are likely to form depending on
the PCO2-temperature conditions. These phyllosilicates can
contain one or several of the major elements Mg, Fe, Al:

- One element inminnesotaite (Fe3Si4O10(OH)2), antigorite
(Mg48Si34O85(OH)62) or pyrophyllite (Al2Si4O10(OH)2),

- Two elements in montmorillonite (HcMg)
(Mg0.9Al1.4Si4O10(OH)2 ),

- Three elements in saponite (Fe, Mg)
(Mg2.17FeAl0.34Si3.66O10(OH)2) and saponite
(Mg) (Mg3.17Al0.34Si3.66O10(OH)2).

Each of the phases can be identified by its specific elemental
ratios (e.g., Mg/Al, Mg/Si). It can also be noted that each Mg-
containing phyllosilicate phase is detrimental to the carbonation
process, since it decreases the carbonation yield.

Carbonation kinetics and morphological
and textural properties of products for
di�erent operating modes

The effectiveness of the concomitant attrition-carbonation
or AC mode process for increasing carbonation rate has been
reported by several authors (Julcour et al., 2015; Rashid et al.,
2019, 2021; Rim et al., 2020). The mechanisms behind this
performance gain are not well-understood however, and to
the best of our knowledge, there has been no attempt to
finely characterize AC mode products, especially with mining
waste feedstocks.

In order to validate the relevance of this process for the
ferronickel slag used in this study, three experimental protocols
were implemented:

- Concomitant attrition and carbonation (AC mode) is
performed at 150◦C and 10 bar PCO2 for 24 h.

- Carbonation alone (C mode) is performed without grinding
media, keeping all other conditions identical to ACmode tests.
In particular, this test mode uses the same concentration of
solids in the slurry (9.1 wt%) and reactor filling (68 vol.%).

- Attrition followed by carbonation (A-C mode) is carried out
by first attriting the slag before proceeding to C mode. The
slag is first ground during 24 h in the same configuration
as the AC mode, however under 1 bar of nitrogen and at
room temperature (step 1). The grinding beads are then
separated from the slurry by sieving and rinsing. The solid
phase is concentrated by decantation and distilled water is
added to the concentrate in order to obtain the desired slurry
solids concentration. The slurry is introduced into the reactor
emptied of its beads, yielding a filling rate of 31 vol.%, and
subjected to carbonation using standard operating conditions
(step 2).

A minimum of two tests were performed with each
configuration, and unless otherwise stated the results presented
in this section are the average of the replicated tests.

The carbonation kinetics obtained with the C, A-C
and AC modes are presented in Figure 4, with their 95%
confidence interval.

Analysis of the products obtained after 24 h of reaction
shows a carbonation yield of 70% with concomitant attrition
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and carbonation (AC mode), compared to <5% for carbonation
only (Cmode) and 15% for the attrition followed by carbonation
(A-C) mode (Table 3). Figure 4 shows that the carbonation rate
reaches a plateau after about 1 h of reaction in C and A-Cmodes.
Carbonation slows down significantly only beyond 15 h for the
AC mode. Even if it seems unlikely, the data collected over a
24-h period does not allow us to completely exclude that the
AC mode can achieve a 100% conversion. The insert in Figure 4
shows that the initial carbonation kinetics is fastest with the A-C
mode, due to the higher initial specific surface area produced by
the preliminary attrition step (Table 2).

As highlighted by various authors (Béarat et al., 2006; Daval
et al., 2011; Julcour et al., 2015; Gadikota et al., 2020), the
early appearance of a plateau in the absence of attrition can be
correlated to the formation of product layers on the surface of
the unreacted slag particles which inhibit further leaching.

The attrition of unreacted particle surface allows the
conversion of ferronickel slag to increase considerably, beyond
that of a simple particle size reduction effect. This can be
appreciated by comparing the carbonation rates in C and A-C
modes. The increase in specific surface of the material from 1.8
to 373 m2.g−1 (Table 2) triples the amount of CO2 sequestered
in the material by accelerating the rate of dissolution of the
particles relative to the rate of precipitation of the (sub)products
at the particle surface. Nevertheless, the latter is inevitable under
both conditions and rapidly limits further carbonation reaction,
far below the CO2 sequestration potential of the slag particles.

Furthermore, the 200-fold increase in BET surface area
caused by attrition before carbonation (Table 2, A-C mode step
1) cannot only be explained by particle size reduction, the
Sauter diameter decreasing by a factor 8 only. Thus, the A-
C mode leads to a real modification of the surface structure
of the material, which is associated with the appearance of
mesopores and micropores. Moreover, the skeletal density of
the material is also significantly reduced and approaches that
of clays, such as montmorillonite or saponite (Anthony et al.,
2001). Thus, there appears to be a true mechanochemical effect
induced by the grinding beads during attrition alone. Although
this effect is difficult to identify when attrition and carbonation
are concomitant, it is likely that this phenomenon is present as
soon as attrition is operative.

Rigopoulos et al. (2015) also observed a large increase in
specific surface area and porosity for olivine-rich basalt particles
by wet ball milling. It was also accompanied by an increased
adsorption of CO2, but, alike with the A-C mode, in a smaller
proportion than the gain in specific surface area. The authors
explained this limited benefit by the fact that only some of
the defects created in the crystal structure would promote
carbonation of the material.

Such textural changes are also visible, but to a much lesser
extent, between AC and C modes. In particular, the ratio of
micropore to mesopore volumes is 4 times lower for the AC
mode than for the two other modes.

This confirms that concomitant carbonation and attrition
cannot be reduced to a simple addition of the effects of
the separate processes; there is indeed a synergy between the
two processes, with a continuous mechanical depassivation
of the reactive surface. Further evidence of the mechanical
depassivation provided by attrition is presented later in
the paper.

It is also interesting to compare the particle size distribution
for the products of the three carbonation protocols (Figure 5).

The slag initially ground to a size below 100µmhas a volume
median diameter (dv,50) around 25µm, with 17 vol.% of the
particles below 5µm and 2.5 vol.% of submicron particles.

Carbonation alone or C mode, with its 5% carbonation
yield, modifies the particle size distribution of the slag in
a minor way only. Without attrition, the growth of micron
sized carbonates contributes to the increase in the proportion
of particles between 2 and 10µm. The 20-fold increase
in BET surface area (Table 2) is thus entirely attributable
to the layers that formed on the slag particle surface
(Figure 6).

As for the 24 h pre-attrited slag, it had a sub-micron
dv,50 value, with a main peak centered at 0.6µm and two
secondary modes extending to 40µm. The latter modes is due
to the reagglomeration of the submicronic particles that is
known to occur over long stirred milling tests. Indeed, particles
from attrition tests conducted under the same conditions but
with shorter attrition times (1, 2, and 5 h) are all finer than
10µm (cf. Supplementary Figure S5). The carbonation of the
particles previously attrited for 24 h leads to a significant
increase in their average size, with a mode around 3µm.
This increase in average size is attributed to the formation of
magnesite and siderite crystals, as well as to the deposition
of amorphous silica (and other silicates) on the surface of
the slag during dissolution. This can be seen by SEM in
Figures 8C,D. Considering the moderate carbonation yield of
the slag in A-C mode, these surface layers therefore have a
much lower bulk density than the original material, in agreement
with the increase in pore volumes measured between the
two stages.

Finally, products of the AC configuration have a median
size just below 2µm, just between those from the separate
attrition and carbonation steps of the A-C protocol. This
intermediate particle size results from a competition
between the size decrease due to grinding and the size
increase due to the carbonation reaction, both processes
occurring here simultaneously. Additional analyses, which
will be presented in a forthcoming paper, are underway to
quantify and understand the evolution of these competitive
efficiencies during a trial in AC mode. SEM-EDX analysis (cf.
Supplementary Figure S6) of AC product particles with size
centered around 40µm also showed that they contained mainly
product aggregates polymer particles worn from the reactor
peek liner.
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TABLE 3 Carbonation yields and phase proportions for the carbonated slag in C, A-C, and AC modes.

Carbonation mode Carbonation yield (%) Phase proportion (wt%)

Forsterite Magnesite Siderite Amorphous phase Montmorillonite Chromitea

C mode 4.3–4.8 35.5–39.8 2.4–2.7 0.8 55.0–58.4 0 1.5

A-C modeb 14.1–16.1 11.9–18.1 5.5–8.3 0 71.9–78.8 0.4–2.6 1.2–1.4

AC modec 69.6–71.1 8.9–9.7 40.5–46.2 3.4–3.6 39.3–46.0 0 1.2–1.3

aEvaluated from initial content by assuming a negligible dissolution of chromite and accounting for the increase in product weight (from TGA).
bCarbonation yield calculated from carbon elemental analysis
cWeight percentages of mineral phases after exclusion of baddeleyite and arkelite resulting from grinding beads’ wear.

FIGURE 7

SEM images of reaction products from AC mode after 15min of reaction partially covered with reaction products: (A,C) low resolution, (B,D)

high resolution (red circle: carbonates).

Mineralogical composition of
carbonation products

The composition of the carbonation products, as deduced
from the XRD/Rietveld analysis, is presented in Table 3.
Whatever the carbonation mode, they contain an amorphous
phase, representing between 40 and 80% of their mass,
and three major crystalline phases: residual forsterite,
magnesite and siderite. TEM/EDX analyses show that
these last two phases form in fact a mixed carbonate. The
A-C mode also resulted in the formation of low amounts
of montmorillonite.

The proportion of residual forsterite, between 9% for the
AC mode and 40% for the C mode, decreases with increasing
carbonation yield. The formation of carbonates is thus the result
of the conversion of forsterite, but also of the native amorphous
phase as deduced from mass balance. Indeed, from analysis of
the mineral phases present and accounting for the 36% mass
uptake estimated from TGA, it is found that 0.016 mole of
Mg1.8Fe0.2SiO4 forsterite were converted while 0.056 mole of
carbonates were formed in AC mode. During the reaction,
the amorphous phase is thus depleted in Mg and Fe to the
benefit of Si, contributed to by the neo-formed silica. A-C mode
product is distinctively different with a much higher content
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FIGURE 8

SEM images of reaction products after 24h of reaction: (A,B) AC mode; (C,D) A-C mode.

of amorphous phase than C and AC mode products. This
supports the conclusions from several authors (Baláž et al., 2008;
Turianicová et al., 2013) that the crystal structure of olivine can
be partially disordered by mechanical activation. This activated
structure would be composed of amorphous MgO and SiO2

(Turianicová et al., 2013).
As for the A-C mode, we cannot exclude that a

continuous mechanical activation also takes place in AC
mode and reinforces the beneficial effect of the mechanical
depassivation, main engine of the synergy between attrition
and carbonation. In A-C mode however, surface amorphization
improves carbonation at the start of the reaction only,
however its benefit is quickly erased by the formation of
surface products.

Table 3 shows that the carbonates Fe/Mg molar ratio is
generally lower than that of the original material (Table 1,
around 0.2). This suggests the possible presence of iron in
the reaction by-products (possibly due to a non-congruent
dissolution and/or a partial re-precipitation of iron in
phyllosilicate phases as discussed in Section Expected phase
formation at thermodynamic equilibrium). The very different
composition between A-C and ACmode products is yet another
evidence of the synergy between attrition and carbonation
processes.

Observation of carbonation products and
particle surface analysis

Nickel slags are rich in forsterite, but their main constituent
is an amorphous phase that can lead to the formation of specific
surface layers. Due to the mineralogical complexity of the slag, it
was chosen to combine several of the abovementioned analytical
techniques to characterize surface layers: microscopy (SEM,
SEM-FIB and TEM) and XPS spectroscopy.

SEM and TEM micrographs

Figure 6 through Figure 8 show SEM images of the products
obtained with the three carbonation modes. In the case of
Figures 6, 7, the microphotographs correspond to carbonated
particles with similar carbonation yields in the range 5–7%
obtained with C mode and AC mode, respectively. Given
the carbonation efficiency of the AC mode, this required
dedicated short AC mode tests that were interrupted after
15min. Figures 6, 8 compare the products obtained with the
three carbonation modes after 24 h of reaction.

In the absence of attrition, the surface of the residual
particles is entirely covered by a layer of fibrous-looking
products, irrespective of particle size (Figures 6B–D). Disparate
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carbonate crystals, identified by EDX, of several microns are also
observed (Figures 6A,C).

With short reaction time in AC mode (Figure 7), the surface
of the residual particles is partially covered by precipitated
carbonation reaction products, which form mostly small and
separated agglomerates. Carbonates with submicron size are
clearly visible (Figures 7C,D). These carbonates are more
homogeneously distributed over the surface of the products than
in C mode.

After 24 h of carbonation in AC mode, we observe on
Figures 8A,B that the particles have lost their angular aspect
and that the carbonates are no longer distinguishable on their
surface. AC products are micrometric agglomerates formed
by clusters of very fine rounded particles of <100 nm. A-
C mode products (Figures 8C,D) also seem to correspond to
an agglomeration of elementary particles formed during the
preliminary attrition stage (cf. Supplementary Figures S1C,D).
They result from the deposition of a phyllosilicate and are clearly
distinguishable by their visually spongy aspect.

These observations show once again that beyond their
differences in carbonation yield, products obtained with the
various carbonation modes exhibit utterly different structures.

TEM images make it possible to evaluate the
thickness of the deposition layer formed in C mode.
Supplementary Figures S7A,B show that they can reach
several hundred nanometers. They also provide information
on the structure of the reaction product obtained in AC mode.
Supplementary Figures S7C,D, which correspond to very fine
particles sampled from the supernatant liquid of the product
centrifugation step, all show aggregates of fine elementary
particles as seen previously by SEM. Thin sections extracted
by FIB however reveal the presence of residual slag cores and
carbonates several hundred nanometers in size (Figure 12).

Chemical analysis of carbonated slag particle
surface

XPS analyses

XPS analyses were carried out on three products with low
carbonation yields (between 5 and 20%), obtained either from
carbonation in C and AC modes. In the latter case, they concern
carbonation products obtained after 15min and 1 h, either at the
same carbonation yield as for mode C or at the time for which
reaction passivation if is already visible for this carbonation
mode. These analyses were also compared to that of native slag.

These analyses correspond to a target zone of 400µm
in diameter over a response depth of <10 nm, representative
of the extreme surface of the particles. They provide both
the elemental atomic composition (cf. Supplementary Table S1),
and the binding energy levels of the emitted electrons, allowing
the determination of the chemical environment to which each
detected element is associated (Figure 9).

Supplementary Table S1 shows that the surface elemental
composition is similar for all samples, except for the amount of
carbon. TheMg 2s/Si 2p, Fe 2p/Si 2p, O 1s/Si 2p, and Al 2p/Si 2p
ratios thus remained fairly close in all three products compared
to the native slag (varying in the range 0.40–0.60, 0.10–0.15, 3.1–
3.9, and 0.05–0.1), while the C1 s/Si 2p ratio—equal to 1.7 for
SLN—turned into 1.1 for the C mode product, but 3.6 and 4.5
for the AC mode products.

The significant presence of carbon detected on the surface
of the native slag, which contains <0.1 wt% carbon according
to elemental analysis (by combustion), can be explained by
the adsorption of CO2 on the surface or an experimental bias
due to the use of carbon tape to fix the powder particles.
While high resolution C 1s photoemission spectrum (Figure 9A)
shows a main peak associated with C-C and C-H bonds due
to atmospheric pollution response (adventitious carbon), it also
shows a high energy peak (between 288 and 290 eV) with
AC mode products that can only be attributed to carbonates
(Ardizzone et al., 1997; Shchukarev and Korolkov, 2004). This
peak cannot be clearly identified with Cmode products however.
This can be explained by the fact that carbonates are all or
partly covered with by-products on the particle surface and/or
are in the form of large crystals too dispersed to be properly
sampled, contrary to AC mode where carbonates exhibit small
sizes and significantly higher dispersion, as seen in Figure 7.
In accordance with increasing carbonation yields, a higher
amount of carbon is found in the product obtained after 1 h of
carbonation in ACmode compared to that obtained after 15min
(cf. Supplementary Table S1).

Figure 9 also provides the XPS spectra of O 1s, Si 2p, Mg 1s,
and Fe 2p. The spectra of a reference olivine (San Carlos olivine)
are also shown for comparison. The presence of broad peaks
indicates the cohabitation of different chemical environments
for these elements in the four samples.

For native slag, the binding energy peak O 1s (Figure 9B)
is at 531.8 eV, which is higher than that of a standard
olivine (531.2 eV) (Seyama and Soma, 1985; Davoisne et al.,
2008). This higher binding energy indicates the presence
of more electronegative elements in the vicinity of oxygen
atoms, probably due to the silicon-richer amorphous phase.
Carbonation products show even higher binding energies for O
1s, of 532.7 eV for the sample from C mode and 532.2 eV for the
two 15min and 1 h samples fromACmode. These values suggest
the presence of hydroxyl groups on the surface of the samples
(Schulze et al., 2004), particularly for C mode product.

For Si 2p (Figure 9C), the binding energy of the observed
peak is 102.5 eV, 102.9 eV, and 103.6 eV, respectively for the
native slag and product samples obtained with and without
attrition (cf. Supplementary Table S1). These values, around
103.0 eV, are consistent with the presence of silicon contained in
a silicate matrix (Moulder et al., 1992). In addition, for C-mode
product, the Si 2p peak shifts to the energy peak representative
of a Si-(O)4 type silica (Moulder et al., 1992; Elmi et al., 2016),
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FIGURE 9

C 1s (A), O 1s (B), Si 2p (C), Mg 1s (D), and Fe 2p (E) XPS spectra of the native ferronickel slags and carbonated products.

which indicates a silicon enriched surface layer. Conversely, for
the two ACmode products, the silicon peak remains close to that
of the native slag.

The results in Figure 9D for Mg 1s are in agreement with
those for Si 2p, showing peaks obtained at similar energy values
(1304.2 and 1304.4 eV) for the native slag and the products from
the AC mode. They are also close to that of olivine (1304.0 eV)
(Seyama and Soma, 1985). For the carbonation only product,
the binding energy for Mg 1s is higher (1304.7 eV), signifying
a slight oxidation of magnesium, which indicates the presence of
hydroxyl groups in the vicinity of this element.

The Fe 2p spectrum is sensitive to the valence state of iron,
leading to peaks located at 711.2 eV for Fe3+ and 709.8 eV for
Fe2+, respectively (Davoisne et al., 2008). Beside these main
peaks, satellite peaks related to Fe2+ and Fe3+ can be observed
at about 715 and 718 eV, respectively (Grosvenor et al., 2004).
According to the spectra obtained (Figure 9E), iron is present
in both Fe2+ and Fe3+ states in the native slag and carbonated
products. However, we can note a slight shift of the main peak
toward higher energies for the C mode product: it is located
at 711.6 eV against 710.9 eV for the native slag, which seems to
indicate a higher degree of oxidation for the iron at the surface of
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FIGURE 10

TEM photomicrograph of the surface of a FIB thin section cut out of a C mode product particle, including di�raction images of the di�erent

zones.

this sample. This observation confirms that not all the iron is in
the form of carbonate on the product surface. This corresponds
to a small fraction of iron that has oxidized despite the CO2

purge, which is also a loss for carbonation.
For C mode product, the shift of the XPS signals for O 1s,

Mg 1s, and Si 2p elements toward the highest binding energies
suggests the presence on the surface of a layer of product rich in
silica and hydroxyl groups. This could be a Mg3(Si4O10)(OH)2
type phyllosilicate, as shown by the superposition of the O 1s
and Mg 1s peaks with the lines representative of such a solid
in Figures 9B,D. On the other hand, the similarity in energy
profiles between the native slag and AC mode products shows
a very similar surface composition for these two samples, which
demonstrates that attrition efficiently refreshes the reactive
surface during carbonation. The information derived from XPS
characterization of the various products provides undeniable
evidence of the mechanical depassivation that attrition brings
during carbonation.

MET/EDX analysis of thin sections

Cmode products

In order to elucidate more precisely the nature of the
passivation layer formed in the absence of attrition, a thin slide
cut from a C mode product particle was analyzed by TEM/EDX.

Figure 10 shows that the surface of the particles is covered
with a complex 400 nm thick surface layer, which is the cause

of passivation and the blockage of any further carbonation.
Contrary to what could be observed in the case of forsterite
(Béarat et al., 2006; Kwak et al., 2010; Daval et al., 2011; Saldi
et al., 2013; Sissmann et al., 2014; Julcour et al., 2015), this surface
layer is not homogeneous. Indeed, the main layer is stratified
in 5 inner layers with different density and composition,
which are all amorphous as shown by local electron diffraction
patterns (Figure 10). The elemental composition of these
stacked layers is reported in Supplementary Table S2 and
Supplementary Figure S8.

Zone A corresponds to the native unreacted slag particle.
The diffraction image indicates that this zone is also amorphous,
but its elemental composition (cf. Supplementary Table S2) is
depleted in silicon compared to the initial amorphous phase and
is close to that of the overall slag (Table 1).

Moving away from the unreacted core, we observe a
transition zone of about 45 nm thickness (zone B) which is
enriched in Si and depleted in Mg and Fe, then a zone of
granular appearance extending over about 100 nm (zone C),

enriched in carbon and also depleted in Mg and Fe. The carbon

trapped in this inner layer is thought be partly associated with

the nucleation of carbonates on the precipitated silica layer that

took place at the beginning of the carbonation reaction.
Next comes a more homogeneous zone about 190 nm thick

(zone D), with a composition close to that of zone B, but richer
in iron and aluminum.
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The following zone, 35 nm thick (zone E), seems to be a
transition zone between zone D and the outer layer, with a
diffuse aspect and a thickness between 50 to 250 nm (zone F).
We also note a significantly higher (Mg+Fe)/Si ratio in this
peripheral layer than in the innermost layers (zones B and
C), but lower than in the native particle. Its composition is
compatible with a Mg-Fe phyllosilicate.

The superposition of these various layers confirms the
complex and dynamic character of the surface restructurings
that take place during aqueous carbonation of magnesium
silicates. We also find thin transition zones (B and E zones) in
accord with the dissolution-precipitation mechanism. The very
high quantity of carbon in the outermost layer is most certainly
due to the deposition of carbon on the surface of the particle
before the cutting of the blade and indicates a high porosity
of this last layer, which is in agreement with analysis by gas
porosimetry (Table 2). Therefore, this layer does not seem to
be the cause of the surface passivation. Supplementary Figure S8
shows that D layer blocks the diffusion of the carbon deposited
on the surface, and that nucleation of carbonates took place over
the C layer. The inhibition of the dissolution is therefore most
likely due to a progressive densification of the D layer.

Based on the Mg/Al ratio of the F layer (cf.
Supplementary Table S2) and the thermodynamic analysis
presented in Section Expected phase formation at
thermodynamic equilibrium, this layer could be an amorphous
version of saponite.

ACmode products

To highlight the effect of attrition on the surface of the
slag during the aqueous carbonation, a FIB thin section of
carbonation products obtained in AC mode after a short
time (15min) was also observed by TEM. Figure 11 shows
the product with different magnifications. In addition, X-
ray mapping was also carried out to analyse the chemical
nature of these products, an example of which is given in
Supplementary Figure S9. Despite the lack of representativity
of such an observation from a sampling viewpoint, Figure 11A
leads to the following observations:

- A residual slag particle several microns in diameter (circled
in blue, bottom right). It is composed of an amorphous
phase at its core, and two large regions made up of
agglomerates of nanometric grains extending from the
surface to several hundred nanometers in depth (cf. zoom
in Figure 11E). These last zones are polycrystalline (as
shown by the ring patterns on the corresponding diffraction
images) and have a composition close to that of the core
(close to enstatite). They are thus quite distinct from native
forsterite and must correspond to reaction/attrition fronts.
On the diffraction images, the small distance between
the brightest spots on the inner circles could indicate

FIGURE 11

TEM micrograph of a FIB thin section of carbonation products

obtained in AC mode after 15 min: (A) overview STEM image,

(B,C) zooming of submicron particles, (D,E) zooming of a

residual slag particle of a few microns and di�raction images of

di�erent characteristic zones (red circles: carbonates, yellow

arrows: amorphous silica rich in aluminum, purple arrows:

phyllosilicate).

the presence of several crystalline phases. On most of its
surface, this native particle is free of passivation layers.
Nevertheless, some disparate phyllosilicate deposits can be
found on the particle surface (pointed by the purple arrows
in Figure 11D).

- Various 1 µm or less particles, different in appearance.

EDX mapping reveals that these are reaction products
(carbonates (red circled particles) and amorphous alumina-
rich silica (particles pointed to by yellow arrows), but also
probably fragments of native slag. These smaller particles
appear to be covered with phyllosilicate (see purple arrows),
indicating that micron sized particles are not efficiently
depassivated by the attrition process. Such a limit in the
depassivation efficiency of the attrition process in ACmode
is to be expected. It depends on the conditions under which
attrition is performed,mainly the size of the grinding beads,
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FIGURE 12

STEM micrograph of a FIB section of carbonation products obtained in AC mode after 24h (red circle: carbonates, blue circle: residual slag).

and is one of the reasons for the measured slowdown in
kinetics observed in AC mode, which prevents achieving
100% conversion. Finally, we note that chromium, which is
present as chromite in the slag, is found in all the particles
(except for the carbonates).

As previously mentioned, the carbonation products after
24 h are mainly composed of aggregates of fine elementary
particles. Elemental analysis shows that these particles are an
assemblage of grains a few nanometers in size. These grains
are made of amorphous silica and carbonates that are dispersed
inside a magnesium-depleted alumino-siliceous matrix (cf.
Supplementary Figures S10–S14).

Particles larger than 200 nanometers are also found
(Figure 12). EDX mapping (cf. Supplementary Figures S13, S14)
shows that these are residual native slags, not or only slightly
transformed (blue circles) as well as carbonates (red circle).

Conclusions

In this study, a ferronickel slag composed of an amorphous
Mg/Si rich phase and a crystalline ferrous forsterite, was
carbonated by direct aqueous carbonation using three distinct
operating modes: carbonation alone (C mode), attrition
followed by carbonation (A-C mode) and concomitant
attrition and carbonation (AC mode). By cross observation
of carbonation products using complementary analytical
techniques (TGA, elemental analysis, XRD, SEM & TEM/EDX,
XPS, gas porosimetry, particle size distribution) and
thermodynamic predictions, the work aimed to improve
our understanding of passivation during aqueous carbonation
of nickel slags, to verify that attrition does lead to beneficial
mechanical depassivation during carbonation, and to evaluate

the separate and coupled effects of attrition and carbonation.
Given the compositional and mineralogical complexity of
nickel slags, the main results obtained in this work are expected
to apply to non-thermally activatable magnesium silicate
carbonation feedstocks.

The following paragraphs summarize the main conclusions
from the work presented in this paper.

• With aqueous carbonation only (C mode), slag particles
reached a full passivation in 1 hour with a 5% carbonation
yield. Analysis of the products revealed the presence of
secondary phases deposited on the particle surface. Theses
phases form a complex amorphous layer stratified in several
inner layers, which differs from reported observations
of passivated forsterite particles that usually exhibit a
homogeneous layer. The peripheral zone is both meso- and
micro-porous and its composition is similar to that of a
saponite, which is consistent with geochemical simulation.
However, the observations lead us to conclude that this
layer is not at the origin of the surface passivation. The
stopping of the dissolution is rather due to a progressive
densification of the internal deposit layers.

• With attrition prior to carbonation (A-C mode), slag
particles did also passivate in 1 h at a 15% carbonation
yield. While this operating mode decreased significantly
the size of the slag particles as expected, reducing their
Sauter diameter from 7.2 to 0.9µm, it was found that
attrition profoundly alters the particles’ microstructure.
In particular, the attrited microstructure exhibited
increased quantity of amorphous phase with meso- and
micro-porosity. This pre-carbonation mechanochemical
activation however was found to be only slightly beneficial
to the subsequent carbonation, and total passivation was
reached in the same time (1 h) as with C mode. The
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evidence of the mechanochemical effect of attrition on the
slag particles suggests, however, that it must also play a role
in AC mode, even if its effect cannot be differentiated from
other concomitant processes in this mode.

• With concomitant attrition and carbonation (AC mode),
slag particles never undergo a complete passivation,
yielding 35% carbonation in 2 h, 50% in 5 h, and more
than 70% in 24 h. XPS analyses of AC mode products after
1 h of reaction show that the surface composition of AC
products is that of native slag particles. This observation
is reinforced by SEM observation of AC products after
15min of reaction, which show large particles without any
passivation layer when such fresh particles are not observed
in C mode. These observations bring conclusive evidence
that attrition indeed depassivates slag particles during the
carbonation process, this mechanical depassivation being
mainly responsible for the high carbonation yield obtained
with nickel slag.

• TEM analysis of the particles after a short reaction time
also shows that the attrition causes a profound structural
modification of the surface of the slag particles over a
thickness of several hundreds of nanometers, creating a
porous zone with crystalline nanoparticles. This effect is not
sufficient for A-C mode to yield high carbonation yields,
but its combined effect with mechanical depassivation
is probably at the origin of the high performance of
carbonation in AC mode.

• The phyllosilicate that is observed in C mode is also
observed on the surface of submicron particles in ACmode,
as well as on the agglomerated nanoparticles that surround
residual cores. The deposition of this phyllosilicate is
very likely to be responsible for the progressive slowing
down of AC mode carbonation kinetics after several hours
of reaction. This observation leads to conclude that the
depassivation brought by attrition, as it is operated in this
work, prevents surface passivation up to a point where
particles are too small. Whether it is possible to delay the
decline in attrition depassivation efficiency is an important
issue that requires further investigation, one option being
to reduce the size of all or part of the grinding beads.

• Carbonation of nickel slags using AC mode produces
very characteristic products: they consist in agglomerates
a few microns in size formed by bound spherical
particles in the tens of nanometers size range. These
particles are themselves constituted by an entanglement
of nanometric grains of carbonates and amorphous silica
inside a magnesium-depleted alumino-siliceous matrix,
with unreacted cores observable at their center. This
combined micro- and nano-scale microstructure is the
direct result of concomitant processes that are caused by
the coupled attrition and carbonation processes. Research
is underway to understand the pathway that leads to
the formation of these complex structures, based on

observation of carbonation products in ACmode at various
times over the 24 h test period used in this paper. It is hoped
that this additional knowledge will help derive enhanced
carbonation kinetics pathways, which remains one of the
main issues for deployment of mineral carbonation value
chains with magnesium silicates.
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