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ABSTRACT

During stainless steel production, new chromium units are obtained from ferrochrome, a relatively crude
alloy produced from chromite ore. Large chromite reserves have recently been discovered in the so-
called Ring of Fire, Canada. Due to the strategic importance of uninterrupted stainless steel production
in North America, it is highly likely that these reserves will be exploited in the foreseeable future.
However, the Ring of Fire is located in an area that forms part of the largest peatland in the world, as well
as the traditional territories of several First Nations (indigenous American communities), which high-
lights the environmental and social sensitive nature of the intended developments. In this review,
relevant mining and/or smelting processes were considered within the context of possible prevention
and mitigation of hexavalent chromium, Cr(VI), formation, and the treatment of possible Cr(VI) con-

Keywords: taining waste materials. Cr(VI) is classified as a carcinogen and it has several negative environmental
Hexavalent chrome impacts.

Cr(vD) Prior to commencing chromite mining in the Ring of Fire, baseline studies should be undertaken to
Chromite determine the possible natural occurrence of Cr(VI) in soils, untreated chromite ore and surface/
Ferrochrome . .. . s . .

Ring of Fire groundwater, as well as sources theregf. During mining and ore processing, dry mlllmg. was identified as
Canada the only process step with the potential to generate Cr(VI); therefore, it should be avoided. Instead, wet

milling should be used.

Assessments of all process steps associated with conventional ferrochrome production indicated that
smelting will lead to the formation of unintended small amounts of Cr(VI) (mgkg~! concentration
range), irrespective of the technology applied. However, this review proved that it will be possible to
produce ferrochrome without causing occupational/community health issues related to Cr(VI), as well as
environmental pollution, if appropriate preventative and mitigation measures are applied. Apart from
Cr(VI) related considerations, it is acknowledged that factors such as physical and chemical character-
istics of the ore, capital and operational costs, specific electricity consumption, carbon footprint, and
availability of expertise will determine what process options will be implemented.
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1. Introduction
1.1. The Ring of Fire deposit

Various chromium (Cr) compounds, Cr metal and/or Cr-
containing alloys are used in modern society. By volume the
largest application for Cr is in the production of stainless steel
(Murthy et al., 2011), which owes its corrosion resistance mainly to
the inclusion of Cr. Cr can occur in 82 different ore types (Motzer
and Engineers, 2004), but the only type that is mined in commer-
cial volumes that can supply the required new units for the pro-
duction of stainless steel is chromite (Motzer and Engineers, 2004).
Chromite (FeCr,04) is a mineral belonging to the spinel group of
minerals characterized by the following formula
[(Mg,Fe?*)(Al,Cr,Fe*),04] (Haggerty, 1991). The largest exploitable
deposits of chromite occur in South Africa and Zimbabwe, with
significant deposits in several other countries such as Finland,
Kazakhstan and Turkey. Only 31,250 tons of chromite was produced
in North America during 2012, which represented less than 0.13% of
the more than 24.5 million tons of chromite produced interna-
tionally (ICDA, 2013). Fairly recently very large chromite reserves
were discovered in the so-called Ring of Fire in Canada. Due to the
strategic importance of uninterrupted stainless steel production in
North America, it is highly likely that these deposits will be
exploited in the foreseeable future.

The Ring of Fire is located in the relatively remote far north of
Ontario in the James Bay Lowlands (Fig. 1a). It is approximately
1000 and 500 km from Toronto and Thunder Bay, respectively.
Although the Ring of Fire has an approximate surface area of
5000 km?, most of the mineral deposits discovered to date are
located within a 20 km long strip (Fig. 1b).

The first commercially viable quantities of chromite in the Ring
of Fire were discovered in 2008 (Chong, 2014). It has been esti-
mated that the chromite reserves in the Ring of Fire could meet
North American needs for several centuries. However, the Ring of
Fire is located in an area that forms part of the largest peatland (a
type of wetland) in the world (Warner and Rubec, 1997), which
makes it environmentally and logistically challenging for mining
operations. Developing chromite mining and/or processing, as well
as building infrastructure in this sensitive ecosystem will require

careful planning to mitigate environmental impacts. The Ring of
Fire is also located within the traditional territories of several First
Nations (Chong, 2014). Exploitation of the mineral deposits will
therefore require adequate consultations with the First Nations.

1.2. Relevance of hexavalent chromium

Chromium can occur in several oxidation states, but only
trivalent chromium, Cr(Ill), and hexavalent chromium, Cr(VI), are
common in near surface environments, while metallic chromium,
Cr(0), is mainly produced by human intervention (Motzer and
Engineers, 2004; Bartlett, 1991).

Cr(VI) compounds are generally classified as carcinogenic, with
specific ailments of the respiratory system being implicated (Beaver
etal., 2009; IARC, 2012). Cr(VI) is also on the List of Toxic Substances
under Schedule 1 of the Canadian Environmental Protection Act,
1999 (Environment Canada, 2014). Furthermore, Cr(VI) has been
shown to have several negative environmental impacts, e.g.
reduced germination and growth of some plants (Peralta et al,,
2001), increased mortality and reproduction rates in earthworms
(Abbasi and Soni, 1983), organ damage in crayfish (Bollinger et al.,
1997), detrimental effects on survivability, growth and post-
exposure reproduction of marine fish larvae and copepods
(Hutchinson et al., 1994), toxic effects on gill, kidney and liver cells
of fresh water fish (Mishra and Mohanty, 2008), and possible
diatom demise (Loock-Hattingh et al., 2015). Therefore, it is
important to prevent or at least mitigate the formation of such
compounds, and to apply proper treatment strategies to Cr(VI)
containing wastes. This is of particular importance within the
context of the possible development of the Ring of Fire chromite ore
deposits, considering the sensitive nature of the area.

Cr(IIT) and Cr(0) are not classified as carcinogenic. Cr(IlI) is in fact
an important trace element in a balanced nutritional diet and is in
certain circumstances specifically included as a dietary supplement
(Hininger et al., 2007).

1.3. Methods

Considering the significant differences in the impact of Cr(VI) on
human health and the environment, as opposed to Cr(Ill) and Cr(0),
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Fig. 1. Location of the Ring of Fire within a regional perspective (a), as well as an
enlarged area showing the mineral deposits (b) (Chong, 2014).

itis important to consider the current knowledge base and the gaps
therein, as well as best practices related to mining and smelting of
chromite to produce ferrochrome (FeCr) within the context of the
possible development of the chromite deposits in the Ring of Fire.
Several aspects have to be considered: (1) the possible natural
occurrence and/or natural formation of Cr(VI), (2) prevention and
mitigation of Cr(VI) formation during mineral and metallurgical
processing leading to the production of FeCr, and (3) treatment of
possible Cr(VI)-containing waste materials originating from the
afore-mentioned processes.

Although information (literature) and experience available
internationally was considered in this review, where possible
specific reference will be made to the Finnish mining, beneficiation
and pyrometallurgical conversion of chromite, since the
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Fig. 2. The Cr cycle, adapted from Testa (2004) and Bartlett (1991).

environment in which these operations occur is somewhat similar
to the Canadian conditions. The Finnish chromite/ferrochrome
operations are also regarded as leaders in environmental practices
(e.g. Riekkola-Vanhanen, 1999; Padtalo and Raiskio, 2015).

2. Natural occurrence and/or natural formation of Cr(VI)

In order to contextualize the possible natural occurrence and/or
formation of Cr(VI), the basic Cr cycle in soil and water, as presented
in Fig. 2 (Bartlett, 1991; Testa, 2004), needs to be considered first.
Only a synopsis of this Cr cycle will be considered here, with
detailed information available in the original text and references
therein (Bartlett, 1991; Testa, 2004).

In essence, the soil/water Cr cycle (Fig. 2) indicates that Cr(III) is
the dominant species under most near-surface environmental
conditions. However, Cr(Ill) can be oxidized under ambient envi-
ronmental conditions in the presence of MnO,, which serves as a
catalyst for the atmospheric oxidation of Cr(IIl) in surface or ground
water. However, for this to take place Cr(Ill) must be in a soluble
form (Bartlett, 1991). Cr(IIl) hydroxides are relatively insoluble over
awide pH range (see Fig. 3; Rai et al., 1987) and therefore usually do
not contribute significantly to such oxidation. Cr(VI) can be reduced
by various inorganic species, including aqueous Fe(II) (Eary and Rai,
1988), magnetite (Peterson et al., 1996), green rust (Williams and
Scherer, 2001) and zero valent iron (Chang et al., 2014). Addition-
ally, Cr(VI) can be reduced by numerous organic compounds (both
synthetic and natural) and microorganisms (March, 1992; Dong
et al.,, 2014; Miller et al., 2016; Jin et al., 2017; Gupta et al., 2017;
Wang et al., 2017). However, some organic compounds could
complex Cr(Ill) and in so doing solubilize it, which could facilitate
the formation of Cr(VI) due to natural oxidation in the presence of
MnO,. Cr(VI) species primarily occur under oxidizing (Eh > 0) and
alkaline (pH > 6) conditions (Motzer and Engineers, 2004 and
references therein).

In the ambient atmosphere, Cr(VI) is associated exclusively with
particulate matter and/or atmospheric water, since the vapor
pressure of all Cr compounds at ambient conditions is negligible
(Kimbrough et al., 1999; Seigneur and Constantinou, 1995). All at-
mospheric inter-conversion reactions leading to possible Cr(VI)
formation and reduction to Cr(Ill) are therefore water-phase



J.P. Beukes et al. / Journal of Cleaner Production 165 (2017) 874—889 877

log [Cr]

© 6-8 days equilibration
o 18-22 days
A 63-67 days
¢ 134 days

Detection Limit

3 4 5 6 7

8 9 10 11 12 13 14
pH

Fig. 3. The solubility of Cr(OH); (s), adapted from Rai et al. (1987).

MnO,

Cr(II) (aq)

Cr(OH);3 (s), Cra(SO4)3 (s)

V, Fe(Il), S(IV), As(IID),
Organic compounds

Cr,072 (aq), CrSO72 (aq)

A

HCrO4" (aq)

Y

PbCrOy4 (s)

Fig. 4. The basic atmospheric cycle of Cr, adapted from Seigneur and Constantinou (1995).

reactions (Kimbrough et al., 1999; Seigneur and Constantinou,
1995). The basic atmospheric cycle of Cr, as presented in Fig. 4,
has some similarities to the soil/water cycle previously presented
(Fig. 2). Again, Cr(Ill) is the dominant species, with many com-
pounds able to reduce Cr(VI) to Cr(Ill). In the atmosphere S(IV) is a
relatively important species that can reduce Cr(VI) to Cr(III). S(IV) is
basically SO,, which is a common atmospheric anthropogenic
pollutant, dissolved in water (Seigneur and Constantinou, 1995;
Beukes et al., 1999, 2000). Cr(VI) formation is usually associated
with the presence of MnO, (Kimbrough et al., 1999; Seigneur and
Constantinou, 1995).

Notwithstanding the likely dominance of insoluble Cr(Ill) in

natural environments, naturally occurring Cr(VI) and/or natural
formation thereof have been reported for various locations. At least
24 known Cr(VI)-bearing minerals occur (Motzer and Engineers,
2004 and references therein), which could serve as a natural
sources of Cr(VI). This includes minerals such as crocoite (PbCrOy4)
that form in the oxidized zones of lead (Pb) deposits and Cr(VI)
minerals in nitrate-rich evaporite deposits in arid environments
such as the Chilean nitrate deposits in the Atacama Desert. Motzer
and Engineers (2004) and references therein, also described Cr(VI)
as occurring in groundwater due to natural formation/processes at
various locations in the USA, including Paradise Valley (Arizona),
the Presidio in San Francisco, Davis (California), the western Mojave
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Desert (California) and Soquel Water District south of Santa Cruz
(California). In general, it is believed that most of these natural
occurrences of Cr(VI) in groundwater are linked to the hydrolysis of
feldspar, some common mafic minerals such as Cr-bearing pyrox-
enes and chromite, together with calcite, which cause alkaline
groundwater conditions. This, coupled with the absence of natural
reducing agents, e.g. Fe(Il), organic matter and reducing organisms
(see Fig. 2), may have allowed oxidation of Cr(IIl) to Cr(VI).

Chromite is a stable non-soluble mineral, in which Cr occurs in
the Cr(III) oxidation state. However, Cr(VI) contamination of ground
and/or surface water has been reported as a direct result of chro-
mite mining in India. Godgul and Sahu (1995) postulated that ser-
pentinization and magnesium (Mg) ion release during deuteric
alteration of ultramafic rocks (peridotites) and associated oxidation
(laterization) created alkaline pore water in the chromite deposits
of the Sukinda belt of Orissa (India), which resulted in conditions
favorable for natural Cr(VI) formation. Dubey et al. (2001), Tiwary
et al. (2005) and Dhal et al. (2010) subsequently reported on
several aspects related to the Cr(VI) leaching from these deposits
and/or mine dumps in the same area.

As far as the authors could ascertain, Cr(VI) has not been re-
ported in surface and/or ground-waters in Finland as a result of
natural occurrence/formation, or chromite mining. Poykio et al.
(2005) did, however, show that Scots pine (Pinus sylvestris L.)
bark used as a passive bio-indicator in the immediate vicinity of the
FeCr and stainless steel works at Tornio and near the open-cast
chromite mine at Kemi (both in northern Finland) indicated Cr
pollution factors (PF i.e. ratio of heavy metal concentrations in the
bio-indicators to those in the background area) of 81 and 5.3,
respectively. However, this data does not imply that the Cr occurred
as Cr(VI).

Considering that Cr(VI) has been reported to occur/form natu-
rally in some environments, it is vital to properly assess the possible
occurrences of natural Cr(VI) in surface and ground-waters, and
soils before large-scale chromite mining commences in the Ring of
Fire. Failure to do so will result in industry carrying the total burden
if Cr(VI) contamination were to be reported later, even if natural
processes are responsible in part, or wholly. Additionally, since
chromite mining has been implicated in Cr(VI) pollution in India,
the susceptibility of all Cr-bearing minerals (not only chromite) that
will be exposed during chromite mining in the Ring of Fire to form
Cr(VI) needs to be established in the presence of natural oxidants
and/or catalysts for such oxidation. Preliminary results by Paktunc
(2016) indicated that apart from chromite that would be the tar-
geted mineral, various other Cr-bearing minerals occur in the Ring

< 6mm run-off-mine ore
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of Fire, e.g. clinochlore, phlogopite, amphibole and clinopyroxene,
with traces of minor Cr content also occurring in orthopyroxene,
olivine, serpentine and carbonates. Preliminary leach tests by the
same authors indicated that Cr(VI) can be generated from these
minerals in the presence of birnessite, a Mn-containing mineral.
Although the afore-mentioned leach conditions were not neces-
sarily realistic for chromite tailings disposal, it does indicate the
need to evaluate the possible formation of Cr(VI) from chromite
mining and/or process residue for the Ring of Fire deposits.

3. Cr(VI) formation, prevention and mitigation in various
process options

Cr(VI) formation and mitigation need to be considered within
the context of process options that are likely to be considered for
the development of the Ring of Fire. As far as the authors could
ascertain, a relatively detailed mineral processing strategy was
developed for the chromite ore mining and processing activities
that Cliffs was planning for their Ring of Fire development, by the
research and development company Mintek (2016). However, Cliffs
abandoned this development and the report was not available in
the public domain by the time that this paper was prepared.
Therefore, techniques generally associated with mining, benefici-
ation and conversion of chromite ore are considered further. Within
the context of this paper, two categories will be considered: (1)
mining and beneficiation of chromite ore and (2) pyrometallurgical
conversion of chromite into FeCr.

3.1. Mining and beneficiation of chromite ore

Run-of-mine (ROM) chromite (mined ore, prior to beneficiation)
is usually beneficiated with relatively simple processes. The most
commonly applied processes include primary and secondary
crushing, screening, milling, dense media separation and gravity
separation methods (Murthy et al., 2011). More sophisticated pro-
cesses such as flotation can also be used (Wesseldijk et al., 1999),
but are usually not economically feasible.

In order to generate beneficiated lumpy, chip and/or pebble
chromite ore (the coarser fractions, typically 6—150 mm) crushing,
screening and dense media separation would be applied. The finer
fraction (typically < 6 mm) of ROM chromite would normally be
milled to approximately < 1 mm and then upgraded with a series of
hydrocyclones and spiral concentrators to generate metallurgical
and/or chemical grade chromite concentrate (Murthy et al., 2011).
Fig. 5 presents a process flow diagram for the beneficiation of

Over flow reject

. Secondary
Primary hydrocyclone
hydrocyclone

Over flow

Under flow

Slime table

concentrate

Scavenger
concentrate

Rougher

Concentrate

Middling  Taillings

Fig. 5. General process flow diagram of a beneficiation circuit for chromite concentrate (typically < 1 mm), adapted from Murthy et al. (2011).
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chromite concentrate (<1 mm) adapted from Murthy et al. (2011),
who reviewed chromite beneficiation. The shaking tables (slime
and scavenger tables) in this diagram would probably not be used
in large-scale operations and the single spiral concentrators would
probably consist of numerous banks of spiral concentrators oper-
ating in parallel.

Milling is the only process step applied during chromite bene-
ficiation that has been implicated in the possible generation of
Cr(VI). However, only dry milling of chromite has been proven to
generate Cr(VI) (Beukes and Guest, 2001; Glastonbury et al., 2010).
Extreme grinding (i.e. pulverization), which is not a typical
comminution technique, was applied in both the afore-mentioned
referenced studies and it could therefore be argued that Cr(VI) is
less likely to be formed by industrial dry milling. However, Beukes
and Guest (2001) also report relatively high levels of Cr(VI) in
samples gathered from a dry ball mill circuit at a FeCr producer. In
contrast, wet milling does not seem to generate Cr(VI) (Beukes and
Guest, 2001). Wet milling would also be the obvious choice during

chromite concentrate beneficiation, since hydrocyclones and spiral
concentrators are wet processes. Also, during chromite concentrate
beneficiation the milling step would be aimed only at liberating the
chromite crystals from the gangue minerals. This is in contrast to
the dry milling tests conducted by Beukes and Guest (2001) and
Glastonbury et al. (2010), during which Cr(VI) was generated,
where the intent was to obtain particle sizes fine enough for
pelletization (which will be discussed in Section 3.2.2 and 3.2.3).

3.2. Ferrochrome production

There are four grades of FeCr that are produced commercially,
i.e. High Carbon FeCr (typically > 60% Cr and 6—9% carbon, C),
Charge Grade FeCr (typically 50—60% Cr and 6—9% C), Medium
Carbon FeCr (typically 56—70% Cr and 1—4% C) and Low Carbon FeCr
(typically 56—70% Cr and 0.015—1.0% C) (Goel, 1997). Due to the
similarities of High Carbon FeCr and Charge Grade FeCr, it is com-
mon to refer to these two grades combined as High Carbon Charge

oo
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Fig. 6. A flow diagram adapted from Riekkola-Vanhanen (1999) and Beukes et al. (2010) indicating the most common process steps used for High Carbon Charge Grade FeCr

production.
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Grade FeCr (ICDA, 2013). The demand for low and medium grade
carbon FeCr has decreased dramatically due to the development of
processes such as argon oxygen decarburization (AOD) and vacuum
oxygen decarburization (VOD), which allow for the removal of C
from stainless steel with acceptable losses of Cr. In 2012, medium
and low carbon FeCr accounted for less than 8.5% of the global
annual FeCr production (ICDA, 2013). Therefore, in this paper the
focus will be on Cr(VI) aspects related to High Carbon Charge Grade
FeCr production, although certain aspects of other process options
will also be explored.

High Carbon Charge Grade FeCr is produced with carbo-thermic
reduction of chromite. Fig. 6 presents a generalized flow diagram
indicating the individual process steps most commonly applied
during High Carbon Charge Grade FeCr production.

Four relatively well-defined process combinations are used by
most High Carbon Charge Grade FeCr producers (Beukes et al., 2010
and references therein). A brief description of each is presented
below, within the context of Fig. 6.

A) Conventional open/semi-closed submerged arc furnace (SAF)
operation. As the name implies, the roofs of these SAFs do not
fit with a gas tight seal on the furnace sidewalls, with the
subsequent unavoidable combustion of process-rich CO gas
on top of the furnace bed. This is the oldest technology being
applied, but internationally it still accounts for a substantial
fraction of overall production (Gediga and Russ, 2007). In this
type of operation, coarse (typically 6—150 mm) chromite is
smelted in the presence of coarse carbonaceous reductants
and coarse fluxes. The coarse nature of the feed material
allows processed gas that emanates from the smelting pro-
cess to permeate to the top of the bed and prevent the bed
surface from sintering, which could cause dangerous blow-
outs or bed turnovers (Riekkola-Vanhanen, 1999). A small
fraction of fines (typically < 6 mm) can be fed into an open/
semi-closed SAF, but this increases the afore-mentioned risk.
Due to the lack of sophisticated feed material pre-treatment,
this process option requires the lowest capital investment.
With reference to the process flow diagram (Fig. 6), the
process steps followed are 6, 8, 9, 10 and 12. Some open/
semi-closed SAFs do consume pelletized feed (it can also
be other agglomerates such as briquettes), in which case all,
or some of process steps 1-5 would also be included. Most
open/semi-closed SAFs are operated on an acid slag, with a
basicity factor (BF, defined in Equation (1)) smaller than 1.

_ %Ca0 + %MgO

BF = —s0, M

Some open/semi-closed SAFs operate with BF > 1. Such opera-
tions are sometimes only temporarily undertaken to either
compensate for refractory linings being in poor condition (basic
slag has a higher liquidus temperature than acidic slag), or if
enhanced sulfur-removing capacity (through formation of sul-
fides in the slag) is required. Bag filter off-gas cleaning is typi-
cally applied with open/semi-closed SAF operation.

B) Closed furnace operation, using oxidative sintered pelletized
feed together with coarse reductants and fluxes — commer-
cially known as the Outotec process, which is applied at the
Outokumpu smelter at Tornio in Finland (Outokumpu, 2016).
This technology has been commonly applied in many coun-
tries, including South Africa where the majority of green and
brown field expansions during the last two decades have
utilized it. Process steps usually include steps 2, 3, 4, 5,6, 8,9,
10 and 11, with or without 7. In most green field FeCr

developments, the pelletizing and sintering sections (steps 3
and 4) are combined with closed SAFs, in which case off-gas
cleaning is achieved with wet venturi scrubbing. However,
pelletizing and sintering sections have also been constructed
to feed conventional open/semi-closed furnaces. SAFs
consuming oxidative sintered pelletized feed are usually
operated on an acid slag (BF < 1).

C) Closed furnace operation with pre-reduced pelletized feed,
together with coarse reductants and fluxes — commercially
known as the Premus Process, as applied by Glencore Alloys
(previously Xstrata Alloys) in South Africa (Naiker, 2007).
FeCr smelters applying this process are also being developed
in China, but this information is not yet available in the
public domain. The process steps include steps 1, 2, 3, 4, 6, 8,
9, 10 and 11, with or without 5. The pelletized feed differs
substantially from the oxidative sintered type (Process Op-
tion B) since the pellets are pre-reduced and mostly fed hot,
directly after pre-reduction, into the SAFs. The SAFs are
closed and operate on a basic slag (BF > 1), with off-gas
cleaning achieved with wet venturi scrubbing. A basic slag
(which is conductive) is required, since not enough lumpy
carbonaceous reductants can be added during the smelting
process to facilitate burden conductivity, as a result of the
chromite being pre-reduced. This process option is likely to
have the highest capital requirement, but the lowest specific
electricity consumption (SEC) (Kleynhans et al., 2016).

D) Direct current arc furnace (DCF) operation (Jones, 2014) —
currently applied at several smelters in Kazakhstan and
South Africa. For this type of operation, the feed (chromite,
carbonaceous reductants and fluxes) can consist exclusively
of fine material. Process steps include 6, 8, 9, 10 and 11, with
or without step 7. The DCF typically utilizes a basic slag
(BF > 1), with off-gas cleaning achieved with wet venturi
scrubbing. Of all the process options, this process has the
highest SEC. In order to reduce the SEC pre-reduction of the
fine chromite ore prior to DCF smelting has been attempted
(McCullough et al., 2010), but has not yet been implemented
commercially.

In the subsequent sections, the individual process steps pre-
sented in Fig. 6 are discussed.

3.2.1. Drying of fine feed material prior to dry milling (Fig. 6, process
step 1)

Process Option C requires that the chromite concentrate, as well
as other fine feed materials, be dried prior to milling and pelleti-
zation. As far as could ascertained, no studies considering the for-
mation of Cr(VI) during this process step have been published in the
public domain. However, temperatures required to drive off mois-
ture would typically not be high enough to facilitate oxidation of
chromite to generate Cr(VI).

3.2.2. Milling (Fig. 6, process step 2)

The friability of many chromite ores, e.g. the Bushveld Complex
in South Africa, necessitated the implementation of agglomeration
processes prior to SAF smelting to ensure a permeable bed. This
applies to Process Options B and C. The most commonly applied
agglomeration technique is pelletization (both with drum and
disk), although briquetting is also used. Pelletization of chromite
requires milling prior to agglomeration. Milling and subsequent
pelletization also increase the effective surface area for reduction
during smelting, which have been linked with improved SEC (Zhao
and Hayes, 2010).

Currently dry milling is applied in the pre-reduced pelletized
feed process (Process Option C), with a targeted particle size of dgg
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Fig. 7. Cr(VI) formation during dry milling with a Siebtechnik pulverizer under
ambient and inert atmospheric conditions (adapted from Glastonbury et al., 2010).

equal to 75 um (90% of the particles smaller than 75 um) prior to
pelletization (Kleynhans et al., 2012). Previously it was proven that
dry milling of chromite ore (and other Cr containing materials)
leads to Cr(VI) formation (Beukes and Guest, 2001; Glastonbury
et al, 2010). Although not common, some chromite ores, e.g.
chromite of the Sukinda belt of Orissa (India) might contain Cr(VI)
that occurs naturally (Section 2) (Godgul and Sahu, 1995; Dubey
et al.,, 2001; Tiwary et al., 2005; Dhal et al., 2010). However, as
indicated in Fig. 7 (Glastonbury et al., 2010), Cr(VI) is formed during
dry milling and not merely liberated from the mineral matrix, since
no Cr(VI) was formed with dry milling under a nitrogen (N2) at-
mosphere. The generation of Cr(VI) during dry milling was also
acknowledged in the health, safety and environmental guidelines
document compiled by the International Chromium Development
Organization (ICDA) (ICDA, 2007).

No previously published data (Beukes and Guest, 2001;
Glastonbury et al., 2010) can be used to quantify the generation
of Cr(VI) by dry milling, since Cr(VI) generation is likely to depend
on various factors, e.g. chromite composition, initial ore particle
size, targeted particle size, milling equipment design, milling in-
tensity and retention time.

Wet milling does not seem to generate Cr(VI) (Beukes and Guest,
2001). Therefore, ignoring all other aspects (e.g. capital investment,
operational costs, integration with other process steps), it can be
stated that wet milling has an advantage with regard to Cr(VI)
formation. Currently wet milling is used in conjunction with the
oxidative sintered pelletized process (Process Option B), with a
targeted dgg of 74 um.

Presently there seems to be conflicting views with regard to the
human health hazards associated with Cr(VI) ingestion. Numerous
studies (e.g. Proctor et al., 2002; Guertin, 2004) have indicated that
ingested Cr(VI) is not problematic. However, all literature agrees
that airborne Cr(VI) is hazardous. Therefore, if dry milling of
chromite cannot be prevented, dust prevention, extraction and
suppression must be applied. Captured dust must be contacted
with water to immediately reduce the risk of human respiratory
exposure and such captured dust must be recycled, since it consists
of fine feed material. Process water utilized for contacting/
capturing milling dust must be treated to reduce Cr(VI), which will
be discussed later (Section 4). The wearing of appropriate dust
masks must also be made compulsory for operational personnel in
the dry-milling section(s).

3.2.3. Pelletization (Fig. 6, process step 3)
The formation of green (uncured/newly-formed) pellets and
briquettes are not known to generate Cr(VI) in any manner, since

the materials usually contain moisture (for enhanced green pellet
strength) and the processes typically take place at ambient tem-
peratures. However, curing of these green agglomerates, which will
be discussed in the next section, could lead to Cr(VI) formation.

3.2.4. Curing of green pellets (Fig. 6, process step 4)

Curing of green pellets takes place in Process Options B and C.
Since both these curing steps are high-temperature processes in
which oxygen is not totally excluded, Cr(VI) could be generated.
These two process options are therefore discussed separately.

As previously stated, the oxidative sintered pelletized process
(Process Option B) is commonly applied, since it is a proven tech-
nology. It also originated from Finland, which is internationally
regarded as a leader in FeCr technology and environmental aspects
(Riekkola-Vanhanen, 1999). In this process, chromite concentrate
(<1 mm) together with 1-2 wt % carbonaceous reductant (e.g.
coke), is wet milled and thereafter de-watered. Fine refined clay
(e.g. activated bentonite) is then mixed into the moist milled ore-
carbon blend. The mixture is then pelletized with a pelletizing
drum. The over- and undersized green pellets are recycled, while
the appropriate-sized green pellets are layered on a stainless steel
sintering belt, which is protected by a layer of already sintered
pellets. The green pellets are then heated in a furnace, while air is
pulled through the pellet bed to sinter the pellets. The amount of
carbon in the green pellets is limited to supply just enough
exothermic energy to sinter the pellets to the correct hardness. This
process produces evenly-sized, hard and porous furnace pelletized
feed material, which result in reduced furnace instabilities, lower
SEC and improved Cr recovery efficiencies, if compared to the
conventional open/semi-closed SAF operation (Process Option A).
However, the sintering step is in essence an oxidizing process and a
small amount of Cr(VI) might therefore form. The levels of Cr(VI)
that form will depend on the raw material composition, particle
size, plant layout, green pellet carbon content, reaction tempera-
ture, residence times, etc. Mandiwana et al. (2007) reported Cr(VI)
concentrations of 2270—7070 ug g ! in dust collected in the
proximity of such sintering furnaces. However, these values are
likely to be over-estimations, since Glastonbury et al. (2010) proved
that the sample preparation techniques applied by the afore-
mentioned authors were prone to in situ generation of Cr(VI). It
should therefore be an important future research objective to
quantify Cr(VI) in off-gas particulates originating from such a sin-
tering plant.

In the pre-reduced pelletized process (Process Option C) the
chromite concentrate (<1 mm) is dry-milled together with
12—16 wt % carbonaceous reductant (fine coke, char or anthracite)
and a clay binder (bentonite, or attapulgite). As is evident, sub-
stantially more carbon is added to the mixture than in the oxidative
sintered process (Process Option B). Water is then added during the
mixing step to obtain the desired moisture content, after which the
moist material is pelletized on a pelletizing disk. The green pellets
are then dried and pre-heated in a grate, after which they are cured
in a counter-current rotary kiln. Such kilns are usually fired with
pulverized coal, although CO-rich off-gas from closed SAFs (Du
Preez et al., 2015) and crude oil can also be used. In essence, this
is a reducing process. CO gas concentrations of 1-15% are common
in the gas exiting the kiln and entering the grate. The high pellet
carbon content also results in a partial positive CO gas pressure
inside the pellets. This partial positive pressure prevents oxygen
from entering the core of the pellets. Due to its reductive nature,
less Cr(VI) is expected to be generated during the pre-reduced
pellet curing process than is generated during an oxidizing pellet-
curing process (Process Options B). However, since firing of these
counter-current rotary kilns takes place from within the kiln, oxy-
gen must be available for the combustion of the pulverized coal, CO
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Fig. 8. SEM micrograph of a polished section of a pre-reduced pellet (left), as well as a micrograph of an unpolished section zoomed-in on the transitional zone and a portion of the

pre-reduced core, with metallized droplets clearly visible (right) (Kleynhans et al., 2012).

gas or the crude oil. This results in the cured pellets usually having a
thin oxidized outer layer (as indicated in Fig. 8, Kleynhans et al.,
2012) in addition to the reduced core, suggesting that small
amounts of Cr(VI) might also be formed.

As far as the authors could assess, a direct comparison of Cr(VI)
generation between the curing steps of Process Options B and C has
yet to be undertaken and it can therefore not be stated with con-
fidence which process option generates less Cr(VI). This compari-
son should therefore be an important future research objective.
However, both these processes represent a huge improvement in
terms of the overall Cr(VI) footprint, if compared to conventional
open/semi-closed FeCr production (Process Option A).

3.2.5. Pellet storage (Fig. 6, process step 5)

Assessments of possible Cr(VI) leaching from cured pellets
produced by Process Options B and C have not yet been published.
Therefore, leaching tests performed on such pellets should be
considered as an important study aspect prior to selecting smelting
process options for the Ring of Fire. Such results will indicate
whether any preventative measures should be taken during pellet
storage, e.g. storing of cured pellets on a lined surface.

As previously mentioned (Section 2), the possible natural
occurrence and/or formation of Cr(VI) under ambient conditions for
the Canadian ores needs to be assessed. In the unlikely event that
liberation and/or formation of Cr(VI) from such ores is/are possible,
the area where the lumpy chromite ore stockpiles are located prior
to batching would also need to be lined to prevent possible surface
and ground water pollution. This would also apply to chromite
concentrate consumed by the pelletization section of the plant (i.e.
storage prior to process step 1).

3.2.6. Batching (Fig. 6, process step 6)

The action of batching (i.e. weight proportioning of pellets, as
well as lumpy chromite, reductants and fluxes according to a pre-
determined metallurgical recipe) does not hold any dangers of
Cr(VI) generation. However, spillages of possible Cr(VI) containing
materials during batching and conveying should be avoided with
appropriate engineering solutions and subsequent maintenance
procedures.

3.2.7. Pre-heating (Fig. 6, process step 7)

As far as the authors could ascertain, the possible Cr(VI) for-
mation during pre-heating of batched material mixtures, prior to
smelting of these materials in a furnace has not yet been evaluated
and presented in the public domain. The pre-heating temperatures
would be considerably lower than the temperatures required dur-
ing pellet curing (process step 4), and the likelihood of Cr(VI) for-
mation is therefore substantially lower. Typical pre-heating
temperature achieved at the Outokumpu smelter in Finland is
500 °C.

3.2.8. Furnace smelting (Fig. 6, process step 8)

Many factors will affect the possible formation of Cr(VI) during
smelting, of which the most important are likely to be the avail-
ability of oxygen, slag composition, presence of very fine ore and
the temperature above the material bed (i.e. area above material
bed and below furnace roof). These factors are therefore discussed
separately.

Since oxygen is required for the oxidation of Cr(IIl) to Cr(VI), the
availability of oxygen during smelting will influence the formation
of Cr(VI). In practice, this implies that a closed furnaces (SAF or DCF)
will generate less Cr(VI) than an open/semi-closed SAF, with all
other factors being equal (e.g. production capacity, bed tempera-
ture, composition of feed material, slag basicity). Although both
open/semi-closed and closed furnaces have a reducing environ-
ment below the burden material, a closed furnace also has a
reducing CO-rich atmosphere above the burden material, while an
open/semi-closed furnace has a partially oxidizing environment
due to ambient air entering below the furnace roof. These basic
principles are demonstrated by the simple pictorial representations
of an open/semi-closed SAF and a closed SAF presented in Fig. 9.

During smelting, Cr(VI) is likely to form in the area above the
bed material, since the feed material bed itself contain carbona-
ceous reductants (e.g. coke, char and anthracite) that reduce Cr(III)
in the ore to Cr(0) in the FeCr product. Table 1 presents data from
Gericke (1995), who indicated the differences in water soluble
Cr(VI) contents (not total Cr(VI)) of particulate matter obtained
from the off-gas from semi-closed and closed FeCr SAFs. The sig-
nificance of the slag regimes (acid or basic) will be discussed later in
this section, while the relevance of the water soluble contents
referred to in this data (Table 1) will be discussed in Section 4.
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Fig. 9. Simplified representation of an open/semi-closed SAF (left) and a closed SAF (right) to demonstrate the availability of oxygen and the effect on Cr(VI) formation.

Table 1
Water soluble Cr(VI) contents of off-gas particulate matter from various types of FeCr
SAFs fed with South African chromite ore (Gericke, 1995).

Furnace and slag description Cr(VI) (ngg ™)

Closed furnace, with acid slag operation 5
Closed furnace, with basic slag operation 100
Semi-closed furnace, with acid slag operation 1000
Semi-closed furnace, with basic slag operation 7000

Considering all the afore-mentioned, and assuming comparative
operating characteristics (furnace capacities, bed temperature,
composition of feed material, slag basicity, etc.), it is strongly rec-
ommended that only closed furnace designs, which generates less
Cr(VI) than open/semi-closed furnaces, should be considered for
the Ring of Fire developments.

From the data presented in Table 1 it is also evident that a FeCr
smelting furnace operated on a basic slag regime will generate
more Cr(VI) than a similar furnace operated on an acid slag regime.
This is due to the presence of higher concentrations of alkali and/or
alkaline earth metal containing compounds in basic slag, which is
achieved by the addition of fluxes such as limestone, magnesite and
dolomite, in addition to the acid flux component (quartz). In
contrast to FeCr production, Cr(VI) chemicals are produced via al-
kali roasting of chromite ore, by purposefully oxidizing the Cr(III) in
the ore to Cr(VI) in the presence of soda ash (e.g. Antony et al.,
2001). The alkali and/or alkaline earth content of FeCr feed mate-
rials is obviously only a fraction of that encountered during alkali
roasting of chromite, but fundamental aspects that stimulate
oxidation of Cr(Ill) to Cr(VI) are the same. Therefore, with all other
factors being equal, a FeCr furnace operated on an acid slag gen-
erates less Cr(VI) than a comparable furnace operated on a basic
slag. In a similar manner, the use of binders, catalysts, accelerants
and any other compounds containing alkali and/or alkaline earth
containing compounds should be avoided or minimized in all high
temperature process steps applied during FeCr production. For
instance it is known that several alkali and/or alkaline earth con-
taining compounds enhance the degree of pellet pre-reduction
obtained during Process Option C (e.g. Neizel et al., 2013 and ref-
erences therein).

As previously stated, it is not preferred to feed fine materials
directly into a FeCr SAF, since it makes the furnace bed imperme-
able that could result in so-called bed turnovers and blowing of the
furnace. Apart from the obvious safety risks associated with the
afore-mentioned instabilities, bed material disruptions also result
in more fine material being suspended off the bed. Such suspended
fines could be extracted with the furnace off-gas. Fig. 10 presents a

£ 100pm . Electron Image 1

Fig. 10. A SEM micrograph of a typical bag filter dust sample originating from a semi-
closed FeCr SAF.

SEM micrograph of a typical bag filter dust sample from a semi-
closed FeCr SAF. The larger unevenly shaped particles that can be
seen (numbers 2 to 5 in the figure) are un-reacted feed materials
(chromite, fluxes and reductants). During the process of suspension
and extraction, the fine Cr-containing particles will be exposed to
partially oxidizing conditions above the bed material (see Fig. 9,
with the associated text) in open/semi-closed furnaces (Process
Option A), leading to a possible increase in Cr(VI) generation. Data
to quantify the correlation between increased fines content of the
feed material and possible Cr(VI) generation have not been pre-
sented in the public domain, but as a general rule of thumb it can be
recommended that the content of Cr-bearing material that is fine
enough to be ejected off the furnace bed must be kept as low as
possible. In practice this can be achieved by screening feed mate-
rials before it is consumed in a FeCr SAF. Currently, Outokumpu in
Finland (applying Process Option B) screens the FeCr smelter feed
to remove the < 4 mm material.

The stability of a SAF bed, as referred to in the previous para-
graph, depends on various factors. The fine material content has
already been discussed. However, electrode length also plays a
significant role. The oxidation of Cr(Ill) to Cr(VI) is dependent on
temperature and oxygen partial pressure. Under normal operating
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conditions on a particular SAF, the carbon content of the feed is
adjusted in accordance with the metallurgical balance, targeting
specific alloy and slag chemistry. However, the length of the elec-
trodes will determine the distribution of heat in the furnace bed
material. Short electrodes will result in a hotter surface layer, while
long electrodes will result in a cooler surface layer. In an open/semi-
closed FeCr SAF, a hotter partially oxidizing environment above the
furnace bed will increase Cr(VI) generation. These deductions were
made by Glastonbury et al. (2010) based only on logical assump-
tions and practical experience. As far as could be ascertained, no
data quantifying the possible increased Cr(VI) formation during
short electrode periods have been published. Short electrodes are
not a design issue, but more an indication of operational stability.

3.2.9. Tapping, slag cool down and product handling (Fig. 6, process
steps 9, 10)

As far as the authors could assess, there is no data available in
the public domain that quantify the formation of Cr(VI) during
tapping. However, it stands to reason that Cr-containing slag and
metal that are tapped at > 1600 °C in ambient atmospheric con-
ditions (with oxygen available) could result in some Cr(VI) forma-
tion. This notion is supported by the Health Safety and
Environment Guidelines for Chromium report of the ICDA (2007),
which states that “hexavalent chromium compounds are found in
small amounts in the highly oxidizing fumes from the melting/smelting
processes, particularly the tapping process”. The key to reducing the
potential Cr(VI) occupational health effects during this process step
is to minimize splashing of liquid slag (decreased reaction area
between the atmosphere and melt) and to have an effective taphole
and runner fume extraction system, which will limit the exposure
of operational personnel to possible Cr(VI) containing fumes.
Additionally, fumes/dust captured by the extraction system must
be contacted with water (e.g. in a wet scrubber), since this will
immediately reduce the occupational health risk. Contact with
water also eliminates the possible risk of wind dispersal. Main-
taining operational availability of the taphole fume extraction
system should be one of the highest priorities. Therefore, the design
of the taphole fume extraction system should receive significant
attention for any Ring of Fire developments. Cleaning of the runner,
i.e. the furrow in which metal and slag are tapped from the furnace
is usually a mechanized action. This is typically achieved with a
front-end-loader/excavator, or with an overhead crane, during
which the taphole fume extraction system can easily be damaged.

After solidification of the FeCr metal, it is unlikely that it could
serve as a source of Cr(VI). However, slag is by volume the largest
waste product produced during chromite smelting (Beukes et al.,
2010) and it therefore requires additional attention. According to
Beukes et al. (2010) in early period FeCr production, mono-product
type disposal of FeCr slag was not rigorously applied and it was
common to encounter the co-disposal of Cr(VI) containing bag filter
dusts, together with FeCr slag. Within the context of possible future
Ring of Fire FeCr developments, historic slag issues are irrelevant
since new operations in Canada could prevent such mistakes. With
regard to the tapping practice associated with hot current arising
slag, two main hot slag handling practices are usually applied, i.e.
(1) air cooling with limited water addition to enhance the cooling
rate and (2) water granulation of the liquid slag.

Most of the South African FeCr smelters allow liquid slag to run
into a designated slag bay, where it is air-cooled and spayed with a
limited amount of water to accelerate the cooling process. How-
ever, this method is prone to the formation of additional Cr(VI),
since the liquidus temperature of acid slag is in the order of >
1600 °C, while that of basic slag is > 1700 °C. According to Riekkola-
Vanhanen (1999), FeCr slag contains 3—15% Cr,03, mainly as
unreduced, or partly reduced ore. Exposure of Cr-containing

materials at the afore-mentioned temperatures to ambient atmo-
spheric conditions will result in some Cr(VI) formation. Although
data do not exist to quantify the Cr(VI) formation in this slag cooling
process, preventative measures such as including a reducing agent,
e.g. Fe(ll), in the water that is used during slag cooling and
capturing of aqueous drainage from slag bay areas should be
considered. Additionally, any remaining FeCr metal in the slag can
be recovered with physical separation techniques such as water-
borne jigging, which can facilitate the effective treatment of Cr(VI)
(Shen and Forssberg, 2003; Mashanyare and Guest, 1997; Coetzer
et al,, 1997). Properly treated air-cooled slag can be used as a
replacement for building agglomerate (stone) in various applica-
tions, including cement bricks, concrete and road construction.

In contrast to the above-mentioned, 80% of the hot liquid slag at
the Outokumpu FeCr smelter in Finland is granulated (Riekkola-
Vanhanen, 1999). This process entails that the liquid slag is
directed down a runner with water jets into a larger water pool.
There are two advantages to this process, if compared to the above-
mentioned air cooling of slag: (1) the exposure time of hot slag to
the ambient atmosphere is substantially reduced, since granulation
takes place within seconds after the liquid slag exits the tap hole,
(2) the crystalline structure of the granulated slag consists of
glassy-like phases (Riekkola-Vanhanen, 1999), which will limit/
prevent leaching of compounds from it. The granulated slag is used
in various applications, including road-building, under-building
filling, paving, as a sand blasting grit and for the production of re-
fractory castables (Riekkola-Vanhanen, 1999), with under-building
filling and road-building being the most common in Finland
(Niemela and Kauppi, 2007). However, during slag granulation
extreme caution should be taken to avoid liquid FeCr metal acci-
dentally entering the slag runner, since this could results in an
explosion. Therefore, plant design should prevent run-away taps
from entering this area.

3.2.10. Wet scrubbing and flaring of CO-rich off-gas (Fig. 6, process
step 11)

The volume and composition of the off-gas formed by a closed
FeCr furnace (SAF or DCF) depend on various factors such as the
feed materials, feed pre-treatment methods, design of the furnace,
furnace operating philosophy and metallurgical condition of the
process (Beukes et al., 2010). Gas volumes generated by closed SAF
FeCr have been reported to be 220 to 250 Nm°>. h~! per MW or 650
to 750 Nm®. ton~! FeCr, consisting of 75—90% CO, 2—15% Hy, 2—10%
CO, and 2—7% Ny (Niemela et al., 2004). The solid content of the un-
cleaned furnace off-gas is typically 35—45 g. Nm > and depends on
the operational conditions and the production technology (Niemela
et al., 2004). Cleaning of this off-gas is usually achieved with wet
venturi scrubbing. The cleaning efficiency of wet scrubbers can be
as high as 99.9%, after which the cleaned off-gas typically contains
less than 50 mg. Nm~> particulates (Niemela et al., 2004). The
particles remaining in the cleaned off-gas are very fine, with par-
ticles smaller than 1 um being very difficult to remove with a wet
venturi scrubber. At the Outokumpu FeCr operations in Finland, the
cleaned off-gas is cleaned further by filtering the gas with a sintered
plate filter to reduce particulate levels to <5 mg. Nm~> (Niemeli
et al., 2004; Paatalo and Raiskio, 2015). As far as the authors
could assess, the sintered plate filters after wet venturi scrubbers
are not used by the South African FeCr producers that apply Process
Option B, C and D, and it is unlikely that it is used in other FeCr
producing countries such as China, India and Kazakhstan. However,
application thereof should be compulsory for the Ring of Fire de-
velopments, in order to ensure application of best practice.

The first study available in the peer-reviewed public domain to
quantified the possible formation of Cr(VI) in the flaring of CO-rich
off-gas from closed FeCr furnaces, was recently published (Du Preez
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et al.,, 2015). These authors found that Cr(VI) formation during
flaring was dependent on flaring temperature, size of the particles
passing through the flare, and retention time within the flame.
However, if no Cr-containing particles pass through the flare, no
Cr(VI) can be formed. Therefore, the importance of implementing
additional measures, such as the above-mentioned filtering of the
off-gas after the wet venturi scrubbers with a sintered plate filter, is
obvious. Burning of un-cleaned off-gas in the raw gas stack should
be avoided as far as possible, since this will result in a significant
amount of Cr-containing particles passing through the flare.
Cleaned CO-rich off-gas should be utilized as an energy source at
the plant, keeping the toxicity and explosive nature of CO gas in
mind (Niemela et al., 2004). Excess CO-rich off-gas could be com-
busted to generate hot water for the workforce/community,
generating electricity to minimize the carbon footprint of the plant,
or as fuel in rolling mills for reheating slabs in integrated stainless
steel plants.

Du Preez et al. (2015) formulated an empirical model that can be
used to predict Cr(VI) generation during flaring, which is indicated
in Equation (2).

% Cr(VI) conversion = —3.78x10~3 + (1.51x10~% x Temp) + (1.07 x
-1072 X d§8.3203) + (0'94 X 1.08 X -1O—Bexp(2.75475)(Retention time)) (2)

In Equation (2), “Temp” is the flaring temperature (K), “dgg” the
dgo particle size (um) of the particulate matter passing through
flare and “Retention time” the retention time (seconds) of particles
within the flare. The afore-mentioned equation was used to predict
formation of Cr(VI), which compared relatively well with labora-
tory results (Fig. 11).

3.2.11. Bag filter dust (Fig. 6, process step 12)

As was indicated in Table 1, bag filter dust from open/semi-
closed FeCr SAFs is likely to be the FeCr waste material with the
highest Cr(VI) content. As with dry milling dust, captured bag filter
dust must be contacted with water to immediately reduce the risk
of human respiratory exposure and environmental dispersion.

Retention time 0.148 sec
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Fig. 11. Calculated % Cr(VI) conversion values using Equation (2) compared to exper-
imental values for metallurgical grade South African ore chromite. All data presented
in the figure were for particles spending 0.148 s in the heated area of a furnace to
simulate a flare, except for the last two columns which also indicate retention times of
up to 0.593 s (Du Preez et al., 2015).

Process water utilized for contacting bag filter dust must be treated
to reduce Cr(VI) (discussed in Section 4). The wearing of appro-
priate dust masks must also be compulsory for operational
personnel in the bag filter section.

Quantifying the atmospheric lifetimes of Cr(VI) containing par-
ticles that might be emitted (e.g. bag filter particles or particles
passing through CO-rich off-gas flare) by future Canadian FeCr
developments should be an important future research objective,
since such values must be considered in atmospheric modeling
studies to evaluate the wider regional impact. As far as could assess,
there is currently no such assessment available in the public
domain for the Finnish conditions. As was indicated in Section 2
(Fig. 4 and associated text), all atmospheric inter-conversion re-
actions leading to the possible Cr(VI) formation and reduction to
Cr(Ill) are water-phase reactions (Kimbrough et al., 1999; Seigneur
and Constantinou, 1995). During the humid Canadian summer
conditions, Cr(VI) reduction will dominate and result in likely
shorter atmospheric lifetimes, while in winter when moisture is
frozen out of the atmosphere the situation might be different.
Current estimates of the atmospheric half-life of Cr(VI) range from
16 h to 4.8 days (Kimbrough et al., 1999 and references therein), but
this might not be valid for Canadian conditions. Recently Venter
et al. (2016) detected Cr(VI) in ambient particulate matter that
was sampled 105 km downwind of the nearest pyro-metallurgical
smelter in the western Bushveld Complex, South Africa.

3.2.12. Disposal of bag filter dust and scrubber sludge (Fig. 6,
process step 11 and 12)

According to the authors, bag filter dust originating from open/
semi-closed SAFs and scrubber sludge originating from wet venturi
scrubber cleaning the off-gas of closed SAFs or DCFs should be
treated to reduce Cr(VI) and thereafter be disposed of in hazardous
waste storage facilities (e.g. lined slimes dams). The reason for this
recommendation will become evident in Section 4, where Cr(VI)
treatment is discussed.

3.3. Additional processes

Hot liquid High Carbon Charge Grade FeCr can be refined in a
converter to produce Medium and/or Low Carbon FeCr. In essence,
this process is somewhat similar to stainless steel processes, during
which argon oxygen decarburization (AOD) and vacuum oxygen
decarburization (VOD) are used to remove C from stainless steel;
however, in this case the objective would be to remove C from FeCr.
Outokumpu's operations in Finland currently use such a conversion
process (i.e. CRC, to remove silicon and some C from the liquid
FeCr). During the CRC process, oxygen is blown into the liquid
metal, which reduces the silicon content from 4—5 to less than
0.5 wt %, and the C content from approximately 7 to 3 wt %
(Heikkinen, 2013). The heat released during the process is used for
scrap melting. Since FeCr in all the afore-mentioned converter
processes is in the hot liquid form and some oxidation has to take
place to remove C (and silicon), small amounts of Cr(VI) might form.
Also, limestone is typically added as a flux on top of the liquid FeCr
in some of these processes, which as explained in Section 3.2.8 can
enhance Cr(VI) formation. As far as could be ascertained, Cr(VI)
formation and content of the lime-rich slag of such convertors have
not yet been presented in the public domain. Therefore, if any Ca-
nadian development want to adopt such processes, it must assess
Cr(VI) formation and develop appropriate preventative measures.

Within the Canadian context, the possible production of a FeCr-
like alloy by direct solid state reduction without smelting, has
received significant attention (Winter, 2014). It is not the intention
of the current paper to evaluate the operability of this process,
therefore only Cr(VI) related aspects are considered. Also, since no
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Fig. 12. Schematic outline indicating the proposed new process to produce Cr-containing alloy without smelting (adapted from Winter, 2014).

such operations exist, the evaluation is based solely on documen-
tation available in the public domain (Winter, 2014). Fig. 12 pre-
sents the schematic outline of the proposed process. In essence, the
process entails that chromite agglomerates (e.g. pellets) containing
a carbonaceous reductant and an alkaline accelerant are reduced in
a reaction vessel to such an extent that Cr-containing alloy can be
recovered with physical separation after being liberated with
milling, without the need for smelting. The most significant aspect
of this proposed process is that firing of the process (indicated as
“Burners” in Fig. 12) is proposed to be external to the reaction
vessel. This is in contrast to the curing of green pellets produced
during the pre-reduced pelletization process (Process Option C,
Section 3.2.4) where pellets are cured within the same reaction
vessel in which firing occurs (counter-current rotary kiln). External
firing, as proposed in this new process, will reduce the tendency of
the cured chromite agglomerates to form an oxidized outer layer as
previously indicated (Fig. 8 and associated text). Based on this, the
Cr(VI) formation potential of this process seems to be lower than
the currently applied pre-reduction process (Process Option C).
However, the use of an alkaline accelerant may have detrimental
consequences, as previously indicated (Section 3.2.8).

4. Treatment of Cr(VI) containing waste

Prevention and waste minimization are obvious waste man-
agement options for Cr(VI). However, if Cr(VI) containing wastes
are produced, recycling or treatment of such wastes must be
applied. Treatment would involve capturing of the Cr(VI)-bearing
materials, their leaching, and reduction in the aqueous phase.
Beukes et al. (2012) reviewed the use of chemical reduction of
Cr(VI) containing waste of the FeCr industry and this review is
therefore not repeated here. The most important aspects that
Beukes et al. (2012) pointed out were that an appropriate inorganic
reducing agent should be used to reduce Cr(VI), so that insoluble
Cr(IIT) hydroxide species form (Fig. 3 and associated text). Currently
in South Africa, most FeCr producers use Fe(Il) containing reducing
agents to treat Cr(VI) containing process water (Beukes et al. 2012
and references therein). Some organic compounds can form
water-soluble Cr(Ill)-complexes that are undesirable (Figs. 2 and 4
and associated text) and should therefore be avoided. Although
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Fig. 13. Percentage leachable Cr(VI) as a function of solution pH (adapted from Du
Preez et al., 2017).

soluble Cr(IIl) species may not be toxic or carcinogenic, potential
exists for the soluble Cr(IIl) coming into contact with MnO, that is a
naturally occurring oxidant for Cr(IIl) (Figs. 2 and 4).

From the above-mentioned discussion, it is evident that Cr(VI)-
containing waste water can be dealt with in an acceptable manner.
However, Maine et al. (2005) reported Cr(VI) leaching from FeCr
wastes for days. Additionally, the authors also know from personal
experience that properly treated Cr(VI) containing waste that has
been stored in a purposefully designed waste facility (e.g. slimes
dams) could leach small amounts of Cr(VI) over a prolonged period.
Initially, it was thought that this slow leaching was due to some
Cr(VI) containing waste (e.g. bag filter dust) containing glassy
phases, which prevented the Cr(VI) in the core of such particles
from leaching out quickly (Beukes et al., 1999). However, recent
results by Du Preez et al. (2017) proved that the leachability of
Cr(VI) from typical FeCr bag filter dust is dependent on pH. Even
more significant is that within the pH range in which most FeCr
waste waters occur (up to pH 9) only approximately 31% of total
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Cr(VI) is released (Fig. 13). The reason for this is because Cr(VI)
compounds can be classified as water-soluble (e.g. KCrOg4, NaCrOy,
NayCr;07), sparingly water-soluble (e.g. SrCrO4) and water-
insoluble (e.g. BaCrO4 and PbCrO4) (Ashley et al., 2003). By using
appropriate buffer solutions Du Preez et al. (2017) proved that the
afore-mentioned bag filter dusts contained approximately 34%
sparingly water-soluble Cr(VI) compounds. The possible occur-
rences of sparingly-soluble Cr(VI) compounds in FeCr wastes are
very problematic and new methods to dissolve both the water-
soluble and sparingly water-soluble Cr(VI) fractions from such
wastes should be a priority for researchers and FeCr producer alike.
Ideally, to address this, the cation associations of the anion (chro-
mate) in which the Cr(VI) occurs should be established for all
Cr(VI)-containing wastes, since this directly determines the solu-
bility characteristics. The inability to leach the Cr(VI) sparingly
water-soluble fraction from FeCr wastes currently prevents optimal
Cr(VI) treatment. The possible occurrence of water-insoluble Cr(VI)
compounds are less problematic, since the solubilization of these
compounds under conditions likely to occur during storage of
waste material is unlikely.

From the literature review and discussions in this paper the
authors believe that Cr(VI) containing wastes generated by chro-
mite mining and FeCr production can be classified into three broad
categories, i.e. wastes that should be i) recycled within the process
(e.g. captured dust that mainly contain feed materials), ii) re-
purposed or re-used in other applications (e.g. granulated slag, or
air cooled slag that has been treated to effect Cr(VI) reduction) and
iii) considered as hazardous (e.g. open/semi-closed SAF bag filter
dust that has been treated to reduce Cr(VI), closed SAF/DCF
scrubber sludge that has been treated to reduce Cr(VI), mining
tailings/wastes that are prone to Cr(VI) formation through atmo-
spheric oxidation). The latter group, i.e. hazardous wastes, should
be stored in appropriately designed lined waste facilities (e.g. lined
slimes dam) that comply with the country specific legislation and
international best practice. Such waste facilities should also be
monitored to detect possible failure (e.g. leakage detection system
indicating that liner have failed). However, metallurgical process
performance, as well as occupational health and environmental
practices should also be monitored, and continuous improvements
undertaken to address shortcomings that are observed.

5. Conclusions

The conclusions and recommendations from this paper are
summarized in Fig. 14. Prior to the development of the Ring of Fire
reserves, baseline studies (Step 1, Fig. 14) needs to be conducted.
The possible natural occurrences of Cr(VI) and the potential natural
oxidation of Cr-containing minerals should be investigated. Addi-
tionally, existing anthropogenic sources that emit/release Cr(VI)
and/or environmentally mobile Cr(IIl) species, should be identified.
Failure to conduct the afore-mentioned baseline studies will result
in the chromite and FeCr industries carrying the total burden if
Cr(VI) contamination were to be reported later, even if natural or
existing anthropogenic processes are responsible in part, or wholly.

The only process options that is known to generate Cr(VI) during
mining and ore beneficiation is dry milling, which should therefore
be avoided if possible (Step 2, Fig. 14).

The literature review proved that FeCr production, using
recognized processes, will lead to the formation of small amounts
of Cr(VI). The Cr(VI) quantities formed are usually in the mg.kg™!
concentration range (or lower) and cannot be compared to the
manufacturing of Cr(VI) chemicals (e.g. chromate or dichromate).
From the assessment of the various process steps, an overall pro-
cess can be chosen to minimize the formation of Cr(VI) (Step 3,
Fig. 14). However, even the most ideal process will still lead to some
Cr(VI) being generated. Although the operability of process option
was not discussed in this review, it is important to state that indi-
vidual process steps cannot merely be strung together to find the
best overall process to limit Cr(VI) formation, since certain pro-
cessing steps are not compatible with others. Therefore, a holistic
view should be applied, which recognizes that many factors (e.g.
physical and chemical characteristics of the ore, capital and oper-
ational costs, SEC, carbon footprint, availability of expertise) and
not only Cr(VI) will dictate what process options will be chosen.

Since Cr(VI) formation cannot be totally eliminated, some Cr(VI)
containing waste will be generated. Therefore, optimum waste
treatment (e.g. chemical reduction to effect Cr(VI) reduction), re-
use (e.g. slag that has been treated or verified as safe for use) and
hazardous waste storage (e.g. slimes dams containing treated bag
filter dust and/or scrubber sludge) should be applied (Step 4,
Fig. 14).

Evaluation/feasibility phase. Starting from Steps 1 to 4. Revisiting previous steps, based
on additional information obtained.

Fig. 14.
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During the evaluation/feasibility phase, Step 1 to 4 (Fig. 14)
should be considered in an iterative manner. For instance results
obtained during the baseline studies (Step 1, Fig. 14) might influ-
ence the selection of process options (Step 2 to 3, Fig. 14), or waste
management strategies (Step 4, Fig. 14). Alternatively, evaluation of
different process options or waste management strategies, might
give new insight into additional baseline studies that need to be
undertaken. This iterative evaluation should be repeated until a
satisfactory overall approach to the development of the ROF is
obtained.

Ultimately if the chromite and FeCr industries are established,
the effectiveness of preventative and mitigation measures identi-
fied during the evaluation/feasibility phase (Steps 1 to 4, Fig. 14)
should be monitored (Step 5, Fig. 14). If shortcomings are observed,
improvements to selected process options and/or waste manage-
ment strategies should be applied as required. This again leads to
an iterative approach, which results in continuous improvement.

Overall it can be stated that it is possible to produce FeCr
without causing Cr(VI) occupational and community health issues,
as well as environmental pollution. For instance, Huvinen and
Pukkala (2013, 2016) conducted a cohort study of personnel
employed by the Finnish FeCr and stainless steel industries during
the period 1967—2004 and found that these workers did not have
an increased mortality or cancer risk, when compared with the
general population. Also, no significant Cr(VI) environmental
pollution have been reported for the Finnish chromite mining and
smelting industries.
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