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Abstract: The majority of ferrochrome (FeCr) is produced through the carbothermic reduction of
chromite ore. In recent years, FeCr producers have been pressured to curve carbon emissions,
necessitating the exploration of alternative smelting methods. The use of hydrogen as a chromite
reductant only yields water as a by-product, preventing the formation of carbon monoxide (CO)-rich
off-gas. It is however understood that only the Fe-oxide constituency of chromite can be metalized by
hydrogen, whereas the chromium (Cr)-oxide constituency requires significantly higher temperatures
to be metalized. Considering the alternation of chromite’s spinel structure when oxidized before
traditional smelting procedures, the effects on its reducibility using hydrogen were investigated.
Firstly, the effect of hydrogen availability was considered and shown to have a significant effect on Fe
metallization. Subsequently, spinel alternation induced by pre-oxidation promoted the hydrogen-
based reducibly of the Fe-oxide constituency, and up to 88.4% of the Fe-oxide constituency was
metallized. The Cr-oxide constituency showed little to no reduction. The increase in Fe-oxide
reducibility was ascribed to the formation of an exsolved Fe2O3-enriched sesquioxide phase, which
was more susceptible to reduction when compared to Fe-oxides present in the chromite spinel. The
extent of Fe metallization of the pre-oxidized chromite was comparable to that of unoxidized chromite
under significantly milder reduction conditions.

Keywords: pre-oxidation; metallization; hydrogen; reduction; chromite; ferrochrome/ferrochromium

1. Introduction

Chromite ore, unit formula of (Mg, Fe2+)(Al, Cr, Fe3+)2O4, is the only commercially
exploited source of new chromium (Cr) units [1–3]. Approximately 90 to 95% of chromite
ore is utilized to produce several grades of ferrochrome (FeCr) [3–5]. FeCr, a crude alloy
between Cr and iron (Fe), is produced through the energy-intensive carbothermic smelting
of chromite ore [4,5]. Temperatures of 1600–1700 ◦C within the smelting zone are require to
allow metallization and separation of the metal and slag phases [6]. Semi-closed and closed
submerged arc furnaces (SAFs) are mainly used during the production of FeCr in South
Africa. Direct current (DC) arc furnaces are also used but to a lesser extent [3]. For During
smelting, the specific energy consumption of a furnace is affected by a variety of factors,
e.g., feed material pre-screening, if a fraction of the Cr- and Fe-oxide content has been
pre-reduced, and if the chromite charge is pre-heated. For instance, the energy consumption
of a semi-closed SAF operating on unscreened feed materials can be as high as 4500 kWh/t
FeCr produced, whereas a closed SAF operating on hot-fed pre-reduced chromite can be
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as low as 2000 kWh/t of FeCr. The pre-reduction of chromite ore before smelting is an
effective technique to lower the energy consumption during chromite smelting, but requires
a higher capital investment/operational costs [7].

Carbon-based reductants (e.g., coke, coal, or charcoal) are currently used as reductants
during chromite smelting, depending on availability and furnace type [4,8]. For instance,
coke is no longer a cost-effective reductant in South Africa as it has become expensive
and difficult to source [9]. Due to increases in the cost of reductants and scarcity of high-
carbon-content reductants, the incorporation of hydrogen as a reductant is becoming more
and more attractive. This is especially true for developed countries, where renewable
energy is relatively available. For instance, Norway has an abundance of renewable hydro-
energy (which accounts for approximately 94% of its energy production) [10], which is
not perplexed by supply–demand intermittence associated with solar and wind energy.
Therefore, hydrogen can be produced on site from water, and consumed where needed.
In this case, hydrogen does not necessarily need to be stored in large quantities and/or
for extended periods. A cost–benefit study has yet to be conducted on the economic
implications of partial replacement of C-reductants with hydrogen. From an environmental
perspective, however, the use of hydrogen is preferred.

Nevertheless, the carbothermic smelting of chromite produces a significant amount
of carbon monoxide (CO) in the off-gas. The CO-rich off-gas is flared on the top of
furnace stacks to oxidize CO to carbon dioxide (CO2) before being released into the
atmosphere [11,12]. The significant quantities of released CO2 is of an environmental
concern. In closed SAFs, the volume of off-gas ranges from 2500 to 4000 Nm3/h per MW
consumed or from 10,000 to 15,000 Nm3/ton of alloy. The off-gas volume originating from
semi-closed SAFs is significantly higher due to air dilution and ranges between 4000 to
13,000 Nm3/h per MW consumed or 15,000 to 55,000 Nm3/ton of alloy [13].

Hydrocarbons, e.g., methane (CH4), and reformed natural gas (CO and H2), have been
proven as alternative reductants for the production of FeCr via a solid–gas process [14,15].
In addition, the use of CaCl2 and Na3AlF6 have also been demonstrated as reductants
and/or reduction-enhancing additives during chromite smelting [16,17]. The use of hydro-
gen was nevertheless considered here as a reductant to curve C-consumption and to avoid
the use of Cl2- and F-containing compounds. Theoretically, the complete reduction of pure
chromite (FeCr2O4) with hydrogen is shown in Reaction (1) [18]:

FeCr2O4 + 4H2(g)→ Fe +2Cr + 4H2O(g)→ K (1700 ◦C) = 2.74 × 10−7 (1)

Reaction (1) shows that only water is yielded as a by-product when hydrogen is used
as a reductant. Though Reaction (1) is used for pure chromite, the reduction of naturally
occurring chromite ore will proceed differently due to its isomorphic nature [19]. It is further
noted that, thermodynamically, Cr-oxide would require extremely high temperatures to be
metallized by hydrogen [20]. Considering that Reaction (1) includes both the metallization
of Fe- and Cr-oxides, the equilibrium constant (K) at 1700 ◦C for Reaction (1) is very small
and only approaches 0 at temperatures more than 3800 ◦C. The metallization of Fe- and
Cr-oxides will not metallize simultaneously, and it is understood that Fe-oxides are less
resistive to reduction when compared to Cr-oxide. Reaction (2) presents the metallization
of the Fe-oxide fraction of chromite using hydrogen.

FeCr2O4 + H2(g) = Fe + Cr2O3 + H2O(g)→ K (1700 ◦C) = 2.12 × 10−1 (2)

Reaction (2) shows the reaction if only the Fe-oxide constituency of chromite is met-
allized. This K value is significantly larger than that of Reaction (1), which suggests that
Reaction (2) is thermodynamically more favorable than Reaction (1). It is therefore evi-
dent that Fe- and Cr-oxide changes during processing may be considered separately on a
thermodynamic level.

Davies et al. (2022) performed a fundamental investigation to show the behavior of
chromite when exposed to hydrogen at elevated temperatures. These temperatures were
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however significantly lower than the temperatures in the smelting zone of a SAF. The
authors showed that the Fe-oxide constituency of chromite could be selectively reduced to
metallic Fe using hydrogen under relatively mild thermal conditions [20]. Up to 84% of
the total Fe content was metalized (and subsequently removed via hot acid leaching) from
the chromite spinel, while Cr metallization was insignificant. Fundamentally, it is possible
to reduce chromite’s entire Fe constituency using hydrogen under certain conditions.
However, the Fe reduction process should be considered from an economical perspective
too. For instance, employing unrealistic reduction conditions (e.g., extreme reduction
temperatures, prolonged reduction periods, and excessive hydrogen utilization) will likely
not be a feasible option for the FeCr industry.

In this study, it was considered to include a pre-oxidation step before reduction using
hydrogen. It is relatively well understood that the phase decomposition reaction in spinels
proceeds via various mechanisms and can be defined by Reaction (3) [21].

(A)[B]2O4 = (AO) + [B2O3] (3)

The decomposition products of pure chromite, FeCr2O4, at elevated temperatures
are FeO, i.e., (AO), and Cr2O3, i.e., [B2O3]. However, considering that chromite is a solid
solution of pure spinel end members, the decomposition products are not only affected
by the mineral composition, but also by the oxygen partial pressure. Exposure to air at
high temperatures in an excess of oxygen will oxidize the Fe2+ to Fe3+, resulting in a Fe2O3
phase [21].

Kapure et al. (2010) showed that the pre-oxidation of chromite increases the extent of
Fe and Cr metallization during direct reduction using coal. The authors showed that Fe2+

present in the chromite spinel oxidized to Fe3+ during pre-oxidation, which then forms
an exsolved sesquioxide Fe2O3 phase. In addition, the migration (and oxidation) of Fe2+

from tetrahedral to octahedral sites results in the formation of cation vacancies in the spinel
structure. Both the Fe2O3 phase and cation vacancy formation promote the reducibility of
the chromite ore while contributing to the formation of the slag phase during reduction [22].
Zhao and Hayes (2010) reported similar observations when pre-oxidized chromite pellets
before employing solid-state reduction using CO. During the pre-oxidation process at
1000–1200 ◦C, Fe2+ was oxidized to Fe3+, which promoted the extent of subsequent Fe
metallization [23]. Borra et al. (2010) made a similar observation [24].

Kleynhans et al. (2016) showed that the pre-oxidation of chromite significantly im-
proved the extent of pre-reduction of chromite during the pre-reduction of pelletized
chromite. The optimal pre-oxidation temperature (defined as the temperature at which
maximum sesquioxide Fe2O3 formation and minimal eskolaite-type phase formation oc-
curred) was determined to be 1000 ◦C. It was also shown that pre-oxidizing the chromite
ore can lower the specific electricity consumption (SEC) of a SAF from 2.4 to 2.2 MWh/t.
Additionally, the carbonaceous reductant required during smelting was reduced from
99.5 to 85.5 kg/t pellets [25].

Biswas et al. (2018) investigated pre-oxidized Indian chromite and found that the
Fe2O3-enriched sesquioxide phase formation was controlled by the oxidation of Fe2+ to
Fe3+ and that longer oxidation times (up to 120 min) and higher temperatures (up to
1000 ◦C) expedited Fe2+ oxidation [26]. Tathavakar et al. (2015) indicated that South African
chromite decomposes into two phases, i.e., (Mg1−x,Fex)(Cr1−y,Aly)2O4 and (Fe1−a,Mga)
(Cr1−b,Alb)2O4 [21]. Du Preez et al. (2019) confirmed the presence of the two phases, as
well as the presence of free Fe2O3, in pre-oxidized chromite fines obtained from a large
FeCr producer [27].

It is therefore relatively well understood that the reducibility of the Fe constituency of
chromite by a C-based reductant can be expedited by chromite’s pre-oxidation. However,
as far as the authors could assess, the use of hydrogen as a reductant of pre-oxidized
chromite has yet to be reported in the peer-reviewed public domain. Therefore, the primary
objective was to investigate the effects of pre-oxidation on the reducibility of chromite
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using hydrogen as a reductant. The secondary objectives were to determine the mildest
reaction conditions required for optimal metallization.

2. Materials and Methods
2.1. Materials

A metallurgical-grade chromite ore sample was obtained from a large South Africa
FeCr producer and was used as the case study ore. It is worth noting that China is classified
as the largest stainless steel producer in the world, responsible for 54% of the world’s
stainless steel supply in 2017. Chromite ore is essential for stainless steel production and
the majority of chromite consumed by China’s stainless steel industry originated from
South Africa (approximately 72% in 2017) [28]. Considering this, the results presented in
this study are of international relevance.

A homogeneous and representative sample collection campaign was undertaken at a
large South African FeCr smelter and sample collection for experimental work was applied
here, as described by Du Preez et al. (2019) [27]. Previously, a detailed characterization
of this case study ore was presented by Glastonbury et al. (2015) in a non-related study.
Therefore, full characterization is not repeated here [29]. Of interest here is the Cr2O3
content of 44.2 wt% and the FeO (total Fe expressed as FeO) of 24.7 wt%. These values
equate to an approximate Cr/Fe ratio of 1.58. This ratio was calculated from the Cr2O3
and total Fe contents, which were determined using inductively coupled plasma optical
emission spectrometry (ICP-OES).

X-ray diffraction (XRD) of the respective ore revealed that the ore mainly comprised
chromite (93.4 wt%) and siliceous gangue (i.e., 6.6 wt% enstatite). It is further worth
noting that South African chromite has a relatively low Cr content of approximately
0.59–0.62 mol Cr in the octahedral sites, whereas chromite ores from Brazil, Turkey, and
Kazakhstan contain 0.70–0.77 mol Cr. Due to the relatively low Cr content of South African
ores, the remainder of octahedral sites is occupied by Al3+, which stabilized the spinel
against reduction. In addition to this, Fe3+, which also occupies the octahedral sites of
chromite, is relatively low at approximately 0.06 mol [30]. Similar to Al3+, Mg2+ occupying
tetrahedral sites stabilized chromite against reduction [19]. Canaguier showed that Mg-
containing chromite ((Fe, Mg)Cr2O4) was more resistant to reduction when compared to an
Al-containing chromite (Fe(Cr,Al)2O4) [15].

Hydrogen, the reductant considered in this study, is currently mainly produced from
non-renewable sources, e.g., coal, oil, and natural gas, while water electrolysis accounts
for approximately 4% of the globally produced hydrogen [31]. Nevertheless, numerous
processes can be employed for generating hydrogen, e.g., thermochemical [32,33], pho-
tocatalytic [34,35], photochemical [36,37], photo-electrochemical [38,39], metal and metal
hydride hydrolysis [40–48], electrochemical [49–54], and ammonia and formic acid de-
composition [55–57] processes, as well as various biological processes [58–60]. In this
investigation, the hydrogen reductant was generated on-site at Hydrogen South Africa
(HySA) Infrastructure, Potchefstroom, South Africa, through proton exchange membrane
water electrolysis (PEMWE). A PEMWE stack was powered by photovoltaic energy and the
produced hydrogen was stored as a pressurized gas. Therefore, the employed hydrogen
is considered green hydrogen as it is generated from renewable energy and a renewable
source. The generated hydrogen purity was >99.9%. The nitrogen (99% purity) used in this
study was supplied by Afrox, South Africa. The chemicals Na2O2 (97%), Na2CO3 (99.5%),
and HNO3 (>99.999%) were obtained from Sigma-Aldrich, Johannesburg, South-Africa.

2.2. Sizing of Chromite

As-received chromite ore was size-partitioned after being screened into the following
size fractions, i.e., <106, 106 to 212, 212 to 425, and 425 to 850 µm. Chromite screening
was performed using a Haver EML Digital Plus sieve shaker (Haver and Boecker, Oelde,
Germany) and stainless steel Haver and Boecker sieves.
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Particle size distribution of the screened chromite fractions was determined by laser
diffraction particle sizing using a Malvern Mastersizer 3000 (ATA Scientific, Sydney, Aus-
tralia). Samples were ultra-sonicated before measurements were taken and continuously
agitated by mechanical stirring at 2400 rpm during analyses. Laser obscuration was main-
tained between 10 and 20%. Table 1 exhibits the d90, d50, and d10 values of as-received and
size-fractioned chromite.

Table 1. D90, d50, and d10 (µm) of as-received and size-fractioned chromite.

Size
Equivalent As-Received

Sieve Sizes (µm)

<106 106 to 212 212 to 425 425 to 850

d90 455 133 260 467 778
d50 253 84 178 335 569
d10 132 51 122 238 416

2.3. Reduction Procedure

A Carbolite CTF 12 vertical tube furnace (Carbolite Gero, Derbyshire, UK) with a
maximum maintainable temperature of 1100 ◦C was used for all reduction procedures.
This reduction temperature was selected as higher reduction temperatures could not be
achieved using this furnace. It was however shown by Davies et al. (2022) that up to
84% Fe metallization was achieved at similar reduction temperatures [20]. A stable heating
zone was created within the tube by placing ceramic heat shields at each end of the tube.
Both tube ends were sealed with stainless steel caps which acted as a gas inlet and outlet.
The thermocouple used to measure temperature was placed at the center of the heating
zone, directly adjacent to the tube. The furnace was heated by a series of electrodes which
were located alongside the tube.

Reduction was performed by placing 5 or 30 g of size-fractioned metallurgical-grade
chromite ore (d90 of 133 to 778 µm) in a ceramic (99.8% Al2O3) boat crucible in the center
of the furnace hot zone. The samples were then heated from room temperature to the
maximum maintainable temperature of 1100 ◦C. The samples were heated at a rate of
5 ◦C/min which was the maximum allowable heating rate for the specifically fitted tube.
After the maximum maintainable temperature was achieved, the temperature was kept
constant for a duration of 60 to 180 min. The tube was continuously purged with N2
at a flow rate of 150 mL/min. It was necessary to avoid the presence of oxygen within
the furnace considering that hydrogen has a self-ignition temperature of approximately
572–585 ◦C and a flammability range of 4–75 vol% in the air at standard atmospheric
conditions [27,61–63]. Nevertheless, a 150 or 750 mL/min hydrogen flow, together with
the N2 flow, was introduced at 600 ◦C to obtain an approximate 50 and 83 vol% hydrogen
atmosphere, respectively, within the furnace tube. This atmosphere was maintained until
1100 ◦C was reached and maintained for up to 180 min. Thereafter, the hydrogen flow
ceased, and the reduced samples were kept in the tube to cool to room temperature in a N2
atmosphere.

2.4. Pre-Oxidation Procedure

During the industrial preparation of oxidative sintered chromite pellets, referred to as
steel belt sintering (developed by Outokumpu, process also referred to as Outotec process),
pellets are typically heated to a temperature of 1400–1500 ◦C before the air is pulled
through the pellet bed. By doing so, the carbon content present in the pellets, typically
between 1–2 wt% reductant (typically coke), is ignited to allow silicates present in the
pellets, i.e., typically refined bentonite or attapulgite clays, to melt. By doing so, chromite
particles are bound together by these molten silicates [4,7]. This process affords pellets
with the mechanical properties necessary for the ferrochrome smelting procedure, and the
process is not implemented to maximized the pre-oxidation of chromite. Zhao and Hayes
(2010) showed that the center of industrially produced pellets were un-oxidized, whereas
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chromite at the pellet boundary was oxidized [23]. Du Preez et al. (2019) heated pellets at
a rapid rate from 900 to 1200 ◦C; the produced pellets had a matching oxidation pattern
when compared to the oxidation pattern presented by Zhao and Hayes (2010) and Lughi
et al. (2020) [23,27,64]. Therefore, it is accepted that the oxidative sintering process used
by industry is not dedicated to chromite’s oxidation, and is rather employed to produce
mechanically strong pellets.

In order to prepare chromite that can be used for mono-variance investigation, pre-
oxidized chromite is generated with a representative extent of pre-oxidation. Heat transfer
within laboratory scale furnaces is significantly better than industrial-scale furnaces, en-
suring that pre-oxidized samples can be representative (i.e., all particles present in the
samples are oxidized equally). Nevertheless, the oxidation mechanism pellets prepared
by oxidative sintering, and the samples prepared in this study, are accepted to follow
a similar mechanism, i.e., chromite spinel alteration as a result of heat treatment in an
oxygen-containing atmosphere. The only difference was that chromite oxidized here was
equally oxidized.

Kleynhans et al. (2016) showed that chromite pre-oxidized at >1000 ◦C started to
be more resistive to pre-reduction. However, in the case of Kleynhans et al. (2016), pre-
reduction was determined by considering the amount of metallized Cr and Fe. The authors
reported that extensive pre-oxidation resulted in the formation of a Cr-oxide phase, which
was more resistive to carbothermic reduction when compared to raw chromite [25]. An
oxidation temperature of 1100 ◦C was therefore considered for evaluation, as this was
the border temperature where Cr-oxide may be stabilized against carbothermic reduction.
Nevertheless, it has been shown that Cr-oxide metallization using hydrogen is thermody-
namically limiting and kinetically challenging [20]. Therefore, the 1100 ◦C pre-oxidation
temperature was mainly selected to ensure optimal Fe-oxidation.

The chromite ore was oxidized in an Elite BRF15/5 chamber furnace (UK) equipped
with a programmable temperature controller. A ceramic (99.8% Al2O3) square crucible
containing 20 g of the specific size-fractioned metallurgical-grade chromite ore (d90 of
133 to 778 µm) was placed in the center of the furnace chamber. During oxidation, the
sample was heated in the ambient atmosphere at a ramp rate of 5 ◦C/min. Each particle
size fraction was heated from room temperature to 1100 ◦C. Oxidation times of 60, 120, and
240 min were considered here. Thereafter, the furnace was switched off and the sample
was kept in the furnace and allowed to cool to room temperature.

2.5. Analytical Techniques

Scanning electron microscopy (SEM) equipped with an energy-dispersive X-ray spec-
trometer (EDX) was employed to determine the surface and subsurface characterization
of unreduced, reduced, and pre-oxidized/reduced chromite particles in backscattered
and secondary electron mode. An FEI Quanta 250 FEG SEM (Thermo Fisher Scientific,
Waltham, MA, USA), incorporating an Oxford X-map EDX system operating at 15 kV
and a working distance of 10 mm, was used. For subsurface analysis, treated chromite
particles were mounted in resin, cross-sectioned, and polished using an SS20 Spectrum
System Grinder polisher before being placed on Al stubs using carbon adhesive tape. All
samples considered for SEM analysis were covered with an Emscope TB 500 carbon coater
(Hertfordshire, UK).

XRD was employed to determine the crystalline phase analysis of bulk samples. A
Rigaku D/MAX 2500 (Japan) rotating anode powder diffractometer with Cu Kα radiation
(λKα1 1 = 1.5406 Å) at 40 kV was used. Furthermore, a current of 40 mA, a step scan of
0.034◦, and a scan rate at 0.5 sec/step from 0.5 to 130◦ were used for the analysis. Phase
identification was achieved using JADE v.3.9 with the ICDD and ICSD diffraction databases.

The extent of Fe metallization was determined after the reduction of chromite by
solubilizing Fe through hot acid leaching. The treated chromite was leached using a
50 vol% H2SO4 (98%) solution at 90 ◦C for 60 min. Thereafter, the solubilized Fe contents
were determined using ICP-OES. ICP-OES was performed using an Agilent 5110 ICP-OES
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Instrument (USA) coupled with a VistaChip II CCD detector. Ultraspec aqueous-certified
single-element reference standards (Fe, Cr) obtained from De Bruyn Spectroscopic Solutions
(South Africa) were employed to calibrate the instrument.

During size fractioning, gangue mineral (i.e., non-chromite, siliceous particles) par-
ticles could collect within a specific size range, and the total Cr and Fe contents of the
respective size fraction were determined. Subsequently, the extent of Cr and Fe metalliza-
tion was calculated as a function of the total Fe contents present in each size fraction. A
Siebtechnik pulverizer was used to mill each size fraction. All parts of the pulverizer in
contact with the chromite during milling were made of SiC to prevent Fe contamination
during the milling procedure. Each sample was milled for 30 s to obtain a particle size distri-
bution, of which 90% of the particles were below 75 µm. The total Cr and Fe contents were
determined for each size fraction by high-temperature alkaline fusion using Na2O2 and
Na2CO3. Alkaline fusion was performed on all size fractions by reacting 0.2 g of the milled
chromite with 2 g of Na2O2 and 0.5 g of Na2CO3, respectively, in a zirconium crucible. The
fused material was subsequently solubilized using a 20% mixture of 1:1 water:HNO3. The
total Cr and Fe contents were then determined by ICP-OES.

2.6. Expressing the Extent of Metallization

Barnes et al. (1983) showed that the total % metallization (i.e., % M) can be determined
using the following equation [8]:

% M =
Cr0 + Fe0

Crtot + Fetot
× 100 (4)

Here, Cr0 and Fe0 are the total amounts of metalized Cr and Fe, and Crtot and Fetot are
the total Cr and Fe contents of the original chromite. In addition, Barnes et al. (1983) stated
that the correlation between chromite’s metallization and reduction is non-linear due to the
simultaneity of chromite’s metallization and reduction (e.g., Fe3+→ Fe2+ and Cr3+→ Cr0) [8].

Nevertheless, 100% reduction corresponds to 100% metallization, justifying a close
similarity between the complete removal of oxygen and complete metallization [8]. The
elements provided by Barnes et al. (1983) contributed to the knowledge obtained by Algie
and Finn (1984) which proposed three stages of chromite reduction. Firstly, the Fe3+ is
reduced to Fe2+ followed by its metallization. Then, after approximately 50% of the Fe2+

is metalized, metallization of Cr3+ is initiated. Finally, after the entire Fe-oxide content is
reduced, about 60% of the Cr reduction is obtained [65,66].

The latter is only true for carbonaceous reduction of chromite and is attentively
known and expressed in detail. In this investigation, focus was placed on the Fe and Cr
metallization %, individually expressed through the following equation:

% Fe or Cr metallization =
Solubilized Fe or Cr

Total Fe or Cr content
× 100 (5)

where the metalized Fe and Cr fraction of the treated chromite (as determined by ICP-OES
analysis) is expressed as the solubilized Fe and Cr value, which is divided by the total
amount of Fe and Cr present in the untreated chromite ore. During size fractioning, it is
likely that certain gangue material can accumulate in a certain size reaction, or that the
distribution of such gangue materials will not be uniform over the size fractions considered
here. Therefore, the total amount of Fe and Cr (presented in grams, determined by ICP-OES)
present in 1 g of as-received and size-fractioned chromite ore is given in Table 2. All of the
Fe and Cr metallization percentages presented in this study were determined using the
values presented in Table 2.
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Table 2. Total amount of Fe and Cr present per in the as-received chromite and the size-fractioned
chromite ores.

As-Received Size-Fractioned Chromite Ore

Size equivalent d90 (µm) 455 778 467 260 133

g Fe/g chromite ore 0.186 0.189 0.184 0.196 0.199
g Cr/g chromite ore 0.302 0.313 0.295 0.313 0.289

3. Results and Discussion
3.1. The Effect of Hydrogen Availability

To minimize the hydrogen consumption, the effect of the ratio between hydrogen
(given as mL/min) and the sample size (measured in g) on metallization was considered.
A hydrogen flow rate of 150 mL/min was maintained and the chromite ore sample sizes of
5 and 30 g were considered. The reduction process was performed at 1100 ◦C for 180 min
and the results are presented in Figure 1.
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Figure 1. The effect of sample mass exposed to hydrogen on Fe and Cr metallization during reduction.
Both chromite batches (5 g and 30 g) of all size-fractioned (d90 of 133 to 778 µm) samples were reduced
at 1100 ◦C for 180 min at a hydrogen flow rate of 150 mL/min.

Figure 1 shows that for both the 5 and 30 g samples, the Fe and Cr metallization %
increased with a decrease in particle size. This observation is ascribed to the increase in the
sample surface area, as the particle size decreased for a fixed amount of particulate matter.
In addition, smaller particles can provide a shorter diffusion path for Fe migration from
the center to the rim of the particle [66]. The unit cell parameter of chromite is 8.38 Å [67],
making it possible for hydrogen (kinetic diameter of 2.89 Å) to penetrate the chromite spinel
with a relative degree of ease [68]. It was however evident that the increase in particle size
had an adverse effect on the reduction process.

Figure 1 further shows that the Cr metallization % was nearly unaffected by hydrogen
and that the highest Cr metallization % (<0.07%) is significantly lower than the highest
Fe metallization % (9.03%). Thus, considering the near-zero Cr metallization %, only
the Fe-oxide constituency of chromite was reduced under the investigated conditions.
This observation may be ascribed to the ionic diffusion mechanism proposed by Soykan
et al. (1991), which suggested that Cr metallization only proceeds after the majority of Fe
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has metalized; this mechanism was however compiled for the carbothermic reduction of
chromite [69]. The same is likely true for the reduction of chromite using hydrogen, even
though the extent of Cr metallization will be significantly less when compared to C-based
reduction.

Nevertheless, the Fe metallization % did not exceed 9.0 and 2.5% for the 5 and 30 g
samples, respectively. The observed increase is ascribed to the availability of hydrogen for
reduction given the hydrogen-to-chromite ratio (defined as the hydrogen flow rate per gram
of chromite). Here, the use of this mass unit was considered due to the dissimilarities in
the Fe and Cr content per size fraction of chromite. The effect of flow rate is conceptualized
in the following text.

According to Boericke et al. (1945), the reduction of chromite using hydrogen proceeds
slowly, even at >1300 ◦C. At temperatures <1300 ◦C, equilibrium could not be established
with certainty. At low hydrogen flow, the measured water content was above the equilib-
rium value, possibly caused by the accumulation of water in colder locations in the reaction
tube, causing the reduction reaction to slow down. Furthermore, at an elevated hydrogen
flow, the water content was below the equilibrium value due to the low reaction rate [70].

A study by Chakraborty et al. (2010) showed that an increase in the flow rate of
argon led to an increase in the carbonaceous reduction rate of chromite. The higher argon
flow rate displaced evolved CO2 (the gaseous reaction product) from their immediate
reaction sites. By doing so, the carbonaceous reductant could freely react with the surface
of chromite particles. Hence, an increase in the hydrogen flow rate could displace water
vapor from the immediate hydrogen–chromite reaction site, accelerating the reduction
reaction [71]. In addition, Chu and Rahmel (1979) stated that Cr2O3 could only be reduced
by dry hydrogen (above 1026 ◦C) in an oxygen-free atmosphere, assuming the continuous
removal of in situ-generated water vapor from the reaction site [72].

The hydrogen flow rate was therefore increased from 150 to 750 mL/min to investigate
the effect thereof on Fe and Cr metallization (Figure 2). The 150 mL/min results for the 5 g
chromite ore batch (shown in Figure 1) were included in Figure 2 as a reference.

Minerals 2022, 12, x  9 of 25 
 

 

(1991), which suggested that Cr metallization only proceeds after the majority of Fe has 
metalized; this mechanism was however compiled for the carbothermic reduction of chro-
mite [69]. The same is likely true for the reduction of chromite using hydrogen, even 
though the extent of Cr metallization will be significantly less when compared to C-based 
reduction. 

Nevertheless, the Fe metallization % did not exceed 9.0 and 2.5% for the 5 and 30 g 
samples, respectively. The observed increase is ascribed to the availability of hydrogen 
for reduction given the hydrogen-to-chromite ratio (defined as the hydrogen flow rate per 
gram of chromite). Here, the use of this mass unit was considered due to the dissimilarities 
in the Fe and Cr content per size fraction of chromite. The effect of flow rate is conceptu-
alized in the following text. 

According to Boericke et al. (1945), the reduction of chromite using hydrogen pro-
ceeds slowly, even at >1300 °C. At temperatures <1300 °C, equilibrium could not be estab-
lished with certainty. At low hydrogen flow, the measured water content was above the 
equilibrium value, possibly caused by the accumulation of water in colder locations in the 
reaction tube, causing the reduction reaction to slow down. Furthermore, at an elevated 
hydrogen flow, the water content was below the equilibrium value due to the low reaction 
rate [70]. 

A study by Chakraborty et al. (2010) showed that an increase in the flow rate of argon 
led to an increase in the carbonaceous reduction rate of chromite. The higher argon flow 
rate displaced evolved CO2 (the gaseous reaction product) from their immediate reaction 
sites. By doing so, the carbonaceous reductant could freely react with the surface of chromite 
particles. Hence, an increase in the hydrogen flow rate could displace water vapor from the 
immediate hydrogen–chromite reaction site, accelerating the reduction reaction [71]. In ad-
dition, Chu and Rahmel (1979) stated that Cr2O3 could only be reduced by dry hydrogen 
(above 1026 °C) in an oxygen-free atmosphere, assuming the continuous removal of in 
situ-generated water vapor from the reaction site [72]. 

The hydrogen flow rate was therefore increased from 150 to 750 mL/min to investi-
gate the effect thereof on Fe and Cr metallization (Figure 2). The 150 mL/min results for 
the 5 g chromite ore batch (shown in Figure 1) were included in Figure 2 as a reference. 

 
Figure 2. The effect of hydrogen flow rate on Fe and Cr metallization. Size-fractioned samples (d90 
of 133 to 778 µm) were reduced at 1100 °C for 60 min. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0

10

20

30

40

50

60

100 200 300 400 500 600 700 800

Cr
 m

et
al

liz
at

io
n 

(%
)

Fe
 m

et
al

liz
at

io
n 

(%
)

Particle size (µm)

750 mL/min (Fe) 150 mL/min (Fe)

750 mL/min (Cr) 150 mL/min (Cr)

Figure 2. The effect of hydrogen flow rate on Fe and Cr metallization. Size-fractioned samples (d90 of
133 to 778 µm) were reduced at 1100 ◦C for 60 min.

Figure 2 shows that the Fe and Cr metallization of samples reduced at 150 mL/min did
not exceed 1.8 and 0.016%, respectively. The Fe and Cr metallization of samples reduced
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at 750 mL/min increased from 24.3 to 49.3% and 0.067 to 0.18%, respectively, for samples
with decreasing d90 values of 778 to 133 µm.

It can further be seen from Figure 2 that the extent of Fe and Cr metallization increased
with a decrease in particle size. The smallest size fraction (d90 of 133 µm) reduced at an
elevated hydrogen flow rate of 750 mL/min obtained the highest Fe and Cr metallization
% of 49.3 and 0.18%, respectively. The lowest Fe and Cr metallization % was determined
at the largest size fraction (d90 of 778 µm), i.e., 24.3 and 0.067%, respectively. The effect of
the hydrogen flow rate on the reduction of chromite, specifically the Fe-oxide constituency,
coincided with observations made by Boericke et al. (1945), Chu and Rahmel (1979), and
Chakraborty et al. (2010) [70–72].

XRD analysis was employed to characterize the mineralogical constituency of the
samples reduced at 150 and 750 mL/min. Samples were reduced at 1100 ◦C for 60 min
(Figure 3). The XRD pattern of as-received chromite was included in Figure 3 as a reference.
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Figure 3. XRD patterns of the as-received chromite ore, and samples reduced at 150 and 750 mL/min
hydrogen flow rates at 1100 ◦C for 60 min.

Figure 3 shows that the chromite reduced at 150 mL/min did not contain any promi-
nent Fe peaks, which was anticipated considering the <1.9% Fe metallization (Figure 2).
By increasing the flow rate from 150 to 750 mL/min, some Fe peaks were observed. Of
particular interest was the absence of any other phases other than chromite and Fe. Similar
results were obtained in a study conducted by Park et al. (2001). Only an Fe and Fe3C
peak was detected by XRD of the sample subjected to reduction using a gas mixture of
10 vol% Ar, 55 vol% H2, and 35 vol% CH4 at 925 ◦C for 60 min. The presence of Fe3C was
due to the presence of CH4 in the gas mixture, while only Fe and water vapor formed
during reduction in the presence of pure hydrogen [73].

To further characterize the samples, SEM (Figure 4) and EDX analysis of the samples
reduced at 150 and 750 mL/min provided a visual explanation of why the Fe metallization
% increased with an increase in the hydrogen flow rate.
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1100 ◦C for 60 min.

Compared to as-received chromite shown in Figure 4a, a remarkable change in
the morphology of the chromite particles reduced at 150 (Figure 4b) and 750 mL/min
(Figure 4c) hydrogen flow rates was observed. Furthermore, Figure 4b shows the presence
of distinctive small globules on the surface of the chromite particle treated at 150 mL/min.
Figure 4c shows that by increasing the flow rate from 150 to 750 mL/min, the globule count
and intensity were expedited to the point where it forms a near-continuous layer.

To further characterize the surface of the hydrogen-treated chromite particles, the
surface presented in Figure 4b was magnified and characterized by SEM-EDX. Hereafter,
the particles were subjected to the acid leaching procedure and re-characterized. Figure 5
presents an enlarged view of the globules presented in Figure 4b before and after acid-
leaching together with the points of interest considered for SEM-EDX analysis.
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leaching (b).

EDX analyses of the points of interest (marked Spectrum 1–3 in Figure 5a) revealed a
Cr and Fe wt% of 6.06 and 74.16, respectively. The relatively low Fe content can however be
ascribed to the likely detection of nearby bulk sample material. Nevertheless, the globule
formation is ascribed to the migration of Fe ions from the chromite spinel to the particle
surface, where it is present in its metallic form. Figure 5b presents a similar surface as
shown in Figure 5a after employing the hot acid leaching procedure. It is evident that the
globules were solubilized by acid leaching, and that only a structured surface remained.
The reasoning for the specific structure is unclear and future research is required.

To better understand the effect of elevated hydrogen flow on the migration of Fe ions
in the chromite spinel, particles reduced at 150 and 750 mL/min were cross-sectioned and
investigated by SEM (Figure 6) and SEM-EDX (Table 3).
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Table 3. Microanalyses by SEM-EDX (wt%) of chromite particles shown in Figure 6. The samples
were reduced at 1100 C for 60 min at a hydrogen flow rate of 150 or 750 mL/min. The Cr/Fe ratio
and hydrogen flow rate are indicated.

Spectrum Designation
Detected Element (wt%)

Cr/Fe Hydrogen Flow
Rate (mL/min)O Mg Al Cr Fe

1
n/a

38.60 6.01 7.76 30.06 17.57 1.71
1502 38.39 6.02 7.63 30.30 17.66 1.72

3 40.72 6.24 7.8 28.55 16.69 1.71

4
Area 1

8.81 0.39 5.99 5.10 79.71 0.06

750

5 1.42 0.05 0.02 5.71 92.8 0.06
6 16.78 2.94 3.4 11.06 65.83 0.17

7
Area 2

41.25 7.85 7.93 34.15 8.82 3.87
8 40.59 8.05 8.32 34.4 8.65 3.98

9 Area 3 40.33 5.8 7.63 29.18 17.06 1.71

Table 3 shows that the average Cr/Fe ratio of Spectra 1–3 prepared from the indicated
areas shown in Figure 6a is approximately 1.71, which corresponded with a Cr/Fe ratio of
1.77 reported in a study by Davies et al. (2022) which utilized the same ore [20]. Therefore,
Spectra 1–3 represent chromite where no change in Fe is observed.

Unlike the chromite particle shown in Figure 6a, three distinctive layers formed within
the chromite particle when reduced at 750 mL/min, as shown in Figure 6b. These layers
were designated as the center (Area 1), transition phase (Area 2), and rim (Area 3).

Spectra 4–6 are located in Area 1 and have a low Cr/ Fe ratio of between 0.06–0.17.
The low Cr/Fe ratio of Area 1 shows that the rim of the particle is enriched in Fe. More so,
considering the relatively low O content, the Fe likely occurred in a metallic state. Spectra
7 and 8 were prepared from Area 2 and have an average Cr/Fe ratio of 3.93, which is
significantly higher than the ratio of Area 1. The higher Cr/Fe ratio of Area 2 is indicative
of the absence of Fe. Spectrum 9 is located in Area 3 and has a similar Cr/Fe ratio to Spectra
1–3. Therefore, Area 1 is representative of chromite which is not reduced by hydrogen.

Similar results were presented by Leikola et al. (2018) whereby chromite particles were
reduced using 10:90 vol% CH4:H2 at 1100 ◦C for 20 min [74]. Furthermore, an investigation
carried out by Davies et al. (2022) described the migration of Fe present in chromite particles
after being reduced at 1100 ◦C for 30 min at a hydrogen flow rate of 1 L/min [20]. Davies
et al. (2022) showed the formation of three distinctive layers similar to Figure 6b. Hence,
no in-depth explanation regarding the Fe migration is given here. The migration of Fe is
however summarized as Fe-oxides (presented as Fe2+ and Fe3+ occupying tetrahedral and
octahedral sites, respectively) moving towards the particle grain where they occur as Fe0.

It is clear that the layer formation observed in Figure 6b is absent in Figure 6a, and the
Cr/Fr ratio of approximately 1.71 indicates that the hydrogen flow rate of 150 mL/min did
not reduce an appreciable amount of Fe-oxide. Hence, no metallic Fe layer was observed in
Figure 6a. However, a metallic Fe layer was present on the surface of the chromite particle
in Figure 6b because of surface and sub-surface Fe-oxide reduction and Fe migration.

3.2. Effect of Reduction Time

By increasing the hydrogen flow rate to 750 mL/min, an Fe metallization of 49.3%
was achieved. However, the objective of the study was to achieve optimal Fe metallization.
It was therefore considered to increase the reduction time, as metallization would likely
increase if chromite particles were exposed to hydrogen for extended periods. To determine
this, all size-fractioned chromite samples were reduced at 1100 ◦C for 60, 120, or 180 min
(Figure 7).
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Figure 7. Effect of reduction time on the Fe (a) and Cr (b) metallization. All size-fractioned chromite
samples were reduced at 1100 ◦C for 60, 120, or 180 min at a 750 mL/min hydrogen flow rate.

According to Figure 7a,b a relatively insignificant change in the Fe and Cr metallization
% was observed for the samples reduced for 60 and 120 min. However, samples reduced for
180 min showed a significant increase in metallization when compared to samples reduced
for 120 min. The Fe and Cr metallization % for the smallest size fraction (d90 of 133 µm)
increased from 39.0 to 92.1% and 0.1 to 2.0%, respectively, as the reduction time increased
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from 60 to 180 min. A similar trend was observed for all other size fractions (d90 of 160 to
778 µm). It is again worth noting the significant difference in the Fe and Cr metallization %.

It is also evident from Figure 7a,b that the increase in the Fe and Cr metallization %
after 120 min was more significant for the size fractions with a d90 of 133 and 160 µm than
for the size fractions with a d90 of 467 and 778 µm. As indicated earlier, the higher Fe and
Cr metallization of smaller particles can be ascribed to the shorter diffusion path and larger
surface area. This principle is made more evident as the effect of particle size is magnified
here. To conclude, the reduction time has a significant effect on the Fe and Cr metallization
after 120 min, while still not obtaining complete Fe metallization.

3.3. Effect of Pre-Oxidation

Relatively high Fe metallization was achieved in Section 3.2. It was however consid-
ered that 180 min of reduction would not be operationally or economically attractive on an
industrial scale. Alternative means were therefore identified to promote Fe metallization
and to minimize Cr metallization under milder conditions (i.e., shorter reduction periods)
than the conditions considered thus far. Based on several studies [22–27], the pre-oxidation
of chromite to promote the reducibility of Fe-oxides was considered. To exemplify the effect
of pre-oxidation on Fe metallization, size-fractioned chromite (refer to d90 values, Table 1)
was oxidized at 1100 ◦C for 60 min and reduced at 1100 ◦C for 60 min at a hydrogen flow
rate of 750 mL/min. The Fe and Cr metallization percentages of pre-oxidized/reduced and
reduced chromite particles are compared in Figure 8.
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Figure 8. The effects of pre-oxidation (1100 ◦C for 60 min) on the Fe and Cr metallization of samples
reduced at 1100 ◦C for 60 min at a hydrogen flow rate of 750 mL/min.

It can be seen from Figure 8 that the pre-oxidation of chromite was advantageous
for the subsequent reduction reaction. For the size-fractioned chromite with a d90 of
133 µm, a relatively significant increase in the Fe metallization was observed, i.e., 49.3 and
77.5% for reduced and pre-oxidized/reduced chromite, respectively. The increase in Fe
metallization ranged between 17.7 and 37.0%. The lowest increase was observed for the
d90 of 778 µm, which is ascribed to the low surface area of the specific size fraction. The
size fractions with a d90 of 467 and 260 µm showed an increase in Fe metallization of
35.8 and 37.0%, respectively. These increases exceeded that of the size fraction with a
d90 of 133 µm, i.e., 49.3%. This observation is however ascribed to the fact that the Fe
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metallization of the unoxidized chromite with a d90 of 133 µm was already relatively high.
It can therefore be concluded that the increase in Fe metallization of pre-oxidized chromite
is optimized within the size range of 260–467 µm for experimental conditions considered in
this study. All pre-oxidized/reduced size-fractioned chromite showed significant increases
in Fe metallization. A similar trend was observed for Cr metallization, e.g., the percentage
Cr metalized increased from 0.18 to 0.30% for the smallest size fraction (d90 of 133 µm). In
addition, the 0.30% Cr metallization was the highest Cr metallization achieved.

The observed increase in Fe metallization may be ascribed to the transformation of the
chromite spinel during pre-oxidation. The oxidizing atmosphere provides a natural driving
force for an Fe2+ to Fe3+ phase change. It is relatively well understood that during the
oxidation of chromite, an exsolved Fe2O3-rich sesquioxide phase forms in a Widmanstätten-
like pattern. This Fe2O3 phase initially exists as a metastable γ-Fe2O3 (maghemite) exsolved
precipitate and forms because of dislocations along the (111) chromite spinel plane. At
temperatures greater than 600 ◦C and in the presence of oxygen, the γ-Fe2O3 phase changes
to more stable hematite (Fe2O3) [21,22,24,27,29,75]. Additionally, cation vacancies form
within the spinel during Fe3+-enriched phase formation [22,24]. Furthermore, the applied
oxygen chemical potential also promotes the diffusion of Fe ions from the particle interior
to the particle surface where the solid–gas interface is located. Ultimately, the formed Fe2O3
phase, together with the generated vacancies, improves the carbothermic reducibility of
the chromite ore [22].

XRD was employed to characterize the mineralogical changes occurring during the
pre-oxidation and/or reduction of chromite (Figure 9).
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Figure 9. XRD patterns of the as-received chromite ore, samples reduced at 750 mL/min hydrogen
flow rates, and samples pre-oxidized (1100 ◦C for 60 min) and reduced (1100 ◦C at a 750 mL/min
hydrogen flow rate for 60 min).

As can be seen from Figure 9, pre-oxidation resulted in the formation of an eskolaite-
type phase. This observation coincided with results presented by Kleynhans et al. (2016) [25].
Nevertheless, Figure 9 further shows that the Fe peak intensity of the pre-oxidized and re-
duced sample was significantly higher than that for the reduced sample. Here, the beneficial
effect of pre-oxidation on Fe metallization is emphasized. Davies et al. (2022) showed that
the presence of the eskolaite-type phase (eskolaite–corundum solid solution, Cr1.4Al0.6O3)
in hydrogen reduced chromite after hot acid leaching. The authors ascribed the presence of
the eskolaite-type phase to the removal of the Fe from the chromite spinel [20].
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To better understand the effect of pre-oxidation on the migration of Fe ions through
the chromite particle, the pre-oxidized and pre-oxidized/reduced particles were cross-
sectioned and investigated by SEM (Figure 10) and SEM-EDX (Table 4).
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Table 4. Microanalyses by SEM-EDX (wt%) of chromite particle shown in Figure 10c. The sample
was pre-oxidized at 1100◦C for 60 min and subsequently reduced at 1100 ◦C for 60 min at a hydrogen
flow rate of 750 mL/min.

Spectrum Description
Detected Element (wt%)

O Mg Al Ti Cr Fe Cr/Fe

1
White area

9.37 2.35 2.38 - 8.4 77.5 0.12
2 6.2 0.89 1.63 - 5.55 85.73 0.06
3 8.15 1.21 2.61 - 7.31 80.71 0.09

4 Grey area 42.28 4.09 12.46 1.04 34.36 5.77 5.95
5 42.08 10.21 9.71 - 30.66 7.34 4.18

It is evident from Figure 10a that the Widmanstätten pattern formed within the
chromite particle after being pre-oxidized at 1100 ◦C for 60 min. The presence of the
Widmanstätten pattern suggests the formation of an exsolved Fe2O3 phase. This was
however expected based on results presented elsewhere [22,24,27]. In Figure 10b, the Wid-
manstätten pattern is no longer visible after the particles were reduced. Rather, numerous
randomly scattered white areas were observed within the particle.

An area close to the edge of the particle shown in Figure 10b (marked with a red circle)
is shown in Figure 10c. According to EDX, the white areas (marked as Spectrum 1–3) were
enriched in Fe. Table 4 shows that these areas had an average Cr/Fe ratio of 0.09, which
was similar to the Cr/Fe of Area 3 in Table 3. Figure 10c further shows that the Fe-rich
phase was more prominent when close to the particle edge, while the distribution of such
phases within the particle interior was relatively less significant.

Considering the positioning and high Fe content of the white areas within the chromite
particle, it could be ascribed to the formation of the Widmanstätten pattern. A similar
observation was made by Zhao and Hayes (2010) while investigating the reducibility of pre-
oxidized chromite pellets. The authors showed that metallization proceeded preferentially
at sites where the Fe2O3-enriched sesquioxide phase was present, allowing metallization
to proceed over the whole interior of the particle (not only at the rim of the particle)
following the Widmanstätten pattern. Hence, the surface area available for metallization
increased, allowing a shorter migration path for the oxides by not migrating to the rim
of the particle. The Fe2O3-enriched sesquioxide phase, which cannot accommodate MgO,
was the preferential nucleation and growth point for the metallic phase [23,75]. Moreso,
the relatively low Al content (Table 4, Spectra 1–3) suggests the absence of Al2O3 from
the sesquioxide phase, which promoted reducibility. It is however noted that EDX is a
semi-quantitative analytic technique, and that the detected Mg and Al contents may be
ascribed to their nearby presence, i.e., from the bulk material.

Figure 10b further shows that the metallic phase did not only occur at the particle
rim but was beleaguered throughout the particles. This was considered a relatively critical
observation as the effectiveness of the applied leaching procedure can be affected by the
occurrence of metallic Fe inside the particle. The applied leaching procedure was, however,
maintained for the sake of consistency. It is however noted that future studies must consider
this when determining experimental procedures for total Fe removal of similarly prepared
samples.

Nevertheless, Figure 10d shows that the leaching procedure removed Fe from the
surface and near-surface area of the pre-oxidized/reduced particles, which is indicative
of incomplete Fe removal. Figure 10c further shows that during the applied leaching
procedure, Fe was solubilized up to 34.1 ± 4.9 µm into the particle.

To evaluate this, XRD analysis was applied to leach the pre-oxidized/reduced chromite
samples and the reduced chromite samples (Figure 10). The patterns for leached and
unleached reduced samples (Figures 4 and 5) were included for comparative purposes.

Figure 11 shows that the leaching procedure removed the majority of Fe from the
reduced chromite. Relatively significant metallic Fe peaks were observed for the leached
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pre-oxidized/reduced samples. This was however expected when considering Figure 10
and Table 4. Likely, prolonging the acid leaching method used in this study may not ensure
the total removal of the metalized Fe content. As a prospect, size reduction (e.g., ball
milling) of the hydrogen reduced chromite before acid leaching. It is further noted that the
Fe (and Cr) metallization of pre-oxidized/reduced samples reported in this study is under-
reported. The occurrence and extent of incomplete leaching are further conceptualized in
the proceeding sections.
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3.4. Effect of Pre-Oxidation Time

It is well known that the oxidation temperature has a significant influence on the
reducibility of chromite [22–26]. Kleynhans et al. (2016) indicated that lower levels of
reduction were obtained at oxidation temperatures above 1100 ◦C. Pre-oxidation temper-
atures >1000 ◦C resulted in the formation of an eskolaite-type phase between Cr2O3 and
A-Al2O3 [76]. Thermodynamically, the eskolaite-type phase is more resistive to reduction
than naturally occurring chromite and is reduced at a slightly higher temperature [25].
Considering the stabilizing effect of the eskolaite-type phase on the reducibility of Cr, the
effect of pre-oxidation parameters on Fe metallization was considered.

Size-fractioned chromite (refer to d90 values, Table 1) was subjected to pre-oxidation at
1100 ◦C for different durations (60, 120, and 240 min) and subsequently reduced at 1100 ◦C
for 60 min at a hydrogen flow rate of 750 mL/min (Figure 12).

Figure 12 shows that pre-oxidation exceeding 60 min did not have an appreciable
effect on the extent of Fe and Cr metallization; this was true for all size-fractioned chromite
samples evaluated. The size fraction with a d90 of 133 and 266 µm had a comparable
Fe metallization % and ranged between 77.5 (d90 of 133 µm, 60 min pre-oxidation) and
88.4% (d90 of 266 µm, 120 min pre-oxidation). The lowest Fe metallization % was achieved
for the largest size fraction (d90 of 778 µm) which ranged between 42.1 and 51.7%.

It was however evident from Figure 12 that the Fe metallization % was not significantly
affected by increasing the pre-oxidation time from 60 to 240 min. A study by Kapure et al.
(2010) showed that exceeding 120 min of pre-oxidation at 900 ◦C did not have an appreciable
effect on Fe and Cr metallization using a carbonaceous reductant [22]. Considering the
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results presented in Figure 12, it is evident that pre-oxidation >60 min did not promote
Fe metallization. Shorter pre-oxidation times should be considered in future research, as
shorter processing times can benefit from an economic perspective.
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Figure 12. The effect of pre-oxidation time on Fe (a) and Cr (b) metallization. Size-fractioned samples
were pre-oxidized at 1100 ◦C for 60, 120, and 240 min and subsequently reduced at 1100 ◦C for 60 min
at a hydrogen flow rate of 750 mL/min.

3.5. Effect of Pre-Oxidation and Leaching on Particle Integrity

During the handling of the materials in this study, a change in the chromite particle
size was visually observed after the leaching procedure—more so for the leached pre-
oxidized/reduced samples than for the leached reduced samples. To investigate this, SEM
images of leached and unleached reduced and/or pre-oxidized samples were prepared. Pre-
oxidation and reduction were performed at 1100 ◦C for 60 min. A 750 mL/min hydrogen
flow rate was used during reduction.

Figure 13 suggests that the leaching process applied resulted in the structural degra-
dation of the reduced and pre-oxidized/reduced chromite particles. When comparing
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the surface of the reduced particles (Figure 13a) to the leached counterpart (Figure 13b),
numerous cracks and structural flaws can be observed; this suggests that, at the very least,
the surface of the leached reduced particles deteriorated during the applied process.

Figure 13. Backscattered SEM images of reduced chromite particles before (a) and after (b) leaching,
and pre-oxidized/reduced chromite particles before (c) and after (d) leaching.

From Figure 13d, it is clear that the pre-oxidized/reduced particles underwent sig-
nificant deterioration when compared to Figure 13c, as a large fraction of particulate
matter was observed after the leaching process. It is therefore likely that the leached pre-
oxidized/reduced particles may require less energy to reduce the particle size to a d90 of
75 µm (pre-reduction)/d80 of 74 µm (oxidative sintering) required for pelletization before
being smelted. It is however proposed that this observation be further investigated as it
may likely form an important aspect when approaches to incorporate hydrogen-based
reduction of chromite are developed.

4. Conclusions

In this study, we investigate the effect of pre-oxidation on the hydrogen reducibility
of chromite. It is shown that by implementing pre-oxidation, higher Fe metallization was
achieved under milder conditions when compared to unoxidized chromite. Using un-
oxidized chromite, an Fe metallization of 92% was achieved by hydrogen-based reduction
at 1100 ◦C for 180 min, while 84% was achieved for oxidized chromite reduced at 1100 ◦C
and 60 min

Hydrogen-reduced unoxidized chromite revealed the formation of three distractive
layers, which were characterized by an unreacted center, an Fe-deprived phase, and an Fe-
enriched outer layer. A dissimilar reduction mechanism was observed when chromite was
oxidized before reduction. The chromite oxidation resulted in the formation of an exsolved
Fe2O3 phase throughout the particles, which was the preferred nucleation point for Fe
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metallization. Subsequent hydrogen reduction resulted in the formation of a relatively
prominent Fe layer, as well as numerous Fe-enriched phases through the particle.

The Fe leaching procedure used showed that Fe0 present in the outer 34.1 ± 4.9 µm of
the chromite particles was removed, while intra-particle Fe0 remained. This was considered
an important observation as it can guide decision making during the development of a
process that incorporates pre-oxidation and subsequent hydrogen reduction. Considering
that the total Fe0 content was not removed by the hot acid leaching procedure employed
here, it is likely that this value is under-reported.

Lastly, pre-oxidation of chromite results in the formation of an α-Al2O3-stabilized
eskolaite-type phase, which is more resistant to reduction when compared to naturally
occurring chromite. The formation of the eskolaite-type phase is however jointly ascribed
to the removal of Fe from the chromite spinel due to subjecting chromite to oxidation.
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