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Abstract: The smelting of chromite to produce ferrochrome (FeCr) and subsequently, stainless steel, is
an energy-intensive carbothermic process. Various countries apply the Outotec FeCr process, which
employs oxidative sintering in air to produce mechanically strong chromite pellets. During this
process, iron (Fe) is liberated from the chromite spinel due to the elevated temperatures and oxidative
nature of the process. It is well understood that oxidatively altered chromite requires less energy to be
smelted when compared to non-oxidized chromite. This study showed that sintered pellets obtained
from five South African pellet sintering plants had vastly different oxidative alteration penetrations.
Additionally, sintered pellets from the same plant may also vary significantly. It was further shown
that ores mined from various locations in South Africa had dissimilar sintering behaviors, suggesting
that sintered pellets should be characterized before smelting to determine the extent of oxidative
alteration. The benefit of a smelter consuming oxidized ore was also demonstrated by comparing the
interaction between oxidized and non-oxidized chromite with a carbon (C) source.

Keywords: pelletized oxidative sintering; Outotec ferrochrome process; chromite; thermal gravimetric
analysis (TGA); oxidative alteration

1. Introduction

Stainless steel is a vital modern-day alloy, with many applications. The chromium (Cr)
content in stainless steel is principally what makes it “stainless”. The Cr units in stainless
steel are obtained from stainless-steel scrap recycling and ferrochrome (FeCr), a relatively
crude alloy that primarily contains Cr and iron (Fe). Four FeCr grades are produced
commercially, i.e., high-carbon (C) FeCr (typically > 60% Cr and 6%-9% C), charge-grade
FeCr (typically 50%-60% Cr and 6%-9% C), medium C FeCr (typically 56%—-70% Cr and
1%-4% C), and low C FeCr (typically 56%-70% Cr and 0.015%-1.0% C) [1-3]. Since the
development of the argon oxygen decarburization (AOD) and vacuum oxygen decarbur-
ization (VOD) processes, which allow for the removal of C from stainless-steel melts with
acceptable losses of Cr, the demand for low- and medium-grade C FeCr has decreased
dramatically. For instance, in 2019, medium and low C FeCr accounted for less than 6.9% of
the global annual FeCr production [4-6]. High C FeCr and charge-grade FeCr are somewhat
similar in composition, therefore these two grades are commonly combined and referred to
as high C charge-grade FeCr [4].

Four relatively well-defined process combinations are used by most high C charge-
grade FeCr producers [7,8], i.e., (i) conventional open/semi-closed submerged arc furnace
(SAF) operation consuming coarse (typically 6-150 mm) chromite ore and/or agglomerated
chromite in the presence of coarse carbonaceous reductants and coarse fluxes; (ii) closed
SAF operation consuming oxidative sintered pelletized chromite feed together with coarse
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reductants and fluxes, which is commercially known as the “Outotec FeCr process” [8-11];
(iii) closed SAF operation consuming pre-reduced chromite pelletized feed, together with
coarse reductants and fluxes, which is commercially known as the Premus Process [12-15];
and (iv) direct current (DC) arc furnace operation, which can exclusively consume fine
chromite, carbonaceous, and fluxes [16,17].

South Africa has a significant number of FeCr production sites, which leverages a
range of furnace technologies. Considering the general frail nature of chromite ore [18],
a pelletization step is required prior to smelting [19]. Considering the relatively low
capital and running costs associated with the Outotec process when compared to Premus
operations, the Outotec process is preferred. Therefore, the Outotec process is of particular
importance within the South African landscape. Most of the chromite mined in South Africa
is sourced from a large, layered intrusion known as the Bushveld Complex, which holds
the largest chromite deposits in the world [20-22]. The area is divided into three zones,
i.e., the Upper and Lower Zone, the Upper and Lower Critical Zone, and the Main Zone.
Chromite is mainly found within the Critical Zone. It has been proposed that exploitable
chromite is mostly found in 13 chromitite layers in the Lower Critical Zone [23,24]. The
chromitite layers form continuous layers that are classified into three groups, i.e., the Lower
Group (LG), the Middle Group (MG), and the Upper Group (UG) [25]. The LG group is
further divided into LG1 to LG7, the MG group into MGO to MG4, and the UG group into
UGI1 to UGS3 [25,26]. The chromitite layers in the Bushveld Complex exhibit thicknesses
ranging from just a few cm to up to 2-3 m. Due to extensive mining, these chromitite layers
can be traced across nearly the entire 400 km breadth of the Bushveld Complex, indicating
a widespread, continuous formation process. Studies have suggested that this formation
was likely synchronized over large lateral distances, resulting in highly uniform layers of
chromitites. Such findings underscore the geological stability and continuity in chromitite
layer deposition within the complex, supporting hypotheses that formation mechanisms
operated simultaneously across the region [22,25,27-29].

The chemistry and geological setting of the different groups within the Bushveld
Complex have been the focus of various studies [20,30,31]. The characteristics, such as
chemical and mineral compositions and Cr/Fe ratios, of chromite mined from the different
groups can vary significantly [20,24,30,31]. These differences make the Bushveld Complex
the ideal place to gather case study ores that are used for smelting.

The current work considers aspects of the pelletized oxidative sintering process, i.e.,
the Outotec process. This technology has been commonly applied in many countries, in
both green and brownfield expansions. The pelletized oxidative sintering process involves
several steps [8,32,33]. Firstly, fine chromite ore (typically < 1 mm) is wet milled, together
with a small percentage (1-2 wt%) of fine carbonaceous material (e.g., coke, anthracite, or
char) to prepare a homogenous mixture with a particle size distribution in which 80% of
the particle are below 74 pm. Hereafter, the mixture is dewatered using ceramic filters to
typically 8.5-9 wt% moisture. Approximately 1 wt% refined clay, which serves as a binder,
is then mixed into the moist milled mixture. This mixture is then pelletized in a pelletizing
drum, where the over- and undersized green pellets are recycled. Appropriately sized green
pellets, between 9 and 13 mm, are then layered on a perforated stainless-steel sintering belt,
which is protected against excessive temperatures during the sintering process by a layer of
pellets that were already sintered. The pellets are then carried through a multicompartment
furnace wherein the green pellet C is consumed as an oxidative energy source [8,33].

Several metallurgical advantages exist for downstream smelters consuming pelletized
oxidatively sintered chromite [8,34]. Of specific interest here is the possible liberation
of Fe from the chromite spinel. Several authors have shown that Fe can be liberated
from the chromite spinel during the pelletized oxidative sintering process (e.g., [32,35,36]).
Additionally, several studies have shown that sintered (or pre-oxidized) chromite reduces
at a lower temperature when compared to raw chromite (e.g., [37-39]). Chromite ore
reduced with hydrogen also proceeded to a greater degree if pre-oxidized [40]. The
liberated Fe forms a Fe,O3 sesquioxide phase that is observed in a typical Widmanstatten
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pattern [37,41-44]. To visualize the formation of the sesquioxide phase, an example thereof
is taken from a non-related study by Du Preez et al. (2019) and is presented in Figure 1 [36].

Interior

COMFE

(b)

Figure 1. Backscatter electron SEM micrograph of chromite grains near the edge of a cross-sectioned
polished oxidative sintered pellet (a); a corresponding micrograph of grains toward the center of the
pellet (b) [36] (reused under license Creative Commons Attribution (CC BY)).

Figure 1a shows the formed Fe;O3-enriched sesquioxide phase (shown as the light
grey areas within the grain) visible in chromite grains near the edge of an oxidative sintered
pellet, while the sesquioxide phase formation did not occur in chromite grains near the
center of the same pellet [36]. The formation of the sesquioxide phase is due to chromite’s
decomposition, which follows the generalized spinel phase decomposition as shown in
Equation (1) [36,45,46].

(A)[B]204 = (AO) + [By05] (1)

Here, A and B are taken as Fe and Cr, respectively. The FeO phase, which has been
liberated from the chromite spinel, is of importance. Considering the partial oxidative
atmosphere during sintering, the liberated FeO is further subjected to oxidation, i.e., Fe?*
as FeO to Fe3* as Fe, O3 [40,46]. To illustrate the difference in reducibility of the various
metal oxides by C, an Ellingham diagram is presented in Figure 2 [38]. Figure 2 shows
that for Fe,O3, the interaction with C proceeds at approximately 320 °C and is reduced
to the intermediate Fe-oxide, Fe30O4. Hereafter, Fe;O,4 reduces to FeO at approximately
685 °C and FeO to metallic Fe” at approximately 720 °C (indicated with the solid red line).
In contrast, pure chromite (represented as Cr,FeQ,) is expected to be metalized to Fe’
and Cr¥ by C at approximately 1250 °C (indicated with the dashed red line). Therefore,
increased Fe liberation and the associated Fe-oxide formation will significantly reduce the
specific energy consumption (SEC) (i.e., the energy required per ton of FeCr produced) of a
particular SAF that is fed with oxidative sintered pellets.

Considering the above-mentioned benefit associated with increased Fe liberation
from the spinel, it is vital to optimize liberation during the pelletized oxidative sintering
process. This work was partially motivated by the observation of operational personnel
that sintering plants found it difficult to sustain oxidative sintered pellet characteristics
over prolonged periods, notwithstanding that key operational parameters, e.g., particle size
distribution, green pellet C and binder contents, pellet diameter range, and temperatures in
the multi-compartment sintering furnace, were maintained relatively stable. In the current
work, the extent of chromite oxidative alteration of industrially produced oxidative sintered
pellets from five different sintering plants was characterized. In addition, the amenabilities
to oxidative alteration of six dissimilar chromite ores were investigated to demonstrate the
effect the selected ore could have on the sintering process.
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Figure 2. Ellingham diagram (Gibbs free energy, AG) indicating the reduction of metal oxides with
solid C and CO, constructed with HSC thermo-chemical software 10 [38] (reused with permission
from Kleynhans et al., Minerals Engineering, published by Elsevier, 2016).

2. Materials and Methods
2.1. Materials

Industrially produced oxidative sintered pellets were sampled at five different FeCr
smelters, with the associated sinter plants. These smelters/sinter plants requested to
remain anonymous, and consequently, these operations will merely be referred to as Sinter
Plants 1-5. Approximately 50 kg of sintered pellets were sampled at each sinter plant. As
previously indicated, a fraction of sintered pellets is recirculated to protect the perforated
stainless-steel belt used in the process. Considering this, it was ensured that the above-
mentioned 50 kg of sintered pellets were subjected to a single sintering cycle.

Since the specific ores used to produce the above-mentioned oxidative sintered pellets
were not available to the authors, six different chromite ores that were used as feedstock
in sintering plants in South Africa were obtained as case study ores. Again, to retain
anonymity, the considered ores are referred to as Ores 1-6. It is noted that the ores
originated from various locations in the Bushveld Complex, as well as from various groups,
and showcase the dissimilarities of the ores present therein.

2.2. Sub-Surface Characterization

From each of the five sinter plants (Sinter Plants 1-5), five pellets were selected at
random. Each of the 25 pellets was halved and set in resin (Technoresin LR151 B:7). An S520
Spectrum System Grinder polisher was used to grind the pellets to get rid of the excess resin
and flatten the sample surface. A continuous water flow was maintained during grinding
to clean and lubricate the grinding discs. Hereafter, the pellets were polished using 9, 3,
and 1 pm of the DiaDuo-2 diamond paste suspension as a lubricant with soft polishing
cloths. The grinder polisher operated at an average speed of 300 r/min for grinding and
150 r/min for polishing. During polishing, the diamond paste suspension poly lubricant
was applied on the diamond paste cloths to obtain a mirror-like smooth polished surface.

The polished samples were C-coated using an Emscope C-coater. This was required
before SEM analysis to ensure conductivity since the samples were set in resin. Surface
analysis of the polished sample was conducted with an FEI Quanta 200 scanning electron
microscope (SEM) with an integrated Oxford Instruments INCA 200 energy-dispersive
X-ray spectroscopy (EDS) microanalysis system.
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2.3. Chemical and Mineralogical Characterization

The chemical analyses of the chromite ore were conducted by performing inductively
coupled plasma optical emission spectrometry (ICP-OES) on the samples, using a SPECTRO
ARCOS SOP ICP-OES. Samples were solubilized using alkaline fusion by fusing 0.2 g of
ore with 2 g of NayO, and 0.5 g of NaCOs in a tungsten crucible. The fused bead was then
dissolved in a solution of 20 vol% HNQOj;. Care was taken to ensure that the fused material
dissolved and that there was no solid residue. Hereafter, the solution was subjected to
ICP-OES analysis.

To determine the mineral compositions of the chromite ore samples, semi-quantitative
X-ray diffraction (XRD) analyses were conducted. A Philips X-ray diffractometer (PW
3040/60 X'Pert Pro, Eindhoven, Netherlands) with Cu K« radiation was used to perform the
analyses. The measurements for the analyses were carried out between variable divergence
and fixed receiving slits. The crystalline phases were identified using X'Pert Highscore plus
software (Version 5.1, Malvern Panalytical, Malvern, United Kingdom), with the relative
phase amounts being estimated using the Rietveld method (Autoquan program). Only the
semi-quantitative crystalline phase composition obtained from XRD analysis was presented
in this study to highlight the dissimilarities of the ores considered here.

2.4. Thermogravimetric Analyses

Commercially available TGA instruments can typically only handle a very small
sample weight, which is far less than a single unoxidized chromite composite pellet.
The objectives of this study could only be achieved if the surface and core properties of
oxidative sintered pellets could be evaluated. Therefore, a custom-made large mass TGA
was designed and commissioned for this study. For this purpose, a Lenton Elite, UK model
TSH15/75/610 ceramic tube furnace was modified into the large-mass TGA. The samples
were placed inside a crucible, which was then placed on top of a pedestal. The pedestal
was attached to an alumina tube that rested on top of a scale. The scale was attached to
a platform, which was raised to locate the sample-loaded crucible within the hot zone of
the large-mass TGA. A stainless-steel flange was fixed to the top of the tube, which had a
gas inlet port and a closed-end alumina tube in which a thermocouple was placed. The
thermocouple was used to measure the temperature within the hot zone where the sample
was located, which was also continuously logged. Mass measurements were logged using
a high-sensitivity digital scale (Ohaus Explorer, EX2202; Sigma-Aldrich, South Africa). The
furnace was heated at a rate of 5 °C/min from room temperature to 800 °C and thereafter
at 10 °C/min from 800 °C to the desired temperature, i.e., 1350 °C for oxidative alteration
and 1250 °C for reduction. These heating rates were chosen to protect the ceramic tube
in the furnace from cracking (as per the manufacturer’s guidelines). With this large-mass
TGA, 20 composite pellets lying in a small “bed” could be evaluated per experiment, which
more closely replicated the pellet bed inside the oxidative sintering process than what
would be the case for the very small quantity of un-pelletized chromite composite in a
commercial TGA.

During oxidative alteration experiments, the tube was continuously purged with air
ata 1.2 sL/min flow rate. For reduction experiments, the same setup was used but the tube
was purged with a 1.2 sL/min Ny, the sample inside the crucible was covered with graphite
(representative of approximately 300% excess of C), and the crucibles were covered with a
lid to ensure that the atmosphere within the crucible comprised CO/COs.

The large-mass TGA was evaluated against a commercial/research and development
TGA to determine if it yielded similar results. For this, the same composite chromite
pellet mixture was treated in both TGAs and the results were compared. The validation is
presented in Section 3.1.
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3. Results and Discussion
3.1. Validation of In-House Designed and Fabricated Large-Mass TGA

To determine if the large-mass TGA had comparable results to a commercial TGA, the
same milled mixture of chromite, binder (i.e., bentonite clay), and reductant was treated
in both TGAs. A total of 45 mg of the mixture was added to the commercial TGA, while
20 composite pellets were loaded into the large-mass TGA. The respective TGA curves are
shown in Figure 3.

100 .\ L ——
95
)
s %t
N’
&
=11
= 8 r )
[ we Commercial TGA
—_
: 80 ] arge mass TGA
7
<
s s |
-0 A A V¥ A A A
100 300 500 700 900 1100 1300 1500

Temperature (°C)

Figure 3. Comparison of TGA curves from a commercial /research TGA using a 45 mg composite
pellet mixture and the large-mass TGA used in the study, loaded with 20 composite pellets with an
approximate weight of 20 g. Both instruments were operated in a N; gas environment.

Figure 3 shows that both TGAs had comparable overall mass change %, which suggests
that the large-mass TGA was fit for this purpose. The initial dissimilar mass change rates
observed at approximately 150 °C may relate to the presence of moisture in the pelletized
chromite, i.e., 45 mg of dry chromite powder was used for the commercial TGA and
20 composite pellets for the large-mass TGA. During the preparation of the 20 composite
pellets, water was used to generate the green pellets. Hamad et al. (2024) and Ayari et al.
(2005) stated that adsorbed and interlayer water is removed from bentonite at temperatures
of up to ~130-150 °C [47,48]. Though the pellets were dried before TGA analysis, it is likely
that some moisture was adsorbed by the bentonite clay binder and was only displaced at
temperatures above 100 °C.

3.2. Characterizing the Extent of Oxidative Alteration of Industrially Sintered Pellets

The pellets obtained from Sinter Plants 1-5 were evaluated in terms of the depth
of oxidative alteration. SEM micrographs of cross-sectional polished pellets from each
of the sinter plants are presented in Figures 4-8. The micrographs were used to derive
the semi-quantified oxidative alteration penetration depth into the pellets. Micrographs
were taken every 0.5-1.5 mm, starting at the edge and moving toward the center of the
pellet. These micrographs recorded the extent of oxidative alteration by identifying the
light areas that represent the sesquioxide phases present in the Widmanstétten-like pattern,
which signifies Fe liberation from the chromite spinel. Considering that it has been well
established that the formation of the Widmanstitten pattern signifies oxidation of Fe?* to
Fe3* [37,41-44], the presence thereof was used to measure the depth to which the pellets
were oxidatively altered. Light grey areas indicated the bulk chromite. The dark grey
particles were flux/binder/waste rock, while the black areas were the resin that was used
for pellet mounting. Not all the SEM micrographs are presented here; instead, selected
micrographs include representative images that best illustrate the observed characteristics



Minerals 2024, 14, 1203

7 of 21

across the sinter plants. All micrographs were carefully selected to best represent the typical
and relevant features. Therefore, only the representative samples from each of the relevant
sinter plants (Sinter Plants 1-5) were presented. Since five pellets of each sinter plant were
selected, the pellets were numbered Pellets 1-5. Each figure has a short description of
observations made from the micrographs. The oxidative alteration depths are summarized
in Table 1 in Section 3.3.

3.2.1. Sinter Plant 1 Pellets

Figure 4 presents the SEM micrographs of the oxidative pellets from Sinter Plant 1.
Here, Figure 4a is used to show the phases present for all samples, i.e., the Fe;O3-enriched
sesquioxide phase present in the Widmanstéatten pattern, altered chromite, pellet binder,
and voids within the pellets. These phases are not indicated for each of the micrographs,
as only the presence or absence of the Widmanstétten pattern was of concern. Figure 4a,b
shows the edge and center of Pellet 1, respectively. The edge of the pellet shows Fe oxidation
phases within some of the pellet grains. Minute oxidative alteration occurred in the grains
at the center of the pellet. As a minimum, it is expected that a typical sintered pellet has
at least slight oxidative alteration on the pellet edges. Figure 4c,d shows the micrographs
of Pellet 4 at the edge and in the center of the pellet, respectively. In this pellet, no visible
signs of oxidative alteration can be seen at the pellet edge and center.

Sesquioxide
phase

Altered ;
chromite =

Binder

.

/2 ' < - bS8
HV mag=| WD | det [— e —] HV mago| WD | det
15.00 kV 1 500 x 11.1 mm vCD 15.00 kV 1 500 x 11.5 mm vCD'

(0) (d)

Figure 4. Backscatter electron SEM micrographs of Sinter Plant 1, Pellet 1, near the edge (a) and at the
pellet center (b); Sinter Plant 1, Pellet 4, near the edge (c) and at the pellet center (d).
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3.2.2. Sinter Plant 2 Pellets

Figure 5 presents the investigated pellets obtained from Sinter Plant 2. Figure 5a,b
shows the micrographs of Pellet 2 at the edge and in the center of the pellet, respectively.
Figure 5¢,d shows the micrographs of Pellet 4. Pellet 2 showed no signs of oxidative
alteration either at the edge or in the center of the pellet, while Pellet 4 showed oxidative
alteration throughout the pellet.

o = X 2 BRI —
HV mago WD | det [ ——— ——— HV mag= WD | det
15.00 kV/1 500 x 9.9 mm vCD 15.00 kV 1 500 x 9.9 mm vCD

Wk 1] ™ o
WD | det ———————— 100 pm

HV  |mag WD [ — T, e — HV  mag
15.00 kV 1 500 x 10.6 mm vCD 15.00 kV 1 500 x 10.6 mm vCD

(c) (d)

Figure 5. Backscatter electron SEM micrographs of Sinter Plant 2, Pellet 2, near the edge (a) and at the
pellet center (b); Sinter Plant 2, Pellet 4, near the edge (c) and at the pellet center (d).

3.2.3. Sinter Plant 3 Pellets

Figure 6 shows the micrographs of two pellets from Sinter Plant 3. Figure 6a,b shows
the edge and the center, respectively, of Pellet 2. No signs of oxidative alteration are visible
in this pellet, either at the edge or at the center of the pellet. Pellet 3 shows signs of oxidative
alteration at the edge of the pellet (Figure 6¢), but no oxidative alteration in the center of
the pellet (Figure 6d).
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1
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HV mago| WD " HV mago, WD | det
15.00 V|1 500 x 10.0 mm vCD 15.00 V|1 500 x 9.9 mm vCD

Figure 6. Backscatter electron SEM micrographs of Sinter Plant 3, Pellet 2, near the edge (a) and at the
pellet center (b); Sinter Plant 3, Pellet 3, near the edge (c) and at the pellet center (d).

3.2.4. Sinter Plant 4 Pellets

Figure 7a—d presents micrographs of Pellets 1 and 3 from Sinter Plant 4. In Figure 7a,
extensive oxidative alteration can be seen on all the grains at the edge of the pellet. In
Figure 7b, minute oxidative alteration on some of the grains of the pellet can be observed.
For Pellet 3, extensive oxidative alteration at the pellet edge was observed (Figure 7c),
whereas slightly visible signs of oxidative alteration in the center (Figure 7d) of the pellet
can be seen.

— P D
HV mago WD | det [ —— ———— HV mago WD | det
15.00 kV|1 500 x 9.3 mm vCD 15.00 kV 1 500 x 9.2 mm vCD

Figure 7. Cont.
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o F {4 i -
HV  mag WD | det —————— 100 pm
15.00 kV|1 500 x 10.6 mm vCD

Figure 7. Backscatter electron SEM micrographs of Sinter Plant 3, Pellet 1, near the edge (a) and at the
pellet center (b); Sinter Plant 3, Pellet 3, near the edge (c) and at the pellet center (d).

5N R\ 2 J
HV  mag WD | det [ ——1" O VL1
15.00 kV/1 500 x 10.7 mm vCD!

3.2.5. Sinter Plant 5 Pellets

Figure 8 presents micrographs of the case study Pellet 1 in Sinter Plant 5. Only
one pellet is shown here as all grains present in all considered pellets showed extensive
oxidative alteration.

100 pm

(b)

Figure 8. Backscatter electron SEM micrographs of Sinter Plant 5, case study Pellet 1 near the pellet
edge (a) and at the center (b).

3.3. Summary of Oxidative Alteration of Sintered Pellets and Probable Causes Therefore

The observations made from the cross-section and micrographed oxidatively sintered
pellets from the various sinter plants presented in Section 3.2. are summarized in Table 1.
This table also presents pellets not presented in Section 3.2.

Table 1. The semi-quantitative percentage oxidative alteration penetration depth calculated from five
representative pellets from each of the five industrial sintering plants.

. Pellet Pellet Radius Ox1.dat1ve Ox1dat.1ve Average Oxidative Alteration
Sinter Plant Alteration Depth Alteration . o
Number (mm) N Penetration (Avg.% =+ Std. Dev.)
(mm) Penetration (%)
1 7.00 5.85 83.6
2 6.75 0.62 9.2
1 3 6.50 0.49 7.5 20.1 £35.8
4 6.50 0.00 0.0
5 6.50 0.00 0.0
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Table 1. Cont.
. Pellet Pellet Radius Ox1_dat1ve Ox1dat_1ve Average Oxidative Alteration
Sinter Plant Alteration Depth Alteration . o
Number (mm) PN Penetration (Avg.% =+ Std. Dev.)
(mm) Penetration (%)

1 7.00 7.00 100.0
2 7.00 0.00 0.0

2 3 6.50 0.74 114 439 +514
4 7.00 7.00 100.0
5 7.00 0.56 8.0
1 6.25 0.00 0.0
2 7.00 0.00 0.0

3 3 6.25 1.37 21.9 89+114
4 6.75 1.41 20.9
5 6.25 0.12 1.9
1 6.25 6.25 100.0
2 6.75 6.75 100.0

4 3 6.75 4.72 69.9 94.0 +£ 134
4 7.25 7.25 100.0
5 6.50 6.50 100.0
1 6.75 6.75 100.0
2 6.75 6.75 100.0

5 3 6.25 6.25 100.0 100.0 + 0.0
4 6.25 6.25 100.0
5 6.75 6.75 100.0

From Table 1, the pellets from the various sinter plants had comparable diameters, i.e.,
6.66 £ 0.29 mm. Therefore, the effect of pellet diameter on the effect of oxidation can be
disregarded for the pellets considered from Sinter Plants 1-5. Nevertheless, Sinter Plants
1-3 produced pellets with poor oxidative alteration penetration (8.9%—43.9%), whereas
Sinter Plants 4 and 5 produced highly (Sinter Plant 4, 94%) or fully (Sinter Plant 5, 100%)
oxidatively altered pellets. In addition to the oxidative alteration penetration, the deviations
are also considered indicators. For pellets from the same sinter plant, a large deviation in
oxidative alteration penetration suggests inconsistent pellet sintering. When considering
the deviations of 35.8 and 51.4% observed for Sinter Plants 1 and 2, respectively, the sintered
pellets from the same plants differ significantly. The opposite is true for Sinter Plant 5,
which had 0% deviation for the considered pellets, suggesting that pellets produced from
this plant are highly consistent.

Table 1 further suggests that sinter plants essentially operating on similar technology
and operational mandates produce pellets with vastly different extents of sintering. In
addition to this, pellets produced by the same sinter plant may also differ significantly, e.g.,
pellets with oxidative alteration depths of 0%-100% for Sinter Plant 2. To better understand
the inconsistency in the extent of oxidative alteration penetration, the sintering process is
considered to identify possible operational parameters that may affect oxidative alteration.

As indicated in Section 1, green pellets are carried through a multicompartment
sintering furnace on a perforated steel belt and heat is provided by the combustion of
fuels such as coke breeze or CO(g). The green pellets are exposed to increasingly higher
temperatures as they progress through the sinter plant, undergoing a wide variety of
chemical, compositional, and mechanical changes.

Leipold and Zietsman (2014) modeled the temperature distribution of the sintering
process using the process shown in Figure 9a using a wide range of variables, of which
some are mentioned here [49]. The first compartment, i.e., the drying zone, is designated to
evaporate water from the green pellets and operates at approximately 420 °C. Hereafter, the
pellets move toward a heating zone (approximately 1150 °C) before entering the sintering
zone (1250 °C). Hereafter, the pellets entered the cooling zones. The pellet bed layer was
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as follows: 260 mm of green pellets layered onto a 190 mm layer of pre-sintered pellets.
For the model, the length of the zones was as follows: a 5500 mm drying zone, 4000 mm
for both the heating and sinter zones, and 2920 mm for the balancing zone [49]. The
authors noted that their model does not consider C combustion, water evaporation, and
the oxidation/reduction of Fe-oxides during the sintering process. Nevertheless, the C
present in the green pellets is ignited in the sintering zone and is allowed to combust
as the pellets progress through a so-called balancing zone [50]. Hereafter, the sintered
pellets pass through various cooling zones and are stockpiled for down-steam smelting.
The associated temperature distribution, as modeled by Leipold and Zietsman (2014), is
shown in Figure 9b. The values shown are the minimum, average, and maximum modeled
temperatures [49].

gp—
| —p— v
= Green Pellets W L ’
Sintered Pellets ‘ |® = @l ‘
<150°C
—--
(a)
1600 °C
Heating Sintering . Cooling 1 Cooling 2 Cooling 3
Balancing
11493 1109.4 656.9 2242
207|299 650  902(947 1146 13041302 1303 13041278 1103 o10[868 647 450|414 218 %
167(480 503 670|585 760 942|940 941 942885 632 428305 257  151)135

3412 7543

(b)

Figure 9. The overall sinter process and the process used to model temperature distribution (D,
drying; H, heating: S, sintering; B, balancing; C1-3, cooling) (a) and resulting temperature distribution
(b) [49] (reused under license Creative Commons Attribution (CC BY)).

Figure 9a shows a schematic of the sintering process, with the relevant zones indicated
in the caption. Figure 9b shows the temperature values at the top of the green pellet
layer and the bottom of the sintered pellet layer. Based on this model, a relatively large
temperature gradient (AT) exists between the pellet layer’s top and bottom. For instance,
the AT values for the heating, sintering, and balancing zones are 147, 386, and 362 °C,
respectively, for the modeled average temperature values. Therefore, an appreciable AT
exists between the top of the green pellet layer and the bottom of the pre-sintered pellet
layer. Thus, it can be accepted that limited, if any, oxidative alternation will occur if
the temperature at the bottom of the pellet layer is below the temperature required for
this alteration.

Figure 9b further shows the dynamics of the green pellet layer and the proposed
changes the layer undergoes during its exposure to the various zones, i.e., green pellets dry
from top to bottom as they move through the sintering plant. As the top pellets dry, the hot
gas becomes humid. For the pellets to be dried, the water vapor pressure should be less
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than the saturation water vapor pressure. This is mainly dependent on the gas temperature.
The gas temperature decreases as it moves towards the bottom of the pellet layer while
concurrently becoming more humid. Therefore, the drying ability of the gas is reduced due
to this decrease in gas temperature and increase in humidity [50].

The drying ability of the gas is based on the heat transfer between the gas and the pellets.
The heat transferred between hot gas and pellets is assumed to follow Equation (2) [49,50]:

Q=hv(Tg — Tp) 2)

where Q is the heat transferred, & is the heat transfer coefficient between the gas and pellets,
v is the surface area where heat transfer occurs, and T and T) are the temperatures of the
gas and pellets, respectively. Hekkala et al. (2004) stated that & can be determined if the total
pellet area in a certain volume in the pellet bed and the temperature difference between the
pellet and gas are known [50]. However, & can range between 15 and 90 kW-m~2.K ! in a
temperature range of 25 to 1500 K and at drying gas velocities of 0.4 to 1.2 m.s~!. The heat
transferred will nevertheless initially be consumed in three stages: (i) heating the pellet
moisture to the boiling point, (ii) vaporizing water at the boiling point, and (iii) heating
the evaporated water to the gas temperature. Therefore, the heat loss due to water vapor
results in the heat transfer between the gas and pellets being dynamic, as suggested by the
large pellet bed AT.

As previously mentioned, FeO liberated from the chromite spinel (E1) is oxidized to
the sesquioxide phase Fe;O3, which requires the presence of oxygen. Considering that
the sintering and balancing zones are the hottest zones, these are also the zones where
Fe oxidation will occur. Keihés et al. (2007) showed an appreciable decrease in the gas
oxygen content in the sintering and balancing zones because of C combustion [51]. If the
atmosphere is oxygen-starved, Fe oxidation may be limited, regardless of temperature.
However, as shown in Figure 9b, air is introduced to the hot pellet layer at the first cooling
zone. Here, the hot pellet layer (modeled at 1103-632 °C, top to bottom) is briefly exposed
to air, during which Fe oxidation should occur toward the top of the pellet layer as the
temperature would be sufficient for oxidation. As the pellets enter the second cooling zone,
the temperature decreases (modeled at 647-257 °C, top to bottom) and the conditions for
Fe oxidation are no longer sufficient. Therefore, if insufficient oxygen is present in the
sintering and balancing zones, either due to insufficient airflow or excessive C content
present in the pellets, Fe-oxidation will be limited, and only some oxidation may occur in
the first cooling zone.

In summary, Table 1 shows that sintered pellets obtained from various sintering plants,
operating on similar technology, do not yield pellets with comparable oxidative alteration
depths. Moreover, even pellets from the same sinter plant also showed large deviations. It
was theoretically demonstrated that pellet sintering and oxidative alteration are affected
by numerous factors, e.g., pellet layer temperature, the heat transfer between the gas and
pellets, and the presence of oxygen in the gas. From an operational point of view, process
control may be varied to ensure the extent and consistency of pellet oxidative alteration.
It is proposed that due to the various factors affecting pellet sintering and the dynamic
nature of such factors, one would need to recover pellets from the top and bottom of the
sintered pellet layer (excluding the pre-sintered pellet layer) after a single sintering run
and determine if the employed process parameters are sufficient for acceptable oxidative
alteration. Sinter Plant 5 may be taken as an example of an optimally operated sinter
plant for the respective chromite ore as the pellets produced here are consistently fully
oxidatively altered.

3.4. Ore Characterization and Oxidation Behavior

Excluding all oxidative sintering operational parameters, Leipold and Zietsman (2014)
highlighted that the mineral composition may have an appreciable impact on the heating
and cooling dynamics of the pellet bed as the various mineral phases present in the ore
have different heat capacities [49]. However, Young and See (1976) stated that the difference
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in chemical composition of the two chromite ores did not have a significant effect on
the thermal conductivity of the ores [52]. Considering the experimental setup used for
oxidative alteration, i.e., large-mass TGA, a temperature gradient in the pellet bed is likely
to be minute, if any. Therefore, it may be accepted that the oxidation behavior of the
considered ores relates exclusively to the chemical composition of the material and not to
the heat transfer between the ore and air.

As indicated in Section 2.1, the specific ores used to produce the oxidative sintered
pellets were not available to the authors and therefore six different chromite ores were
obtained from different chromite mines in South Africa. In the following section, these ores
were characterized and used in further analyses. Table 2 presents the ICP-OES chemical
characterization of the six above-mentioned ores. The chromite ores have a Cr,O3 that
ranges from 41.96% to 45.37% and FeO contents ranging from 23.53% to 26.99%. The
Cr/Fe ratio ranges from 1.39 to 1.6, typical for South African chromite ore [20]. Table 3
presents the XRD analysis of the six ore samples, with wt% of phases determined using
Rietveld refinement. Here, the primary focus was on investigating the oxidative behavior
of chromite ores sourced from various mines in South Africa, with specific attention given
to the variation in mass gain during oxidation. While the oxidation process inevitably
results in changes in the phase composition of the material, a detailed post-oxidation phase
analysis was not within the scope of this research.

Table 2. Chemical characterization of the ores obtained from ICP-OES analysis.

Chromite Ore

Species
1 2 3 4 5 6

Cr,03 42.89 42.17 43.78 45.37 43.51 41.96
Feiot as FeO 23.53 26.76 2498 26.99 24.24 26.50
SiO; 4.62 3.88 2.81 0.94 5.36 3.95
Al,O3 13.92 16.77 14.64 15.18 14.57 16.44
MgO 11.83 7.27 10.33 9.41 10.58 7.13
CaO 0.43 0.63 0.12 0.13 0.19 0.62
TiO, 0.54 0.67 0.69 0.78 0.66 0.67
MnO 0.21 0.20 0.22 0.22 0.19 0.20
Cr/Fe 1.60 1.39 1.54 1.48 1.58 1.39

Table 3. Semi-quantitative crystalline phase composition obtained from XRD analysis.

Chromite Ore

Phase Formula
1 2 3 4 5 6
Chromite (Mg, Fe?*)(Al, Fe3*,Cr),0, 43 383 818 877 726
Magnetite Fe30y (Fe3*, Fe3*, Fe?) 1.3 2 1.8 0.7 17
Dolomite CaMg(COs); 7.3
Magnesioferrite Mg(Fe®*),0, 10.7 354 2 14.4
Trevorite Ni2* (Fe3*),0, 21 53 87 94
Magnesiochromite MgCryO4 642 182 7.5 1.7 65.6
TIimenite (Fe?")TiO3 05 03 12 04 05
Hematite Fe,O3 1.1 0.3 1.1 05 08 09
Diopside MgCaSiyOg 9.1 7.5 16

To characterize the oxidation behaviors of the various ores, the large-mass TGA was
used to record the mass change in the investigated ores as a function of temperature.
Figure 10 presents the increase in mass as a function of temperature for the six case study
ores. Figure 10a shows the average mass gained as a solid line, while the shaded areas
indicate the standard deviation of mass gain. Figure 10b shows the same curves but for a
larger temperature range, and the standard deviation was excluded.
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Figure 10. Average (solid lines) percentage mass gained with standard deviations (indicated by the
lighter semi-transparent areas), measured with TGA, based on five measurement repeats for each case
study ore (a). Same results as in Figure 10a, but without the standard deviations indicated and over a
slightly large temperature range to make differences between the case study ores more apparent (b).

Figure 10a shows that the repeatability of measurements had a relative degree of
deviation and that the difference between some ores was statistically significant. For
instance, Ore 6 had a relatively large deviation, suggesting that the ore is not as homogenous
as, for instance, Ore 3, which had a narrow deviation.

Figure 10b shows that the temperature at which mass gain was initiated for most ores
ranged between 450 and 800 °C, whereas Ore 3 was initiated at approximately 980 °C.
The mass gains became appreciable within approximately 100-350 °C of their initiation
temperatures. When referring to Figure 9b, the average modeled temperatures at the top of
the green pellet layer in the sintering and balancing zones are 1146 and 1303 °C, respectively.
These temperatures would be sufficient for all chromite ores to undergo oxidative alteration,
assuming sufficient oxygen contents are present during pellet sintering. However, when
considering that the bottom of the pellet layer in the same zones are 760 and 941 °C, most of
the considered ores would likely show signs of initial/partial oxidative alternation, while
only Ore 6 would likely be fully altered. In addition, the oxidation rates would also play
a determining role in the extent of oxidation. Sufficient retention times of ore within the
sintering and balancing zones should afford high degrees of oxidation, at the cost of lower
sintered pellet output.

The average mass gain ranged between 1.2 and 1.6 wt%, with Ore 6 showing the
largest mass gain and Ores 1 and 2 the smallest. Most of the ores showed comparable mass
gain rates, except Ore 3, which showed a more rapid mass gain. The oxidation behavior of
the various ores may be discussed based on their compositions. The following observations
may be made.

When considering that large and comparable fractions of Ores 1 (64.2 wt%) and
6 (65.6 wt%) comprise magnesiochromite, similar oxidation behavior may be expected.
However, a relatively large mass gain was observed for Ore 6 when compared to Ore 1.
The primary difference between the composition of Ores 1 and 6 was that Ore 6 contained
17 wt% magnetite (which contains a Fe?* cation). Therefore, the dissimilar mass gain
may be ascribed to the oxidation of Fe?" to Fe>* present in magnetite. Tang et al. (2024)
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showed mass gains of four pelletized ferrous materials during oxidation. The mass gain
of these materials, which ranged between ~0.6 and 2.5 mass% when oxidized at 1000 °C,
was ascribed to the presence of FeO content and oxidizable oxides in each of the materials.
Additionally, for all four materials, the ratio of Fe?* /Fe3* approached 0 as the oxidation
temperature approached 1000 °C [53].

Ore 3 is comprised mainly of chromite (81.8 wt%), and magnesiochromite (7.5 wt%).
Both phases are considered highly resistant to oxidation. The only constituent of chromite
susceptible to oxidation at the investigated temperatures is the Fe?* content thereof.
Therefore, it may be assumed that the large chromite content affords Ore 3 its resistance
against oxidation.

When jointly considering Ores 1, 2, 4, and 5, there is a significant difference in their
phase compositions. The ores showed comparable mass gain rates and initiation tem-
peratures. The main difference was the total mass gained, which may be ascribed to
the dissimilar composition and was likely due to the presence of various amounts of
Fe?*-containing material.

The study by Biswas et al. (2018) showed that two ores of Indian origin had vastly dif-
ferent oxidation behaviors, both in terms of oxidation extent (defined as measured weight
gain as a function of theoretical weight gain) and behavior at 700, 800, and 1000 °C. For
instance, one of the ores showed varying degrees of oxidation at the different investigated
temperatures, while the other ore showed consistent degrees of oxidation across all three
investigated temperatures [43]. Ultimately, the dissimilar oxidation behavior of the inves-
tigated ores cannot be ascribed to a single property, other than dissimilar chemical and
mineralogical composition. Due to the stochastic nature of the considered ores’ composition,
as a function of its point of recovery, ascribing mass gain to a single property/compound
would be difficult. It is, however, understood that the oxidation of lower metal oxides is
the most likely reason for mass gain; specifically, the oxidation of Fe?* to Fe*. A recent
study by Swanepoel and Garbers-Craig (2023) stated that chromite oxidation followed
three stages: (i) Fe?* oxidation in tetrahedral sites between 673 and 973 K, (ii) diffusion of
Fe3* octahedral to tetrahedral sites between 973 and 1173 K, and (iii) Fe3* diffusion from
tetrahedral to octahedral sites [41]. Therefore, it is worth investigating the Fe speciation of
the various chromite ores before sintering to predict oxidation behavior during sintering.
Moreover, the establishment of the extent of Fe oxidation relative to the before and after
Fe?* /Fe3* ratio would be a valuable research perspective.

3.5. Metallurgical Benefit of Smelting Oxidatively Altered Chromite

This study aimed to showcase the metallurgical benefit associated with the oxidation of
chromite pellets. For this investigation, Ore 3 was considered for two reasons: (i) it showed
the highest initial resistance toward oxidation (i.e., mass gain initiated at approximately
980 °C), suggesting it was the most thermally stable of the various investigated ores, and
(ii) it showed a relatively high mass gain of ~1.6 wt%, which is believed to be an indication
of a high degree of Fe liberation and subsequent oxidation.

For this investigation, 10 pellets (~30 g) were prepared with unoxidized chromite,
referred to here as the base case, and 10 pellets (~30 g) were prepared using oxidatively
altered ore. As described in Section 2.4, the TGA was purged with N, and the crucible
containing the C-covered pellets was closed with a lid. This approach ensured a CO/CO;,
atmosphere within the crucible similar to process gas formation within an SAF. Figure 11
presents the weight loss as a function of temperature. Six repeats of each sample were per-
formed. Figure 11 shows the average of the six repeats as a solid line and the surrounding
colored areas as the standard deviation.
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Figure 11. TGA curves of base case and sintered pellets.

Figure 11 shows that there was an appreciable difference in the mass change for
the two considered pellet types. The negative mass change, i.e., mass loss, of the sintered
pellets was initiated at approximately 900 °C, whereas the base case was initiated at 1020 °C.
Hereafter, both pellet types showed comparable mass losses up to 1130 °C, i.e., 1.4 wt%.
The oxidatively altered pellets showed a continuation of mass loss of up to 1.9 wt%. In
both cases, the mass loss plateaued up to approximately 1250 °C, where it is expected
that chromite metallization was initiated (as shown in Figure 2). Ultimately, the base case
and oxidatively altered pellets had a total mass loss of approximately 2.0 and 2.5 wt%.
Therefore, there was a 25% mass loss increase for the oxidatively altered pellets when
compared to the base case pellets, which signifies the advantage of chromite’s oxidative
alternation during the oxidative sintering process. This suggests that a smelter consuming
the sintered ore would require less energy to smelt the sintered ore when compared to
non-oxidized ore. This translates into a relatively significant metallurgical benefit for the
relevant smelter.

To signify the benefits of optimal pellet sintering (and the associated oxidative alter-
ation), a study by Kleynhans et al. (2017) stated that chromite pre-oxidized at 1000 °C
resulted in an increase in subsequent pre-reduction of 8.5%. This decreased the SEC by
approximately 8.3%, reducing it from 2.4 to 2.2 MWh/t. Additionally, the carbonaceous ma-
terial required for something decreased by roughly 14%, from 99.5 kg/t pellets to 85.5 kg/t
pellets [54].

The metallurgical benefit of oxidatively altered chromite pellets therefore extends
beyond only achieving increased Fe liberation. The pre-oxidation process enhances the
reducibility of Fe-oxides, ensuring more efficient recovery during downstream smelting of
both Fe and Cr. Improved recovery translates to higher FeCr yields and lower Cr losses. Fur-
thermore, pre-oxidized chromite is critical in reducing the SEC during downstream smelting
as pre-oxidized chromite consumes less energy, effectively reducing operation costs.

In summary, oxidatively altered chromite offers multiple benefits, e.g., improved metal
recovery and lower Cr losses, and potential energy savings during smelting processes.
These advantages highlight the importance of fully optimizing the respective sintering
processes to ensure that chromite is fully pre-oxidized.
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4. Conclusions

From the results presented, it is evident that sintered pellets produced by various South
African sinter plants yielded pellets with largely varying degrees of chromite oxidation.
A semi-quantitative method to determine oxidation was presented here, which showed
that the oxidation depth varied between 8.9% =+ 11.4 and 100% =+ 0%. Similarly, pellets
produced by the same plant could also vary significantly as deviations in the oxidation
depth ranged between 0% and 51.4%. This variability underscores the critical role of
operational parameters in determining the quality of oxidative sintering, even within plants
employing similar technology and operational parameters. These findings provide new
insights into the importance of maintaining consistent operational conditions to optimize
pellet quality.

Individual ores were subjected to oxidation, and their mass gain, which is an indi-
cator of oxidation, was measured. The mass gain for the ores ranged between 1.2 and
1.6 wt%. The temperature at which mass gain was initiated ranged between 450 and 930 °C,
suggesting that the various ores had significantly dissimilar oxidation behaviors. These ob-
servations were ascribed to the different chemical and mineralogical compositions, further
highlighting the need to monitor produced pellets to ensure optimal oxidation. Neverthe-
less, due to the wide range of compositional differences between ores, further investigation
is required to disseminate the effect of the various phases on the oxidation behavior.

It was also shown that the mass loss, which is an indication of oxygen removal, during
the solid-state reduction in oxidatively altered and non-oxidized was greater for the altered
ore. The oxidatively altered ore showed a 25% increase in mass loss when compared to
the non-oxidized ore. This difference translates into a greater degree of metallization.
Thus, the metallurgical benefit of smelting oxidized ore is the lower energy consumption
requirement. This energy-saving aspect, demonstrated through mass loss comparison,
presents a clear operational advantage for FeCr producers seeking a more efficient and
cost-effective smelting process.

From the presented results, it is evident that not only operational differences, e.g.,
differences in temperatures of the various sintering furnace compartments, but also the
ability of ores to be oxidized (indicated as the liberation of Fe-oxides from the chromite
spinel considered in this work), are likely to influence the metallurgical benefit that can
be derived from smelting oxidative sintered pellets to produce FeCr. The variability in
oxidation potential across different ores, as highlighted in this study, underscores the
importance of optimizing both operational conditions and ore selection to maximize energy
efficiency in smelting. The ability of ores to be oxidatively altered is particularly important
if a variety of ores are used, as is the case for South African FeCr producers.

One prospect would be to develop a method to quantify chromite’s oxidation post-
sintering and pre-smelting. For instance, pellets could be recovered after sintering and
rapidly heated to 1300 °C in air, and their mass gain could be determined. A zero-mass
gain would suggest full oxidation. Alternatively, sintered pellets could be cross-sectioned,
the cross-sectioned particles could be digitalized (either optically or by SEM), and a fit-
for-purpose color recognition program could be used to quantify the degree of oxidation
penetration. Developing such methods for rapid post-sintering oxidation assessment could
provide a valuable tool for real-time quality control (in terms of oxidative alteration),
ensuring consistent pellet quality and maximizing smelting efficiency.
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