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Abstract: This study’s aim is to fully characterize ferronickel slag from New Caledonia, considered
a multiphase mineral containing amorphous material. The methodology consisted of combining
chemical, mineral, and morphological characterization techniques, such as ICP-AES, TGA, Q-XRD,
microscopy, spectroscopy, etc. The ferronickel slag consisted of 44 wt. % forsterite, with the inclusion
of iron as a substitution for magnesium (Mg1.8Fe0.2SiO4), 1.7 wt. % chromite and 54 wt. % amorphous
phase containing iron, magnesium, aluminum, and silica (Mg/Si = 0.4; Fe/Si = 0.2; Al/Si = 0.1).
This material was slightly reactive in a cementitious medium, thus limiting its use as an SCM in
the construction sector. The ferronickel slag was then subjected to an attrition-leaching carbonation
process at 180 ◦C and a partial pressure of CO2 of 20 bar. The obtained product, carbonated at 80%
of its capacity, was also characterized. It was composed of carbonates (37% of magnesite and 4%
of siderite), remaining forsterite (7 wt. %), chromite (1 wt. %), and 50% of an amorphous phase,
mainly composed of silica and aluminum. The complete characterization of those products helped
in understanding the chemistry of the carbonation process and finding valorization paths for the
carbonated products in the construction sector. The carbonated product may be used either as an
SCM in blended cement or as a precursor of magnesium–silicate binders.

Keywords: characterization; ferronickel slag; magnesium silicates; amorphous phase; carbonated
products; waste valorization

1. Introduction

Globally, carbon dioxide emissions have now reached 43 GT/year [1], and it is be-
coming urgent to reduce CO2 emissions, especially in the construction sector, which is
the world’s second-largest industrial CO2 emitter [1]. One of the most efficient strategies
proposed to reduce the environmental impact of the cement industry is to reuse waste
materials as supplementary cementing materials (SCMs). The best-known and most widely
used SCMs are fly ash, ground granulated blast furnace slag (GGBS), and silica fumes [2,3].
However, these traditional SCMs are not available everywhere, and for most of them, their
amount is significantly lower than the amount of cement required in the construction sector.
Therefore, it is highly necessary to study and develop new SCMs.

Ferronickel slag is a by-product of ferronickel production with the pyrometallurgical
process, either in a blast furnace or an electric arc furnace [4]. In New Caledonia, around
2 million tons of ferronickel slags is discharged annually, but only 8% is reused [5]. The
chemical composition of the ferronickel slag depends on the process and temperatures;
however, it mainly includes SiO2, MgO, CaO, Al2O3, and Fe2O3 [6,7], while the mineralogi-
cal composition primarily includes olivine and serpentine. When the ferronickel slags are
quenched with water, the content of the amorphous phases is usually greater than 50% [8].

As it occupies a large area of the land and might be harmful to the environment,
ferronickel slag should be valorized and reused. Several industrial applications of these
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ferronickel slags have been suggested [9]. For instance, they can be used as mineral admix-
tures for several types of binders such as phospho-magnesian cements (MKP), geopolymers,
or calcium-silicate cements [6,10–12]. However, the use of these slags as SCMs is of little
interest, as MKP cements and geopolymers are not widely used, and their production
is expensive; therefore, these two binders would not permit a sufficient re-utilization of
ferronickel slag. Furthermore, their use as an SCM as a replacement for Portland cement
could be relatively poor, due to the low reactivity of the product. Ferronickel slag could
also be used as raw material to synthetize calcium silicate cements [13], but, here again, the
utility is limited due to the need for other natural minerals or industrial by-products, such
as fly ash or blast furnace slag, to increase the amount of calcium, which are not available in
New Caledonia. The use of ferronickel slags as molding sand or aggregates for concrete is,
for now, the most promising application [14,15], because they have proven their reliability
for the utilization without apparent deleterious ASR expansion risk, although the fraction
of glassy phase is high [16].

Another solution to reuse ferronickel slag might be through its carbonation. In fact, the
presence of magnesium silicate makes the mineral very inert, impacting the bearing capacity
development for structures. The carbonation of such materials has several advantages [17]:

1. Capture and stable storage of carbon dioxide inside a material.
2. Separation of magnesium from silica in two distinct minerals: magnesite (MgCO3)

and silica (SiO2). This might lead to a higher reactivity of the silica fraction with
calcium in cementitious materials.

However, to optimize the carbonation process and the valorization path of the final
product, it is important to know both the initial and final product properties. The objective
of this study is to describe a full characterization path for a specific ferronickel slag from
New Caledonia and one carbonation product, obtained using an attrition-leaching aqueous
process [18].

The full characterization of multiphase minerals requires the use of a panel of ana-
lytical techniques, for instance, spectroscopy, elemental composition, XRD, or TGA. Each
technique characterizes one part of the sample. However, in the literature, authors of-
ten characterize the chemical composition and mineralogy of crystalline phases, leaving
the characterization of amorphous materials behind. The characterization of amorphous
phases is usually more complex than that of crystalline materials, especially in complex
multiphasic minerals. In addition, this characterization often uses specific unusual tech-
niques that are scarce, expensive, or require qualified experimentalists. The objective of this
study is to propose a characterization path for multiphase minerals, including crystalline
and amorphous phases, using usual laboratory techniques as much as possible. As the
amorphous phase is responsible for the pozzolanic reactivity of SCMs, its characterization
could help better explain the value of the carbonation process of such materials.

In this study, the authors propose a full characterization path of both native ferronickel
slag from New Caledonia and carbonated products to evaluate their use as SCMs in
cement-based materials.

2. Materials and Methods
2.1. Feedstock and Carbonation Process
2.1.1. Feedstock Origins

In this study, the feedstock was ferronickel slag from “Le Nickel” company in New
Caledonia. This French overseas territory in the Pacific is the world’s first ferronickel
manufacturer, one of two pyrometallurgic factories that produce ferronickel from garnierite
(3NiO·3MgO·2SiO2·2H2O) in electric arc furnaces [19]. Ferronickel slag is a by-product
resulting from the manufacturing process of ferronickel. According to Huang et al. [20],
this type of slag contains three main oxides: MgO, Fe2O3 and SiO2. The blast furnace slag
can be either quenched by sea water (fast cooling) or cooled at ambient air temperature
(slow cooling). The cooling method will mainly affect the crystallinity of the slag. This
work focuses on water-quenched ferronickel slag from New Caledonia.



Constr. Mater. 2024, 4 526

This type of material mostly includes magnesium silicates, either crystalline or amor-
phous. Therefore, its carbonation will likely result in the formation of magnesium carbonate
and amorphous silica [17].

2.1.2. Direct Aqueous Carbonation of the Ferronickel Slag Using an Attrition-Leaching Process

The attrition-leaching process used in this study is detailed in the following papers,
so only the main steps are outlined in [17,21]. The carbonation reaction here takes place
in aqueous phase using a laboratory 300 mL autoclave operated as an attrition-leaching
reactor; it contains a bed of millimeter-sized grinding beads stirred by a pin-drive impeller.
This device enables one to control both pressure and temperature, with a continuous
attrition of the slag particles to remove leached layers. The reactor has a diameter of 60 mm
and a height of 100 mm and is heated by an annular furnace. The slurry temperature is
measured with a Pt100 probe inserted in an immersion sleeve. The pressure is measured by
a piezoresistive transmitter (Keller PA-23SY) and is set by a membrane pressure regulator
connected to a pressurized CO2 gas bottle. A more detailed description of the reactor
is provided by Dufourny et al. [22]. The temperature and pressure are kept constant
during the whole reaction. In the investigated conditions, the temperature is maintained at
180 ◦C and CO2 partial pressure at 20 bar. Pure CO2 is used in all experiments reported
in this study. The attrition is performed with 1 mm yttrium-stabilized zirconia beads
(Netsch Zetabeads Plus) agitated at 500 rpm, which corresponds to an impeller tip speed
of 1.38 m·s−1. In the reactor, 540 g of zirconium balls is mixed with 8 g of native slag
(grounded at a particle size lower than 100 µm) and 80 g of distilled water. The filling rate
of the reactor is then around 70%. The reaction lasts 24 h. Then, the whole reactor content
is sieved on a 0.8 mm mesh screen and rinsed with distilled water to separate the grinding
beads from the slurry. The collected suspension is centrifuged, and the solid residue is
finally dried at 105 ◦C for 24 h. It is manually ground in an agate mortar and dry-sieved
below 80 µm before further characterization.

2.2. Analytical Techniques

The full characterization of minerals requires the use of a panel of analytical techniques
to determine their chemical composition, as well as mineralogy and physical properties.

2.2.1. Determination of the Elemental Composition

The elementary composition of the ferronickel slag was characterized by ICP-AES after
total alkaline digestion of the materials. The digestion method made use of a melting agent
composed of 35% of lithium tetraborate (LiB4O7) and 65% of lithium metaborate (LiBO2).
The ratio of the components in the melting agent is different than the 50:50 classical ratio,
because it makes the digestion of silicates easier. Next, 200 mg of the sample was mixed
with 1.2 g of melting agent in a graphite crucible. Then, the crucible was placed in an oven
at 1100 ◦C for one hour. HNO3 solution (5%) was added to the molten mixture in a beaker
and agitated overnight until complete dissolution of the fusion bead. Finally, the solution
was filtrated on a slow quantitative filter and rinsed 7 times with ultra-pure water. ICP-AES
was performed on a Perkin Element Optima 7000 DV apparatus.

The loss of ignition was measured after heating the samples at 1100 ◦C for one hour in
a laboratory muffle furnace.

The measurement of carbon and water content was carried out using thermogravi-
metric analysis coupled with mass spectroscopy (TGA-MS). Experiments were performed
on samples heated up to 1000 ◦C at a constant rate of 10 ◦C/min, under air atmosphere
(gas flow set at 50 mL/min), with a Netzsch STA 449 F3/F1 Jupiter instrument. For this
experiment, 5 mL aluminum oxide crucibles were used. All curves were corrected for
buoyancy effects (caused by the density of the surrounding gas decreasing on heating) by
performing a blank subtraction.
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2.2.2. Characterization of the Mineralogy

Crystalline phases were characterized using X-ray diffraction (XRD) technique. Ex-
periments were carried out on a Bruker D8 Advance machine, using a copper X-ray anode
(λKα1 = 1.5418 Å) as X-ray source and equipped with a vertical theta/theta goniometer and
a LynxEye XE-TTM high-speed linear detector. A motorized anti-scattering knife was used
to attenuate direct radiation. Diagrams were acquired at 40 kV and 40 mA, from 7◦ to 70◦,
with a step of 0.02◦ and a total acquisition time of 2 h 30 min. For this analysis, the samples
were further ground in an agate mortar and sieved below 40 µm. Mineral identification
was performed using the Bruker-AXS DIFFRACplus Eva v4 software and the 2015 ICDD
PDF database.

To obtain the quantitative evolution of the phases during the hydration process,
Rietveld mineralogical modelling calculations were performed using the DIFFRACplus
Topas v5 software (Bruker-AXS, Karlsruhe, Germany). To quantify the amorphous fraction
in samples, the external standard method was used. The choice of the standard requires
one to know the chemical composition of the samples to calculate their Mass Attenuation
Coefficient (MAC); the standard’s MAC should be close to the one of the samples.

The MAC of both samples was calculated by summing the MAC of their element
oxides (Equation (1)) at the energy of the X-ray tube (here, 8.04 keV (copper)). The MACs
of these oxides are given in Table 1 [23].

µsamp = ∑
i

wi·µi (1)

Table 1. Mass Attenuation Coefficient (MAC) of oxides entering slag elemental composition.

MgO SiO2 Al2O3 CaO Fe2O3 Cr2O3 MnO ZrO2 H2O CO2

MAC (m2/kg) 29.0 36.4 32.1 125.9 217.4 175.6 214.4 103.3 10.3 9.6

The MACs of standards that are classically used in XRD are given in Table 2 for a
comparison to the ones of the samples.

Table 2. MAC of external standards classically used for Rietveld refinement.

Quartz (SiO2) Corundum (Al2O3) Rutile/Anatase (TiO2) Zincite (ZnO) Fluorite (CaF2)

MAC 36.0 30.9 124.2 49.3 89.8

The evaluation of the “normalization constant” of the external standard (the so-called
K-factor) required, in the first place, to acquire the X-ray diagram of the standard alone. The
K-factor was then deduced from the measured scale factor (Sstd) according to Equation (2).

K =
Sstd × ρstd × V2

std × µstd

Wstd
(2)

where ρstd is the standard density, Vstd is the standard’s unit cell volume, µstd is the standard
MAC, and Wstd is the weight ratio of the standard, here equal to 1.

The K-factor was entered into Topas software when the Rietveld refinement was
carried out on the sample diffractogram, and the absolute weight fraction of each known
phase was then calculated using Equation (3).

Wα(abs) =
Sα × ρα × V2

α × µsample

K
(3)

where Sα is the scale factor of phase α and µsample is the MAC of the entire sample.
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Two parameters were analyzed as fitting criteria: the Goodness of Fit (GOF) and the
weight residuals of pattern (Rwp) [24]. For a good fit, the GOF should be less than 10 and
the Rwp inferior to 15.

XRD gave information on the composition of the crystalline phases and on the total
amount of amorphous phases but not on the variability and composition of the amorphous
phases. Therefore, a spectroscopic method was needed to complete the mineralogical
characterization. Here, Fourier-transform infrared (FT-IR) analysis was used as a comple-
mentary tool to characterize both crystalline and amorphous phases. Spectra were acquired
on a Perkin Elmer instrument. The analysis was performed in reflexion mode on a diamond
crystal over a wavelength range from 500 to 4000 cm−1. Spectra were then compared to
those of pure compounds reported in the literature.

2.2.3. Microstructure

The specific surface area of the (carbonated) slag was measured by the Brunauer–
Emmett–Teller (BET) method on a Belsorp-Max device, using nitrogen absorption at 77.4 K
on about 1.5 g of sample. Before the measurement, the solid samples were pre-treated under
vacuum at 120 ◦C for 10 h in a Belprep-Vac II apparatus. Their density was determined
with a helium pycnometer (Micrometrics AccuPyc 1330) of 1 cm3 capacity.

The microstructure of the native slag was observed using a MEB/FIB FEI HELIOS 600i
Scanning Electronic Microscope (SEM). The device was equipped with a Field-Emission
Gun (FEG), a gallium ion column, and an Energy-Dispersive X-ray Spectroscopy (EDS)
detector. The images were acquired at an acceleration voltage of 15 kV with the Back-
Scattered Electron (BSE) detector in order to differentiate the phases by their elemental
composition (the lighter the image, the heavier the atoms). A current of 1.4 nA and at a
working distance of 4 mm were applied. Then, a slice of the sample was cut using the
Focused Ion Beam (FIB) containing gallium ions (Figure 1) and was thinned to become
transparent to electrons.
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Figure 1. Cutting of a thin slice of the native slag by FIB. Figure 1. Cutting of a thin slice of the native slag by FIB.

The FIB lamella was observed with a TEM JEOL JEM 2100F Transmission Electron
Microscope (TEM) equipped with an EDS detector. TEM images were acquired at 200 kV.
The microscope resolution was 2.3 Å. Different interesting areas were selected to perform
X-ray diffraction and EDS analyses. Scanning mode (STEM) was also applied for elemental
mapping. Note that the native slag was not affected by the electrons.

As for the carbonated slag, only TEM analysis was performed, as its particles were
too small to be properly investigated by SEM. The powder was dispersed in ethanol under
ultrasound for several minutes; then, a drop was placed on a TEM copper grid covered
with a carbon film. The sample was analyzed after the evaporation of the solvent.
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3. Results
3.1. Chemical Analysis

The chemical composition of the feedstock was determined as a first step to improve
the accuracy of the mineralogical characterization by XRD. In addition, having quantitative
information on the sample chemistry allows for verification of the Rietveld refinement
results and enables a mass balance to determine the composition of the amorphous phase.
The results of ICP-AES and loss-of-ignition analysis are given in Table 3.

Table 3. Oxide composition of native and carbonated slags obtained from ICP-AES analysis (absolute
measurement error in brackets).

MgO SiO2 Al2O3 CaO Fe2O3 Cr2O3 MnO ZrO2 L.O.I Total

Ferronickel slag 31.2 (1.6) 52.6 (2.6) 2.7 (0.1) 0.70 (0.03) 12.4 (0.6) 1.10 (0.05) 0.20 (0.02) <D.L. <D.L. 101.2 (5.0)

Carbonated slag 20.3 (1.0) 35.6 (1.8) 2.8 (0.1) 1.21 (0.06) 10.4 (0.5) 0.86 (0.04) 0.35 (0.02) 1.24 (0.06) 30.3 (1.5) 103.5 (5.1)

As some elements could not be analyzed by ICP-AES (such as hydrogen, carbon,
nitrogen, etc.), thermogravimetric analysis coupled with mass spectroscopy (TGA-MS) was
used to quantify the amounts of CO2, H2O, and SO2. It should be first noticed that the native
slag did not exhibit any significant mass loss up to 1000 ◦C (<0.5%). Only two compounds
were responsible for the mass loss on the carbonated samples: water and carbon dioxide.
The loss of water occurred mainly between 30 and 300 ◦C, whereas decarbonation occurred
from around 300 ◦C to 700 ◦C, as shown in Figure 2. Table 4 summarizes the corresponding
results. The L.O.I (30.3%) and the total TGA mass loss (27.4%) were slightly different; this
small discrepancy could be ascribed to the difference in the final temperature (1000 ◦C for
TGA and 1100 ◦C for L.O.I) and the fact that with L.O.I, there is a 1 h plateau at 1100 ◦C,
whereas the TGA experiment ends when the sample reaches 1000 ◦C. The loss of water is
likely related to hydrated amorphous silica, an expected product of the carbonation process
of magnesium silicate minerals. A small loss of carbon dioxide was detected around 200 ◦C,
which was probably due to the presence of organic residue from the carbonation process
(the reactor including a PEEK liner).
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Figure 2. TGA-MS curves of a carbonated slag.

Table 4. Mass loss from TGA of the carbonated slag (and detected gas).

Temperature Range (◦C) Mass Loss (wt. %) Detected Gas

30–1100 ◦C 27.4% H2O + CO2

30–300 ◦C 6.7% H2O (CO2)

300–600 ◦C 20.7% CO2
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3.2. Mineralogy
3.2.1. XRD and Rietveld Analysis

First, the X-ray diagrams of the native and carbonated ferronickel slag samples were
acquired (results in Figure 3), and the phases were determined according to their elemen-
tal composition. The native slag contains one major crystalline phase: forsterite ferroan
((Mg,Fe)2SiO4). This is a naturally occurring magnesium silicate, from the olivine family,
in which some of the magnesium cations are substituted by iron (II). Also, clinoenstatite
(MgSiO3) was observed, a magnesium silicate from the pyroxene family. In the carbon-
ated slag, three crystalline phases were characterized, unreacted forsterite iron from the
native slag, magnesite (MgCO3), and siderite (FeCO3), which are the carbonated products.
Nonetheless, the crystalline peaks of magnesite and siderite being very close, it is difficult
to distinguish whether the sample is composed of the separate carbonates and/or a mixed
(Mg,Fe)CO3 phase.
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Figure 3. X-ray diffractograms of (A) native slag and (B) carbonated slag.

Then, Rietveld refinement was performed to calculate the amount of each crystalline
phase and the total amount of the glassy phase (the fits are given in Figure 4). Based on
their oxide composition, the calculated MACs of ferronickel slag and carbonated product
are 59.2 and 44.5 m2·kg−1, respectively. Thus, zincite was chosen as the external standard
for both samples to perform Rietveld refinement.

According to these results, the native slag contains around 45% of forsterite, a small
amount of enstatite, and 55% of amorphous materials. As for the carbonated slag, it
contains about 7% of residual forsterite, 37% of magnesite, 4% of siderite, and around 50%
of amorphous materials (see Table 5). For both samples, Rietveld refinements were accurate
since the GOF was lower than 3.5 and the RWP lower than 5.

Table 5. Rietveld refinement results for the native and carbonated slags.

Native Slag Carbonated Slag

% Forsterite iron 44.1 ± 0.6 7.0 ± 0.6

% Clinoenstatite 0.4 ± 0.3 -

% Magnesite - 37.3 ± 0.7

% Siderite - 3.6 ± 0.3

% Residual: amorphous and undetected crystalline phases 55.4 ± 0.6 52.1 ± 1.0
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The absolute errors given in Table 5 are those obtained from the calculation. However,
the usual uncertainty of a Rietveld refinement is generally around 2–5%, so higher than
the ones given by the software. The accuracy of results obtained by Rietveld refinement
was evaluated by the comparison between the number of carbonates and carbon dioxide
content measured by TGA (see Section 3.1).

Finally, the Rietveld refinement also enabled us to calculate the ratio of magnesium to
iron in the forsterite iron phase. The forsterite formula is then Mg1.8Fe0.2SiO4.

3.2.2. Mass Balances

The XRD analysis of the native and carbonated slags revealed an important amount
of amorphous phase in both samples. Elemental balances and FT-IR were then used as
complementary tools to evaluate their stoichiometric composition.

The elemental composition of the glassy phases could be deduced by combining the
results from ICP-AES, TGA, and the Rietveld refinement of the diffraction patterns. In
addition, chromium, whose bearing phase could not be detected by XRD, was ascribed
to chromite (FeCr2O4) only, following the conclusions of an internal analysis report. The
amount of this mineral was then calculated using the total amount of chromium determined
by ICP-AES and subtracted to the residual phase content after Rietveld refinement. The
results are given in Tables 6 and 7 for the native and carbonated slag, respectively.

The calculations showed that the amorphous phase in the native slag contained pri-
marily SiO2 and (MgO + FeO), with a molar ratio around 2. It also included a small fraction
of aluminum. The calculated atomic ratios in the amorphous phase were Mg/Si = 0.42;
Fe/Si = 0.07; Al/Si = 0.04.

As for the carbonated slag, the amorphous phase contained a significant amount
of silica and water, with small amounts of iron and aluminum. As mentioned above,
the reaction of magnesium silicates with dissolved CO2 resulted in magnesium and iron
carbonates, as well as partially hydrated amorphous silica.

Mass balances made it possible to calculate the composition of the amorphous part of
the sample, but it did not yield its chemical nature and variability.
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Table 6. Mass balance results for the native slag.

Mineral Chemical Formula Proportion Oxide Formula Oxide (wt. %) Oxide (mol. %)

Forsterite Mg1.8Fe0.2SiO4 44.1

MgO 21.4 44.2

Fe2O3 5.2 2.7

SiO2 18.0 24.8

Clinoenstatite MgSiO3 0.4
MgO 0.2 0.3

SiO2 0.2 0.3

Chromite FeCr2O4 1.7
Fe2O3 0.6 0.3

Cr2O3 1.1 0.7

Amorphous Unknown 53.8

MgO 9.6 20.0

Fe2O3 6.5 3.4

SiO2 34.3 47.3

Al2O3 2.7 2.1

MnO 0.2 0.2

CaO 0.7 1.0

Table 7. Mass balance results for the carbonated slag.

Mineral Chemical Formula Proportion Oxide Formula Oxide (wt. %) Oxide (mol. %)

Forsterite Mg1.8Fe0.2SiO4 7.0

MgO 3.6 5.6

Fe2O3 0.5 0.2

SiO2 2.9 2.9

Chromite FeCr2O4 1.1
Fe2O3 0.4 0.2

Cr2O3 0.9 0.3

Magnesite MgCO3 37.3
MgO 17.8 27.3

CO2 19.5 27.3

Siderite FeCO3 3.6
Fe2O3 2.5 1.0

CO2 1.4 1.9

Amorphous ? 51.0

SiO2 32.7 33.5

Fe2O3 7.0 2.7

Al2O3 2.8 1.7

MnO 0.2 0.1

CaO 1.2 1.3

H2O 6.7 29.4

3.2.3. FT-IR

In order to identify other materials in addition to crystalline phases, FT-IR was used.
By using this technique, the minerals can be differentiated via the characteristic vibrational
properties of their atomic bonds. Although this provides the opportunity to identify
amorphous silica or saponite-like phases, it is sometimes limited when the minerals hold
the same chemical bonds and, thus, the same characteristic vibrations, such as enstatite or
forsterite, which are both magnesium silicates. The sample spectra were compared to those
of pure phases from the literature in order to help their identification.

Figure 5A shows the FT-IR spectrum of the native slag, typical of a forsterite (Mg2SiO4)
phase [25,26]. Peaks around 500 cm−1 and 620 cm−1 correspond to the bending vibrations
of the Si-O groups, while peaks in the range 830–1000 cm−1 are associated with stretching
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vibrations of the Si-O groups. It should be noted that FT-IR did not help differentiate the
amorphous phase and forsterite, since they are both magnesium silicate phases displaying
the same bounding vibrations.
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Figure 5. FT-IR spectra of (A) native slag and (B) carbonated slag.

Figure 5B shows the FT-IR spectrum of the carbonated slag, with magnesite (MgCO3)
having strong carbonate absorption bands around 880–885, 1450–1470, and 745–750 cm−1

for ν2, ν3, and ν4 modes, respectively [27–29]. The presence of amorphous hydrated silica
was evidence, via absorption bands characteristic of the Si-O-Si groups (1000–1100 cm−1),
the stretching vibrations of O-H groups (3300–3500 cm−1), and molecular coordinated
water within the SiO2 structure (1600–1650 cm−1) [30].

3.2.4. Electron Microscopy Coupled to Elemental Analysis (SEM- and TEM-EDS)

The native and carbonated slags were analyzed using electron microscopy (SEM and
TEM) coupled to EDS. The objectives of these analyses were as follows:

1. To confirm the composition of the forsterite (1.8 MgO/0.2 FeO);
2. To analyze the amorphous material in terms of elemental composition and variability;
3. To observe the carbonates in the carbonated slag, either as separate magnesite and

siderite or as a (Mg,Fe)CO3 solid solution.

SEM observations were carried out on both the native and carbonated samples
(Figure 6). The BSE of a polished section of resin-coated native slag (Figure 6A) made
it possible to observe different morphologies: large particles which appear in the dark
(therefore, made of light elements) and seem to be porous, needle-like particles containing
crystallites, and a third phase, including the other two phases, which is lighter. In terms of
composition, the results of EDS were inconclusive due to the intimate imbrication of the
mineral phases. For the carbonated slag (Figure 6B), the SEM image made on a powdered
sample showed that each grain was composed of an agglomeration of submicronic particles.
Therefore, TEM observations were carried out to analyze both materials in greater detail.

Native Slag
The electron diffraction mode in TEM was used to discriminate crystalline and amor-

phous phases (on the diffraction pattern, dots count for crystalline phases and halo ring for
the amorphous phase) and the scanning mode (STEM) was used to determine the elemental
composition of the three different highlighted zones, labelled A to C in Figure 7. As seen
from the corresponding diffraction pattern, A is 100% amorphous and contains mostly
silica (see elemental mapping at the bottom of Figure 7), while B and C are 100% crystalline
but show different chemical compositions: B is mostly composed of magnesium, while
C also contains a significant amount of silica. In addition to elemental mapping using
STEM-EDS, quantitative EDS analysis was also performed pointwise on several areas for
each sample.
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The elemental composition of each area was determined (using the average of 20 points
for each area on two different TEM images):

• Area A, amorphous: Mg/Si = 0.41; Fe/Si = 0.21; Al/Si = 0.13. The Mg/Si ratio is very
close to the one calculated with the mass balance (Section 3.2.2); the other two ratios
are slightly higher with this technique. However, it confirms that aluminum is only
detected in the amorphous phase.

• Area B, crystalline: Mg/Si = 1.8; Fe/Si = 0.2; (Mg + Fe)/Si = 2 and Mg/Fe = 10, which
matches with the composition of forsterite determined by the Rietveld refinement:
Mg1.8Fe0.2SiO4 (Section 3.2.1).

• Area C, crystalline: Mg/Si = 1.3; Fe/Si = 0.1; (Mg + Fe)/Si = 1.4 and Mg/Fe = 10,
which corresponds to no existing magnesium silicate and is probably a mixture of
enstatite and forsterite.

Carbonated Slag
The TEM micrograph in Figure 8 shows that the carbonated slag is made up of very

small particles that remain agglomerated after sonication. On the other hand, the fragility
of the particles under the focused electron beam did not make it possible to reach higher
magnification. Therefore, only STEM images and elemental mapping were performed on
this sample. As seen in Figure 9, three different areas can also be observed, with different
elemental compositions:

• Area A, crystalline, corresponds to carbonates and is mainly composed of magnesium,
iron, carbon, and oxygen. As all EDS analyses revealed the presence of Mg and Fe
in A, it was deduced that carbonates form a single mixed phase and do not separate
magnesite from siderite. This is consistent with thermodynamic calculations, which
indicate that the solid solution is the most stable [31]. However, the electron beam
could not be correctly focused, and, therefore, EDS did not make it possible to verify
the Mg/Fe ratio.

• Area B, crystalline, is mostly composed of magnesium, iron, and silica and, thus,
probably corresponds to the residual forsterite.

• Area C, amorphous, is mainly composed of silica and alumina.
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3.3. Morphology

The native slag was granulated during the cooling step and had a size close to a grain
of sand; therefore, this sample was crushed and sieved prior to the carbonation process.
The carbonated slag was composed of very small particles (size around a few nm), which
tended to agglomerate, as observed by TEM. Therefore, it was not possible to measure the
size of the individual particles by using laser granulometry. Then, only the specific surface
area was measured by using the BET method, which yielded 280 m2/g, a very high value,
in the order of magnitude of colloidal silica [32].
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4. Discussion
4.1. Understanding the Carbonation Process

In this work, a panel of analytical techniques were used to characterize native and
carbonated ferronickel slags. The characterization of both samples enabled a better under-
standing of the transformations during carbonation under attrition, in the following order:
(a) to further improve the accelerated mineralization process, and (b) to consider the reuse
of the carbonated products.

In this case study, the coupling of several conventional analytical techniques was
very efficient to elucidate the composition of the complex multiphase materials. The two
diagrams in Figure 10 represent the composition of the native and carbonated slags. The
native slag is composed of three different phases: forsterite ferroan with a Mg/Fe ratio of 9
(Mg1.8Fe0.2SiO4), an amorphous magnesium silicate also containing iron and aluminum
with a Si/(Mg + Fe) ratio around 2, and a small amount of clinoenstatite (MgSiO3), which
is present at the interface between the forsterite and the amorphous phase. All phases are
intimately mixed in the ferronickel slag. The presence of a high content of glassy phase
in the native slag is explained by the phase diagram in Figure 11 [33]. The temperature in
the electric arc furnace is between 1500 and 1700 ◦C during the manufacture of ferronickel.
In this temperature range, the molten slag forms a mixture of forsterite and liquid. The
material characterized in this study, which was obtained from the society Le Nickel, is
quenched by sea water on its way out of the furnace. Therefore, the liquid transforms into
a glassy phase. If the slag had been cooled down slowly, the product would have been
crystalline and contained a mixture of enstatite and forsterite. The literature reports that
the amorphous phase might be a magnesium silicate with the formula (Mg,Fe)Si2O5 [34].
This formula is in close agreement with the ratio of the element calculated in this study.
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The carbonated product is composed of residual forsterite, a mixed magnesium and
iron carbonate, and a hydrated amorphous silica containing a slight amount of aluminum.
The amorphous silica contains 0.7 water per SiO2 unit. The carbonation reactions of the
slag components, thus, obeyed the following stoichiometric equations:

MgSi2O5 + CO2 + 1.4 H2O → MgCO3 + 2 SiO2.0.7H2O

Mg1.8Fe0.2SiO4 + 2 CO2 + 0.7 H2O → 1.8 MgCO3 + 0.2 FeCO3 + SiO2.0.7H2O
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The characterization made on the samples showed that the initial amorphous mag-
nesium silicate coming from the native slag had totally reacted during the carbonation
process, whereas the crystalline forsterite was partially transformed, and, thus, a small
amount of this forsterite was still present in the carbonated product. This means that this
amorphous phase dissolved somewhat faster than forsterite.
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In addition, the carbonated slag is composed of submicronic particles that tend to
agglomerate, resulting in a very high specific surface (around 280 m2/g). Dealing with this
parameter is primordial for further reuse of the material in the construction sector and will
be a real challenge.

4.2. The Reuse of Carbonated Slag

The characterization of the carbonated slag was a starting point to consider its reuse
paths. In fact, this type of product could be interesting in the cement industry, considering
its abundance and composition. The cement industry accounts for 8% of the global CO2
emissions [35]. The stakeholders in this industry had already thought about solutions
to reduce their environmental impact, such as switching to alternative fuels, using more
efficient energy sources, etc. Other solutions that are proposed consist of using alterna-
tive binders or partially replacing the clinker in cement or in concrete manufacturing by
materials with a lower environmental impact. Bourgeois et al. gave more details about
the solutions that could be brought about by an integrated mineralization process [17].
Considering the composition of the carbonated products, their use as a material for the
partial replacement of clinker or cement is relevant, as well as their use as a magnesium
silicate binder.

4.3. Carbonated Slag as Pozzolanic Material

The carbonated product comprises amorphous silica, which is well known in the
literature to be reactive in a cementitious environment [36] and is already used to partially
replace the clinker. Amorphous silica is usually a fine powder coming from the ferro-silicate
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industry and is referenced in the literature as silica fume. This material is also known to
have a pozzolanic behavior in a cement medium, contributing to the long-term mechanical
performance of the binder. Therefore, considering the composition of the carbonated
product and the literature about silica additions in cement, this material should behave like a
pozzolanic material in a cement environment. Trials were carried out by Bourgeois et al. [17].
The authors showed that it is possible to replace 20% of cement with the carbonated slag in
a normalized mortar (with a superplasticizer) and to improve the mechanical strength of the
material because of the pozzolanic reactivity of the carbonated product. Nonetheless, the
fineness of the carbonated slag raises rheological issues. In addition, the characterization
study was performed on only one product obtained after 24 h of carbonation, but products
obtained at shorter reaction times and, thus, with lower carbonation yields—for instance,
about 50% after 5 h at 150 ◦C and 10 bar of CO2 [22]—should also be considered since
they would allow one to reduce the process of energy penalty. A complete study on the
replacement of Portland cement with different carbonated ferronickel slags will be carried
out to determine the benefit of such an addition.

4.4. Carbonated Slag as Magnesium-Silicate Binder

The carbonated product contains amorphous silica but also magnesium carbonate,
which could form magnesium oxide (periclase) after heating. Yet, magnesium silicate
binders are prepared from a mixture of magnesium oxide and amorphous silica [37]. There-
fore, the carbonated product could be a precursor of the synthesis of magnesium silicate
binders. Preliminary experiments were carried out to determine whether it is possible to
synthesize periclase (MgO) and within which temperature range. The decarbonation of
magnesite starts from 500 ◦C (Figure 12); between 500 and 600 ◦C, magnesite is transformed
in periclase, but at higher temperatures, only magnesioferrite (MgFe2O4) is formed. Then,
to prepare a silico-magnesium binder, it is necessary to maintain the processing temperature
between 500 and 600 ◦C.
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Finally, a paste was prepared with a material prepared after treatment for 1 h at 600 ◦C,
using a liquid-to-binder ratio of 1.2. After 7 days, the paste was characterized by XRD
(Figure 13), and the presence of M-S-H was confirmed. These results are very promising,
and a further study will be carried out.
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5. Conclusions

This study aimed to fully characterize ferronickel slag from New Caledonia prior to
and after a direct aqueous carbonation process. Several analytical techniques could identify
crystalline and amorphous phases in both materials and quantify them. The methods
used included chemical characterizations through ICP-AES and TGA-MS analyses, mineral
characterizations provided by Q-XRD, FT-IR, and EDS coupled to electronic microscopy,
and morphology characterizations using SEM and BET analysis.

These methods were successfully applied to identify and quantify the composition of
a ferronickel slag from New Caledonia and its carbonated product. The native ferronickel
slag is composed of 44 wt. % of forsterite iron, with a 1:4 Fe:Mg ratio and 54 wt. % of an
amorphous phase with (Mg,Fe)(Si,Al)2O5 stoichiometry. The native slag also contains some
traces of clinoenstatite and 1.7 wt. % of chromite. After 24 h of aqueous carbonation using
an attrition-leaching process operated at 180 ◦C and 20 bar, the amorphous phase contained
in the native slag totally reacted, whereas 7 wt. % forsterite iron remained in the carbonated
material. The main reaction products are magnesite (37 wt. %) and siderite (3.6 wt. %) in
the form of a solid solution and amorphous silica comprising some aluminum originating
from the glassy phase in the slag (51 wt. %). Therefore, the full characterization of materials
made it possible to understand the carbonation process. It was also used to define possible
valorization paths for the products, as the carbonated product contains a high amount of
amorphous silica, which makes it suitable for pozzolanic reactions in cementitious systems.
On the other hand, this study shows that it is possible to synthesize a magnesium silicate
binder after the decarbonation of magnesite at a very low temperature.
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