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Chromite fines (defined as particles smaller than 6 mm) account for a significant fraction of mined
South African chromite ore. These fines are pelletized to allow safe furnace smelting conditions.
However, pelletization is an energy- and cost-intensive process that requires significant capital
investment and has high operational costs as continuous curing temperatures of 1300 — 1500 °C are
required. In this study, various cold-bonded pelletization processes were investigated to identify a
process to prepare cold-bonded chromite pellets. A feasible process was identified and developed to
produce mechanically strong chromite pellets using 3wt% sodium silicate-3 wt% SiO, as the binder
and KOH as an alkaline activator. The binding mechanism is based on the combined effects of sodium
silicate and geopolymerization. It was determined that pellets cured at 75 °C had compressive strengths
of 2.41 —3.12 kN. The mechanical strength of these cold-bonded pellets where similar to, or exceed
that of pellets currently used in the FeCr industry.

Keywords: Chromite, Cold-bonded, Compressive strength, Ferrochrome/ferrochromium, Energy

dependence.

1. Introduction

Chromite is the only economically viable source of virgin
chromium units, belonging to a mineral group characterized
by [(Mg,Fe*")(AL,Cr,Fe**),0,]'*. The majority of chromite is
carbothermically smelted in semi-closed or closed alternating
current submerged arc furnaces (SAFs) or closed direct current
(DC) arc furnaces to obtain a crude alloy between iron (Fe)
and Cr called ferrochrome (FeCr)**. Approximately 80% of
produced FeCr is consumed by the stainless steel industry?®.
Stainless steel is an essential modern-day alloy’, owning
its corrosion resistance to the inclusion of Cr, making FeCr
equally important.

Mined chromite ore is often friable and typically contains
varying fine (<6mm) ore percentages®. South African ore, which
is considered as the example ore is this study, is classified
as friable and it is common to recover 10 to 15% lumpy ore
(50 to 150mm), 8 to 12% pebble/chip ore (6 to 15mm), with
the remaining ore in the fine fraction (<6mm)**!°. Smelting
of chromite fines is generally limited in semi-closed SAFs
and restricted in closed SAF operations as it may result in
bed sintering, which increases the risk of dangerous gas
eruptions and bed turn-overs*''2. Closed direct current (DC)
furnaces may accommodate exclusively fine feed. However,
DC furnaces are not as widely applied as SAFs, with several
such smelters currently operating in Kazakhstan and South
Africa’. FeCr produced in semi-closed SAFs accounts for a
substantial fraction of globally produced FeCr>'3.

To safely smelt chromite ore fines, a pelletization process
is necessary. Fine clay binders (e.g. refined bentonite,
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attapulgite) are typically used as a binder to generate pellets
with sufficient green (“wet” pellets before curing procedures)
and cured compressive strengths'*. Green pellets are cured
to render them physically suitable for smelting. Two pellet
curing processes are utilized by the South African FeCr
industry (and in fact, worldwide): (i) Oxidative sintering.
Green pellets are introduced to a moving steel belt grate
furnace (i.e. sintering furnace) and are placed on-top a layer
of already sintered pellets to protect the under-laying steel
sintering belt from excessive temperatures. Gas burners
combusting carbon-based fuels are used to steadily increase
the sintering temperature to between 1400 to 1500 °C®. The
pellets are then ignited by passing air through the pellet bed.
The carbonaceous reductant present in the pellets (between 1
to 2%) provide sufficient exothermic energy to allow pellets
to sinter'>!>1¢, (ii) Pre-reduction (also known as solid-state
reduction). This curing method is defined as a process where
fractions of Cr and Fe present in the chromite spinel is either
reduced to a lower oxidation state (e.g. Fe** reduces to Fe*"),
or their metallic states (i.e. Cr’" reduces to Cr’ and Fe**
reduces to Fe®) during the curing process. This is achieved
by adding approximately 13% carbonaceous reductant as a
pellet constituent and by firing pre-dried green pellets in a
counter current rotary kiln in a non-oxidizing atmosphere
at a temperature of between 1300 to 1400 °C>%17.
Considering the high temperatures (1300 to 1500 °C)
required during currently applied pellet curing processes,
and the fact that these kilns combust carbon-based fuel
sources to achieve these temperatures, it is understandable
that these processes are energy-intensive, environmentally
benign, and expensive to commission/operate. To alleviate


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-5214-3693
https://orcid.org/0000-0002-6995-2582

2 Du Preez et al.

some of the energy dependence of FeCr produces, an
alternative pelletization process has to be developed. Such
alternative approaches have been investigated in recent
years. The use of ordinary Portland cement as a Fe ore
binder has been considered and several such processes have
been developed'®?2. However, the use of cement as a pellet
binder holds some disadvantages, e.g., 28 days curing period,
10 wt% minimum cement addition. Furthermore, cement is
a low-temperature binder and can result in the reformation
of fines as cement-bonded pellets are exposed to the furnace
bed hot area, before reaching the smelting area. In addition
to these practical limitations, anthropogenic hexavalent
Cr, i.e. Cr (VI), is a major environmental concern®!'#-2¢,
Cement contains significant amounts of alkali and alkali
carth metals and will increase the total alkali content present
in the furnace bed. When considering that during alkaline
chromite roasting to produce sodium chromate (Na,CrO,), the
alkali and oxygen contents and the roasting temperature are
major factors determining the Na, CrO, formation efficiency?’.
Although the alkali and alkali earth metal content present in
the feed material is a fraction of that present during alkaline
chromite roasting, the aspects that promote Cr (I1I) to Cr (VI)
oxidation are the same. The in-situ oxidation of Cr (III) is a
major issue during semi-closed SAF operations, considering
that CO-rich off-gas is combusted on-top of the furnace bed
in a semi-oxidizing environment>**?*, Thereafter, particulate
matter present in the off-gas is removed in bag filter houses®.
Gericke (2015) stated that the water-soluble Cr (VI) of
bag filter dust (BFD) originating from semi-closed SAFs
operating on acid and alkaline slag regimes were 1000 and
7000 pg Cr (VI)/g BFD. These values were 70 — 200 times
higher than particulate matter originating from closed SAF
off-gas (i.e. venturi sludge)®. Thus, the use of cement as a
pellet binder will likely cause operation and environmental
complications.

Organic pellet binders, e.g. corn starch, cellulose, wheat
flour, molasses, dextrin, lactose monohydrate, have also
received attention in recent years®!. The use of organic
binders is however perplexed by their low decomposition
temperatures. During chromite smelting procedures, pellets
are exposed to furnace bed temperatures of >700 °C before
reaching the hot zone (2000 — 3000 °C) where chromite
smelting occurs''. Organic binder decomposition will result
in the reformation of chromite fines within the furnace bed,
increasing the risk of bed sintering. In addition to this, the
occurrence of pellet bursting is possible. Chromite pellets
with too high volatile/moisture contents may burst when
exposed to high temperatures, causing several operation
complications'”32. Therefore, organic binders were not
considered in this study.

Another relatively unexplored approach to prepare
mechanically strong chromite pellets is the use of sodium
silicate. Zambrano et al.** prepared mechanically strong sodium
silicate bonded chromite-composite pellets cured for 2 h
between 900 to 1300 °C in an argon atmosphere. As far as the
authors could assess, and based on personal communications
with various South African FeCr producers, a feasible process
to produce chromite pellets at low temperatures has yet to
be realized by industry. The main objective of this study
was to identify a process to produce mechanically strong
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cold-bonded chromite pellets and to evaluate its real-world
application in the ferrochrome industry.

2. Materials and Methods

2.1. Materials and chemicals

Metallurgical grade chromite ore, pre-reduced chromite
pellets (produced from the latter ore), and BFD was collected
from a large South African FeCr producer. Representative
sample collection was performed as described in Du
Preez et al.**. The metallurgical-grade ore was used as the
chromite source throughout this study. Glastonbury et al.'®
and Van Staden et al.* presented the chemical analyses (wt%,
determined by ICP-OES) of the chromite ore and BFD,
respectively. These characterizations are presented in Table 1.

All chemicals used were of an analytical grade. Sodium
metasilicate (Na,SiO,) was obtained from Sigma Aldrich
and was used throughout this paper as the pellet binder. The
sodium silicate used had total alkalinity (Na,0) and soluble
silica (SiO,) contents of 50.78 and 49.22 wt%, respectively;
yielding a mass ratio (wt% Na,O to wt% SiO,) of 1.03.
Precipitated silicon dioxide (SiO,) and sodium bicarbonate
(NaHCO,) were obtained from BDH laboratories and MINEMA,
respectively. Aluminium oxide (Al,O,) was obtained from
Merck. Potassium hydroxide (KOH) was obtained from
Promark Chemicals. Technical grade carbon dioxide (CO,)
gas (99.0% purity) was supplied by Afrox (South Africa).

2.2. Green pellet generation

In industry, green pellets are prepared using clay as the
binder and the clay addition is dictated by the subsequent
curing process. For instance, green pellets intended for
oxidative sintering or pre-reduction typically contain 1 to
2 wt% or 3 to 4.5 wt% clay binder, respectively®. Here,
clay binders are substituted by sodium silicate. The foundry
industry is referred to for sodium silicate addition selection;
3 to 5 wt% sodium silicate is typically used to prepare sand-
based refractory moulds®. Considering this, a relatively
conservative approach was taken and a 3 wt% sodium
silicate addition was used to prepare pellets. Furthermore,
carbonaceous materials are typically included in industrial
pellets destined for thermal curing to serve specific goals, i.e.
provide exothermic energy to enable pellet sintering during
oxidative sintering, or to reduce the oxidation state/metallize

Table 1. Chemical analyses (wt%) of the obtained chromite ore'®
and BFD* as determined by ICP-OES.

Compound Chromite ore BFD
Cr,0, 44.19 7.66
FeO 24.68 4.75
SiO, 2.96 47.90
ALO, 14.71 5.85
MgO 10.31 23.60
CaO 0.16 0.66
TiO, - 0.16
P 0.001 -
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Fe/Cr during pre-reductive curing. Here, the carbonaceous
material addition was not considered.

Pelletization material was prepared by weight partitioning
several 50g batches consisting of 3 wt% sodium silicate,
with chromite the balance. To ensure intimate inter-particle
contact between chromite particle, similar to that of the FeCr
industry, each batch was milled for two minutes to ensure
that 90% of the particles are below a particle size of 75pm®'2.
Such a particle size distribution is however only required
for pellets destined for pre-reduction to maximize chromite/
reductant contact points. Oxidative pellet sintering has a less
conservative approach and requires that 80% of particles
be below a particle size of 74um to ensure pellet porosity®.
Nevertheless, the finer of the two particle size distributions
was considered in this study. In addition to particle size
reduction, milling ensured the homogeneous distribution of
pellet constituents. A SiC Siebtecknik laboratory disc mill was
used during all milling procedures. All samples were milled
for 2 min to obtain the desired particle size specification,
i.e. d, of <75 pm, as proposed by Kleynhans et al.'”.
Nevertheless, the particle size distribution of milled materials
was determined with laser diffraction particle size using a
Malvern Mastersizer 2000. Samples were ultrasonicated
in deionized water before measurements to avoid the use
of chemical dispersants. Stirring was set to 2000 rpm and
laser obscuration was maintained between 10 to 15%. The
average d, value of milled materials was 73.1 £ 2.1 pm.

Various additives, in conjuration with sodium silicate,
were also evaluated. This was done by preparing several 50 g
batches containing 3 wt% sodium silicate and 3 to 12 wt% of
arespective additive, with chromite the balance, in a similar
manner as the batches containing only 3 wt% sodium silicate.

Green pellets were generated using a LRXplus strength
tester operating with a 5 kN load cell in standard ambient
temperature and pressure conditions. The relative humidity
was between 40 to 50%. Each green pellet consisted of 3g
dry material, to which 6 wt% moisture (based on the pellet
mass) was added before the pellet generation procedures. The
6 wt% moisture was selected as it ensured that no moisture
was displaced from pellets during the pellet generation
procedure. Moisture sources included water, carbonated
water, and KOH solutions with differing concentrations.
Moist pellet material was placed in a Specac PT No. 3000
13 mm die set and compressed at a rate of 15 mm/min until
a load of 1.5 kN was achieved, and maintained for 30 sec.
Green pellets were then carefully removed from the die set to
ensure that the shape of the as-pressed pellet was not altered.
Green pellets were therefore cylindrical, with a diameter
and length of 13 and 8 mm, respectively. This pelletization
method was preferred over disk and drum pelletization as
it ensured that generated pellets had consistent size, shape,
and densities, allowing a mono-variance investigation of the
experimental parameters considered in this study.

2.3. Green pellet curing

Several pellet curing procedures were investigated in
this study: (i) air drying, where pellets were allowed to dry
for up to 32 days (unless specified otherwise) and were
not exposed to direct sunlight; (ii) sintering at elevated
temperatures of 500, 600, 700, and 800 °C, performed in a

Lenton Elite, UK, model BRD 15/5 chamber furnace with a
programmable controller. Green pellets were loaded within
the furnace hot zone at ambient temperature. The temperature
was then increased at the furnace’s maximum allowable
rate of 17 °C/min until the pre-designated temperature
was reached. Thereafter, pellets were allowed to cool to
room temperature while still within the furnace; (iii) low
temperature curing at 75 °C for 24h, performed by placing
pellets in a pre-heated Heraeus drying furnace. Pellets were
removed from the furnace after curing and cooled to room
temperature.

2.4. Compressive strength testing and statistical
data analysis

The compressive strength of cured pellets was determined
using the LRXplus strength tester. Cured pellets were placed
on their sides (opposite of the pressing orientation) and
compressed until pellet breakage occurred. The applied
force was localized to a small area of the pellet and the
breakage pressure reported here represented the minimum
pellet strength. The breakage pressure, which was indicative
of the compressive strength of an individual pellet, was
recorded in kN and expressed as such. The compressive
strengths of air-dried pellets were determined after 1, 2, 4,
8, 16, and 32 days (unless specified otherwise). Sintered
and low-temperature cured pellets were experimented on
directly after curing. Considering the inevitability that some
statistical deviations would occur during experimentation,
the compressive strengths of between 10 to 30 pellets were
determined for each data set. The average compressive
strength and standard deviations were determined and
indicated throughout after eliminating possible outliners
using the Q-test with a 95% confidence level.

2.5. Scanning electron microscopy

Field emission scanning electron microscopy (SEM) with
an energy-dispersive X-ray spectroscopy (EDS) microanalysis
system was used to perform pellet morphological and
chemical characterization. A FEI Quanta 250 FEG SEM
with an integrated Oxford X-map EDS microanalysis system
operating at 15 kV and a working distance of 10 mm was
used. To characterize pellet surfaces and the interiors of
broken (defined as breakage induced) pellets, samples were
mounted on aluminium stubs and coated with carbon using an
Emscope TB 500 carbon coater before SEM investigations.

3. Results and Discussions

3.1. Sodium silicate-only bonded pellets

As far as the authors could assess, the compressive
strength of cured chromite pellets produced by industry is
un-reported in the peer-reviewed public domain. Thus, the
exact ideal pellet compressive strength is currently unknown
from literature. To formulate a compressive strength target, the
following factors were considered; (i) the desired compressive
strength of sintered Fe-ore pellets for blast furnace smelting
is approximately 1.47 kN, (ii) the compressive strength of
pre-reduced chromite pellets obtained from a FeCr smelter
was determined to be 1.54 + 0.50 kN (based on 55 repeats);
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however, it is important to note that oxidative sintered pellets
are typically mechanically stronger than pre-reduced pellets'?,
and (iii) physically strong lumpy chromite ore/pelletized
chromite affords favourable smelting conditions within the
furnace, which increases the metallurgical efficiency (% Cr
recovery) of a smelter®. Considering these factors, it was
decided to maximize the compressive strength of sodium
silicate bonded pellets. Concerning practical application;
pellets with a compressive strength >1.5 kN would be
suitable for smelting as the reformation of fines before
smelting is unlikely.

To evaluate the stand-alone use of sodium silicate as a
pellet binder, 3 wt% sodium silicate bonded pellets using
water as the moisture source (denoted 3 wt% sodium silicate-
water) were prepared according to Curing methods 1) (air
drying) and ii) (sintering). The compressive strengths of
these pellets are presented in Figure 1.

Figure la shows that the compressive strength of
3 wt% sodium silicate-water pellets steadily increased
from 0.34 + 0.03 to 1.14 £ 0.16 kN during the first 8 days
of air-drying. No significant change in pellet compressive
strength was observed for pellet cured for >8 days. The
compressive strength of pellets cured for 16, 32, and 64 days
(not included in Figure 1) was 1.14+0.19, 1.07 £ 0.10, and
1.10 £ 0.11 kN, respectively. Thus, pellets were fully cured
after 8 days in the ambient atmosphere and further air-drying
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Figure 1. The compressive strength of 3 wt% sodium silicate-water
pellets air-dried for up to 32 days (a) and sintered at 500 — 800 °C
(b). The compressive strength of 32-day air-dried pellets presented
in (a) were included in (b) as the reference; compressive strength —
solid red line, standard deviation — dashed red line.

Materials Research

did not appreciably affect the compressive strength. Figure 1b
showed a significant increase in compressive strength when
compared to air-dried pellets (included as a solid red line). The
compressive strengths of the pellets sintered at 500 to 800 °C
increased near-linearly from 1.26 +0.16 to 1.52 £ 0.15 kN.
Of interest is that the pellet compressive strengths reported
here exceed the strengths of pellets prepared similarly and
cured at higher temperatures (>1200 °C), i.e. pre-reduced
or oxidative sintered attapulgite or bentonite bonded pellets
thermally cured at 1250 or 1300 °C did not exceed 0.9 kN'2,
CaCO, doped pellets pre-reduced at 1300 °C had a maximum
compressive strength of approximately 0.3 kN7, pre-oxidized/
pre-reduced pellets sintered at 1200 to1500 °C did not exceed
0.8 kN; one case was reported that achieved 1.18 kN3$. To
evaluate the morphological and chemical characteristics of
the inter-particle bonds formed by sodium silicate during
air-drying and sintering, broken 32 days air-dried and 800 °C
sintered pellets were investigated by SEM-EDS (Figure 2).

Figure 2a and 2b show that chromite particles are bound
together by a segregated phase present on the surface of
particles. The observed phase formed as a result of sodium
silicate precipitation and consisted of silica gel, silicic acid,
and sodium silicate®. EDS analysis of the area indicated by
the white box in Figure 2b revealed Si, Al, and Na contents
0f4.2,4.4, and 19.4 wt%, respectively. It was further noted
that the pellet interior comprised of particles with close
inter-particle proximities, which was expected considering
the chosen particle size distribution as stated in Section 2.2.
Nevertheless, inter-particle connections formed during air-
drying were relatively weak and did not afford pellets with
appreciable compressive strengths.

It is clear from Figure 2c that the particles of the 800 °C
sintered pellet fractured either before or concurrently as inter-
particle bonds were broken; suggesting that the mechanical
strength of bonds exceeded that of chromite particles. It was
further evident from Figure 2d that precipitated composites
on the surface of chromite particles were crystallized during
sintering at 800 °C. During thermal treatment, sodium
silicate exists as B-Na,Si,0, and SiO, in the cristobalite
form at < 700 °C, as Na,Si O, between 700 and 800 °C,
and as an amorphous phase at > 800 °C*. These compounds
are likely responsible for the mechanical properties of the
sintered pellets. In the FeCr industry, chromite grains are
bound together by molten silicates originating from clay
binders during curing procedures, forming mechanically
strong and porous pellets'**#. The energy required to melt
clay binders is significantly higher than the energy required
to produce sodium silicate based inter-particle bonds, as is
evident from the high mechanical strength of 800 °C sintered
pellets (Figure 1b). Though the pellet compressive strength
goal of > 1.5 kN was exceeded here, an objective of this
study was to avoid high-temperature curing. Nevertheless,
the potential of sodium silicate as a binding agent at sintering
temperatures lower than temperatures currently applied by
industry was realized here.

3.2. Carbon dioxide/HC03' as an additive

It is evident from results presented in Section 3.1 that
unassisted (e.g. un-sintered, additive-less) sodium silicate
cannot be considered as a chromite binder under the conditions
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considered in this study and that the use of an additive is
necessary. In the foundry industry, CO,(g) is widely applied
to accelerate sodium silicate hardening**. The working
principle is based on the reaction between sodium silicate
and CO,(g), which near-instantly hardens sodium silicate™.
The use of CO,(g) my further benefit the FeCr industry as it
may be a suitable method to utilize some CO,(g) produced
during smelting procedures — reducing carbon taxes. Water-
solubilized sodium silicate reacts with CO,(g) according to
the following equation?®:424:

Na,0.mSiO,.xH,0 + CO, — Na,CO; + mSiO,.xH,0 (1)

Jain (2003) stated that the mechanical strength of
sodium silicate bonded refractory moulds may be ascribed
to the formation of mSiO,.xH,O (silica gel) on the surface
of refractory sand grains, forming inter-particle bonds?®.
Based on Equation 1, gaseous and dissolved CO, sources

(d)

Figure 2. Backscatter SEM micrographs of the interiors of broken air-dried (a and b) and 800 °C sintered pellets (c and d).

were considered to promote sodium silicate bonded pellet
hardening; as well as a HCO," based additive, NaHCO,. Pellets
were prepared as follow: (i) 3 wt% sodium silicate-water
pellets were prepared and cured for 32 days in a saturated
CO,(g) environment, (ii) 3 wt% sodium silicate-3 wt%
NaHCO,-water pellets and (iii) 3 wt% sodium silicate-
carbonated water pellets were prepared and air-dried for
32 days. Pellet compressive strengths were determined and
presented in Figure 3.

It is evident from Figure 3 that the initial compressive
strengths of 3 wt% sodium silicate-3 wt% NaHCO,-water
and 3 wt% sodium silicate-carbonated water pellets were
similar to or exceeded the reference. However, in both cases,
the compressive strengths readily decreased after 4 to 8 days
ofair-drying. The observed compressive strength decreases
were likely caused by the presence of AL O, originating
from the chromite spinel. VenkataRamana (2014) stated
that Al,O, is typically added to CO, cured sodium silicate
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bonded refractory moulds, which delays the formation of
Na,CO, and mSiO,.xH,0 and consequently increases its
collapsibility*?. The pellets cured in a CO, environment did
not exceed a compressive strength of <0.16 kN after 32 days
of curing. As soon as these pellets were placed in the CO,(g)
atmosphere, a white crystalline layer formed on the pellet
surface. This was indicative of the reaction between sodium
silicate and CO,, as indicated in Equation 1. To investigate
this, SEM micrographs of the surface and interior of these
pellets were prepared and are presented in Figure 4.

It is evident from Figure 4a that crystallization occurred
on the pellet surface, whereas no such crystallization was
observed within the pellet interior (Figure 4b). The observed
crystal layer may be ascribed to a phenomenon referred
to as over-gassing, which is defined as reacting sodium
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silicate with an excessive amount of CO,. According to
Jain (2003), a sodium silicate:CO, mass ratio of 1:0.5 to
0.75 is estimated as satisfactory*®. VenkataRamana (2014)
further stated that silicate bonds are weakened as a result of
dehydration if an excessive amount of CO, is used during
curing®. Considering the saturated CO, atmosphere used
to cure the pellets presented in Figure 4, it is likely that
dehydration of the surface silicate bonds occurred. Another
likely contributing factor that limited CO, assisted sodium
silicate hardening is the high particle density observed in
Figure 4b and coinciding lack of porosity —preventing CO,
from penetrating beyond the pellet surface. The use of coarser
chromite should be considered as a future prospective; coarser
chromite requires less energy input during milling, reducing
the associated costs. Nevertheless, it may be concluded that

1.6
— © — Carbonated water
14 1 = 0-=NaHCO;
| Ve -4 -COx(g)
r'd ~

A o
o [N
. L

Compressive strength (kN)
o
®

06 -
b "'-_é _________________ é
041 %
&
024
R I T e U -
ga-a---&
0.0 _

- @ - Reference
~ + ----------- ‘§
~o-

10 12 14 16 18 20 22 24 26 28 30 32

Curing time (days)

Figure 3. The average compressive strength of 3 wt% sodium silicate pellets prepared using various CO, sources and cured for up to 32 days.

(a)

(b)

Figure 4. Backscatter SEM micrographs of the surface (a) and interior (b) of a 3 wt% sodium silicate bonded pellet dried for 32 days in

a CO,(g) atmosphere.
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the additives considered in this section may not be applied
to prepare mechanically strong pellets.

3.3. Additives to promote geopolymerization

The limited success achieved in the preceding sections
suggests an alternative approach to prepare sodium silicate
bonded chromite pellets. Thus, the use of geopolymers (mineral
polymers) was considered as geopolymer-bonded structures
may possess excellent mechanical properties*7. According
to Xu and Van Deventer’’ and Autef et al.*®, geopolymers
form as a result of the co-precipitation of silicate- and
alumino species, which originates from the dissolution of
source material Si and Al at elevated pH levels and in the
presence of soluble alkali metal silicates. Dissolved Si and
Al co-polymerize to form the (Si-O-Al-O) bonds required
for geopolymer formation. This reaction mechanism can be
schematized as shown in Figure 5474,

The reaction steps presented in Figure 5 suggest that under
certain conditions, any SiO, and Al O, containing mineral can
be used as source material for geopolymerization®. However,
geopolymerization typically utilize source materials with high
SiO, and AL, O, contents, e.g. furnace slag, fly ash, kaolinite,
metakaolinite, pozzolan, albite, and blast-furnace slag, with
SiO, contents of between 32 to 71 wt% and Al,O, contents
of between 14 to 33 wt%*71* In this study, a South African
chromite ore was used as the source material and had SiO,
and AL, O, contents of 2.96 and 14.71 wt%, respectively.
The chemical composition of chromite from the various
chromite mining countries differs, as summarized in Table 2.

Table 2 suggests that the average SiO, content of
chromite is far below that of typical source materials used
for geopolymerization, whereas the average Al,O, content
of chromite ranges between below or slightly above the
lower Al O, content of typical source materials. Thus,

assuming complete Si and Al dissolution, the possibility
exists that the Si and Al contents of chromite could still be
insufficient for geopolymerization. To promote chromite’s
geopolymerization, non-source material SiO, and Al,O,
were introduced to pellets. In addition to this, it was
considered that the sodium silicate content may not be able
to generate an environment with sufficient alkalinity to
facilitate source material and non-source material SiO, and
Al O, dissolution. This occurrence may be mitigated by the
addition of an alkaline activator, which in conjuration with
sodium silicate, could promote the latter mentioned SiO, and
Al O, dissolutions. For instance, the cement industry utilizes
SiO,- and Al,O,-rich source materials in conjuration with
an alkaline hydroxide activator to prepare high compressive
strength solid matrices, with increasingly stronger matrices
obtainable with increasingly higher alkaline contents>*®.
Therefore, the effects of water and a 2 M KOH solution
as moisture sources were evaluated. The following pellets
were prepared: (i) 3 wt% sodium silicate-3 wt% SiO, and/
or AL O,-water, and (ii) 3 wt% sodium silicate-3 wt% SiO,
and/or AL,O,-2 M KOH.

It is clear from Figure 6 that none of the prepared pellets
had appreciable compressive strengths after air-drying.
The low compressive strengths presented in Figure 6a may
be ascribed to sodium silicate’s inability to generate an
environment with sufficient alkalinity to enable Al and Si to
be solubilized and partake in the geopolymerization process.
However, when considering the low compressive strengths
presented in Figure 6b; the addition of KOH as an alkaline
activator did not show significant compressive strength
increases when compared to the reference and the majority
of pellets prepared with water. Here, only the 3 wt% sodium
silicate-3 wt% SiO,-2 M KOH had an improved compressive
strength after 21 days of curing; the compressive strength
was still below the reference.

n(Si,0s, ALO,) + 218i0, + 4nH,0 + NaOH/KOH — Na*, K* + n(OH)s-Si-0-AL-O-Si-(OH)s

(Si-Al materials)

(OH),
(Geopolymer backbone)

|
n(OH)3-Si-O-z?J'—O—Si-(OH)3 + NaOH/KOH — (Na", K+)-(-S|i-O—A|d'-O-S|i-O-) + 4nH,0

(OH), O O O
I | I
(Geopolymer backbone)
Figure 5. Schematic diagram of reaction steps involved during geopolymer formation.
Table 2. Average SiO, and Al,O, content of chromite from various countries.
Country SiO, (wt%) ALO, (Wt%) Reference
South Africa' 32+0.2 15.7+£0.8 Glastonbury et al.'
Brazil 5.7 17.3 Zambrano et al.*
Kazakhstan? 63+1.1 6.7 +0.6 McCullough et al.
Canada® 3.6+0.7 11.2+0.3 Yu and Paktunc®®
Zimbabwe* 0.12 +0.04 11.7+0.8 Zhou and Kerrich®’

'based as the average of two different chromite grades, i.e. metallurgical (used here) and UG2 (chromite-rich residue of South African platinum industry);
“based on four values; *based on chromite of 75 to 300 pum size fraction; “based on 14 values



It was further evident that the compressive strengths of
Al,0, and AL,O,-SiO, containing pellets prepared using water
or 2 M KOH were weaker than pellets containing only SiO,.
Silva et al.* stated that a geopolymer system with an elevated
Al content afforded the formation of large segregated Na-
Al-Si grains, as appose geopolymers containing amorphous
Na-Al-Si for low Al-containing systems. In addition to this,
in the presence of Al, excess alkali affords the formation of
carbonates when exposed to the atmosphere, which may
have adverse effects on the structural properties®®¢!. Pellets
containing only SiO, initially showed compressive strength
increases; however, a decreased from 1.1+£0.3t0 0.8 £ 0.2 kN
was observed after 21 and 32 days of air-drying, respectively.
The observed decreases may likely be ascribed to an increase
in local humidity, as this study was performed during the
South African rainy season, highlighting the hygroscopic
nature of sodium silicate. This was a critical observation
and will be further contextualized in the following text.

Du Preez et al.
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Regardless of the insufficient compressive strength of
the pellets presented in Figures 6a and b; the use of BFD
as an Al and Si source material was explored as it has an
AlO;, content of 5.85 wt% and a SiO, content 0f 47.90 wt%
(Table 1). BFD is readily available at any FeCr produce
utilizing semi-closed SAFs as it originates from bag houses
used to remove particulate matter from furnace off-gas
before being released into the environment. BFD contains a
significant amount of Cr (VI)*>**%, As appose to the storage
of BFD, disposal thereof as a pellet constituent would be
greatly beneficial to the FeCr industry. Cr (VI) reintroduced
to the smelting process would be reduced to either Cr (III)
or metallic Cr; thus dismissing concerns relating to Cr (VI).
Pellets containing 3 wt% sodium silicate-3 wt% BFD-water
or 2 M KOH were prepared and their compressive strengths
determined (Figure 7).

Figure 7 shows that BFD containing pellets prepared
using water or 2 M KOH as the moisture sources did not
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Figure 6. The average compression strengths of 3 wt% sodium silicate-3 wt% SiO, and/or Al,O,-water pellets (a) and 3 wt% sodium
silicate-3 wt% SiO, and/or A1,0,-2 M KOH pellets (b) air-dried for up to 32 days.
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Figure 7. The average compressive strength of 3 wt% sodium silicate-3 wt% BFD-water or 2 M KOH pellets air-dried for up to 32 days.

yield mechanically strong pellets. Only one instance was
observed where the compressive strength exceeded that
of the reference, i.e. 3 wt% sodium silicate-3 wt% BFD-2
M KOH solution after 16 days of air-drying. However, the
compressive strength readily decreased from 1.23 £0.25 to
0.81 + 0.19 KN after 32 days of air-drying. This decrease
may be ascribed to local rainfall, reiterating the susceptibility
of'sodium silicate bonded pellets to moisture. Nevertheless,
it was clear that BFD containing pellets were not suitable
for smelting procedures.

The following conclusions may be made from this
section: i) SiO, showed potential as an additive to promote
pellet strength, ii) non-source material AL,O, additions, in
conjuration with KOH, adversely affected pellet strength,
and iii) sodium silicate bonded and air-dried pellets showed
significant moisture susceptibility. Thus, pellets prepared
here were not suitable for the FeCr industry.

3.4. Effects of low-temperature curing, SiO, and
KOH content

It was evident from the preceding sections that the
compressive strengths of air-dried pellets cured at ambient
temperature were unsatisfactory —regardless of the additives
considered. A study by Kirschner and Harmuth (2004) found
that curing a geopolymer-bonded meta-kaoline structure at
75 °C for 4 h yielded satisfactory mechanical properties,
whereas 28 days of curing at ambient temperature did not®.
Geopolymer curing at higher than ambient temperatures
(<100°C) increases source material dissolution which
promotes binder efficiency®®. In the FeCr industry, allocating
waste heat to pellet curing is not a difficult undertaking.
For instance, CO-rich closed furnace off-gas combusts at
temperatures between 1790 to 2250 °C, depending on its
composition?®*; by diverting and combusting some of this
off-gas to a fit-for-purpose pellet curing plant may easily
generate sufficient heat to afford geopolymer bonded pellet
curing. Thus, to evaluate the effects of higher than ambient
curing temperature, pellets were cured at 75°C for 24 h (i.e.

Curing method (iii), Section 2.3). Furthermore, it is evident
from the preceding sections that the compressive strength
of SiO, containing pellets showed the most potential if
compared to AL,O, containing pellets. The geopolymerization
process is strongly affected by the Si0,/Al,O, ratio and the
addition of AL,O, yielded a non-favourable SiO,/Al O, ratio.
Silva et al.* stated that SiO,/Al,O, molar ratios of 3.4 to
3.8 afforded metakaolin geopolymer bonded structures with
optimal strengths. To determine a suitable SiO,/Al,O, ratio,
pellets containing various SiO, additions were prepared
with a 2 M KOH solution as the moisture source and
cured at low temperature. In addition to this, the effect of
KOH concentration was also determined. These results are
presented in Figure 8.

Figure 8a shows that the pellet compressive strength
increased from 1.89 +0.34 t0 2.46 £ 0.15 kN as the SiO, content
was increased from 1.5 to 3.0 wt%. By further increasing
the SiO, content to 12.0 wt% systematically decreased the
compressive strength to 0.11 + 0.01 kN — suggesting that
a SiO,/Al O, ratio of 1.99 yielded pellets with optimal
compressive strength at a curing temperature of 75 °C. The
correlation between SiO,/Al O, and compressive strength
were comparable to the results presented by Silva et al.*
and Duxson et al.®. Considering this, mechanically strong
pellets may likely be prepared from any chromite sources
(presented in Table 2) by altering the SiO,/AlO, ratio to
1.99 by the addition of non-source material SiO, or Al,O,.
It is however noted that the effects of curing temperature, as
a function of Si0,:Al,O, ratio, should be explored in future.

It was evident from Figure 8b that all investigated KOH
concentrations investigated produced pellets with significantly
higher compressive strengths than the reference. Pellets
prepared using 1 and 2 M KOH solutions had compressive
strengths of 2.56 + 0.44 and 2.46 + 0.15 kN, whereas the
pellets prepared using 4 and 6 M KOH solutions had strengths
of 3.12 + 0.16 and 2.41 + 0.30 kN. Of interest here was
that the compressive strength peaked at 4 M KOH. Is was
expected that with an increase in alkaline content, more
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SiO, and AlL,O, would be dissolved and to partake in the
geopolymerization process* — which was not the case here.
Nair et al.®® found that a 1:1 molar ratio of KOH/anorthite
(Ca0.Al1,0,.28i0,) yielded a geopolymer bonded material
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Figure 8. The average compressive strength and SiO,/Al,O; ratios
of 3 wt% sodium silicate-1.5 to 12 wt% SiO,-2 M KOH pellets cured
at 75°C for 24 h (a) and 3 wt% sodium silicate-3 wt% SiO,-1, 2, 4,
6 M KOH pellets cured at 75°C for 24 h (b).
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with exceptional compressive strength. For anorthite based
geopolymerization, the ideal KOH/anorthite ratio affords
aluminsilicate particles to be embedded as uniformly
distributed secondary phase particles in the geopolymer gel
phase during solidification. The same principle likely applied
here; however, the KOH/chromite ratio will differ from for
each chromite source due to a significant difference in the
chemical composition of chromite from the various source
countries. Nevertheless, the optimal KOH concentration of 4 M
KOH was identified to produce mechanically strong chromite
pellets. When considering industrial practices, elevated pH
solutions are generally avoided. Thus, it would be logical
for industry to prepare pellets with sufficient mechanical
strength using low alkalinity solutions, i.e. 1 M KOH. It is
also suggested that < 1 M KOH solutions be investigated in
future. The binding mechanism of a broken 3 wt% sodium
silicate-3 wt% SiO,-2 M KOH pellet was investigated by
SEM (Figure 9).

Two prominent features are evident from Figure 9a; (i)
chromite particles fractured before or concurrently with inter-
particle bonds — as was observed for an 800 °C sintered pellet
(Figure 2), and (ii) that numerous solid distinguishable inter-
particle bonds formed between the closely packed chromite
particles. EDS analysis of the area indicated by the white box
in Figure 9b revealed Si, Al, and Na wt% contents of 6.7,
5.4, and 13.9 wt%, respectively. The Si and Al contents were
higher than for the bond presented in Figure 2a, whereas the
Na content was lower. It should be noted that Na detection
by EDS may be under-reported due to its mobility when
exposed to an electron beam®”®. Nevertheless, the improved
mechanical strength of inter-particle bonds may be ascribed
to the dissolution and geopolymerization of SiO, and AL,O,
when present at an optimal SiO,/ALO; ratio of 1.99, and
rapid strength development of geopolymers induced by
low-temperature curing.

Considering the high Si-content of the proposed pellet
binder system, it is important to note that the effect of

(a)

(b)

Figure 9. Backscatter SEM micrographs of the interior (a) and an inter-particle bond (b) of a broken 3 wt% sodium silicate-3 wt% SiO,-2

M KOH pellet cured at 75°C for 24h.
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sodium silicate and SiO, addition on the Si-content of FeCr
produced from 3% sodium silicate-3% SiO, bonded chromite
is currently unknown. The increase in Si-containing elements
present in the pellet matrix may cause an increase in the Si
content of FeCr. If this is the case, it is possible that this
increase may be counteracted by, for instance, decreasing
the amount of flux addition during material batching, i.c.,
weight proportioning of lumpy/pelletized chromite, flux, and
reductant before being fed to a furnace. However, material
batching will be determined by the specific furnace slag
regime. The basicity factor (BF) of a furnace is determined
by the following equation®!*:

_ %Ca0+%MgO
9%Si0,

BF

Basic and acidic slag regimes have BFs of >1 and <1,
respectively. SAFs and DC furnaces operate on different
BFs, depending on the slag conductivity. For instance, less
carbonaceous reductant is required for SAFs operating on
pre-reduced chromite, which reduces the slag conductivity.
Therefore, such smelting procedures operate using conductive
basic slag regimes with BF of >1. In summary, the addition
of SiO, as a pellet binder should be included during BF
calculations.

3.5. Cured pellet moisture susceptibility

Several decreases in pellet mechanical strengths observed
in this study occurred after local rainfall. Sodium silicate
bonded refractory moulds and pellets are known to deteriorate
when exposed to moisture/humid environments***. In the
ferrochrome industry, the majority of oxidative sintered pellets
and approximately 5% of pre-reduced pellets are stored in
open, unroofed environments for extended periods before
smelting procedures'. More so, in most cases pelletization
plants continue to operate during furnace shut-downs,
causing a build-up of pellets. Thus, it is almost a certainty
that significant quantities of pellets will be exposed to rain.
The effect of moisture on the compressive strength of two
sets of pellets produced in this study, i.e. 3 wt% sodium
silicate-3 wt% SiO,-1 M and 4 M KOH were selected for
this investigation. A container was filled with water, and
cured pellets were placed on a grid approximate 10 mm
above the water level. The container was sealed and placed
in direct sunlight. Pellets were retrieved after 10 days, and
their compressive strengths determined. The moisture exposed
pellets did not indicate any decrease in compressive strength,
suggesting that such pellets may be produced by FeCr
producers and stored without taking any special precautions.
However, it is suggested that prolonged (> three months)
moisture susceptibility of pellets be determined in the future.

4. Conclusions

Various routes to prepared mechanically strong sodium
silicate bonded pellets were explored here. It was found that
the addition of non-source material SiO, addition and the
use of an alkaline activator facilitated geopolymerization
of the Si0O, and Al,O, contents present in the pelletization
material, affording pellets with significant mechanical strength.
Chromite pellets containing 3 wt% sodium silicate-3 wt%

SiO,-1 to 4 M KOH solution and cured at 75°C for 24 h had
compressive strengths of between 2.56 +0.44 and 3.12+0.1
kN, exceeding the compressive strength (1.54 £ 0.5 kN) of
pre-reduced pellets obtained from a South African FeCr
producer. Furthermore, pellets cured at low temperatures did
not indicate moisture susceptibility. This study presented a
feasible approach to preparing cold-bonded chromite pellets
without the need for high-temperature curing — occluding
costs and environmental concerns relating to traditional pellet
curing procedures. Further research is however required to
optimize the proposed pelletization process. Additionally,
a techno-economic study should be conducted in the future
to assess the financial and practical viability of the proposed
process.
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