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Introduction

As resource companies evaluate and process
increasingly complex polymetallic orebodies

against a background of higher energy costs
and more stringent environmental and carbon
emission compliance, so does the metallurgical
challenge increase. This is particularly the case
for ores containing platinum group metals
(PGMs) together with other valuable metals
such as gold, nickel, cobalt, and copper. PGM-
containing sulphide concentrates increasingly
present challenges to processing by matte
smelting, for example when refractory
constituents such as chromite are present. The
high electrical power demand of PGM smelters
and increasing energy costs in South Africa
warrant consideration of alternative processing
routes that are less energy-intensive and more
able to deal with lower quality concentrates. 

South Africa is the location of the world’s
largest resource of PGM1 and from January to
October 2011 produced 57 per cent of the total
world’s mined Pt+Pd+Rh2. South African PGM
smelters are under pressure to accept
concentrate blends containing greater
proportions of concentrates arising from the
high-chromite UG2 and the lower-grade
Platreef ores, and less from the traditional
Merensky Reef, which is historically the
backbone concentrate feed to PGM smelters.
The impact of higher chromite contents and
lower PGM grades on smelter furnace
efficiency and operating costs is of prime
importance to the ongoing sustainability of the
PGM industry. 

The mineralogy of PGM ores is complex,
with the PGM deporting as fine-grained (often
<10 µm) polymetallic phases consisting of
PGM sulphides, amphoterics (bismuthides,
tellurides, arsenides) and alloys with other
metals. The PGM minerals present in the ore
have varying associations with base metal
sulphide minerals and gangue minerals. The
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trend towards maximizing recovery from the flotation
concentrator requires increased liberation of values from the
gangue minerals and this has seen a move to increasingly
finer grind sizes3. Fine gangue particles tend to report to the
concentrate more readily than coarse gangue particles.
Consequently the production of ‘smeltable’ concentrates
becomes more challenging and constrained by the installed
capacity and operating parameters of existing smelters. The
main example of this is in their ability to deal with the
amount of chromite contained in the concentrates, for which
each particular furnace has a finite limit.

The current trend of increasing power costs in South
Africa may have a large impact on continuing economic
viability of individual PGM operations, leading to a
significant industry focus on energy efficiency of the PGM
processing operations. Rule et al4 and Esterhuizen5 suggest
that the tenuous power availability situation in South Africa
is not expected to improve for several years due to the long
lead times for the installation of new thermal power
generation facilities. Electricity is the single biggest input cost
for smelting PGM concentrate in an electric furnace, currently
exceeding 25 per cent of cash operating costs6. The
increasing electricity costs and power restrictions raise the
barriers to entry for smaller PGM producers seeking to mine
ore or reprocess tailings. Historically, junior PGM producers
have sold their flotation concentrates to the major producers,
who have utilized their excess smelting and refining capacity
as a profitable adjunct to their businesses. While this allows
juniors to commence production without having to invest
capital in smelting and refining processes, the benefit is offset
in the longer term by payments for gross metal value of the
concentrate generally being less than 80 per cent of the
intrinsic value. Penalties are applied to concentrates not
meeting agreed specifications such as PGM grade and
chromite content. Most juniors produce predominantly from
UG2, and with the smelter-owning majors mining an
increasing amount of UG2 their smelters are becoming
increasingly chromite-limited. This will over time reduce the
toll smelting opportunities for UG2 concentrates. Also, during
times of energy restrictions being applied by Eskom to the
mining industry the majors will process their own concen-
trates in preference to those from the juniors. This may cause
distortions in their cash flows and higher risk for the junior
PGM developers and producers.

There is potentially considerable technical and economic
upside to be gained from the application of a robust
hydrometallurgical processing route to process PGM concen-
trates. The ability of such a processing route to handle lower-
grade concentrates containing elements deleterious to
conventional smelting offers several flowsheet possibilities.
These include supplementing the drying/smelting/converting
stages for owners of existing smelter facilities and treatment
of the entire concentrate stream for producers that have their
concentrates toll-treated. Of particular interest is the
hydrometallurgical treatment of low-grade concentrates and
middling streams produced at some operations, which are
currently blended with higher-grade concentrates in an
increasingly difficult balancing exercise to produce smelter-
compliant feed. Treatment of these streams outside the
smelting route would also allow the milling and flotation
circuits to be operated ‘harder’, by grinding finer and

targeting a higher mass recovery to concentrate. Operators
could thereby increase flotation recoveries in some instances
by up to 10 per cent.

The smelting challenge

The mineralogical composition of UG2 concentrate results in
an increased energy input requirement to melt it. Using the
chemical compositions for Merensky and UG2 concentrates,
Van Manen6 has determined energy consumptions to melt the
concentrates based on enthalpy calculations. He shows that
melting UG2 concentrate requires 667 kWh/t (excluding
furnace inefficiencies and heat losses), this being 20 per cent
greater than for Merensky concentrate.  Pilot smelting of
individual concentrates at Mintek in their 200 kW furnace,
where system heat losses are expected to be higher than
production furnaces, required 896 kWh/t for Merensky
concentrate and 1088 kWh/t (21 per cent more) for UG2
concentrate3.

The PGM industry operates a number of electric-
resistance alternating-current submerged-arc furnaces that
are either designed or modified to accommodate high (50 to
80 per cent) proportions of UG2 concentrate. These furnaces
have slag tapping temperatures 100°C to 200°C higher than
those operating on a Merensky-rich feed. This higher slag
temperature is due to the higher chromite content in
concentrate, which increases the melting point of the slag.
Smelting UG2-rich concentrate requires a higher power
intensity, further increasing the energy consumption per ton
of concentrate. The higher power intensity is necessary to
prevent exsolution of chrome oxide spinels from the molten
slag as an unwanted phase lying between the slag and matte
layers, with its high conductivity impairing the heating of the
matte below. 

Blending of some Merensky or Platreef concentrates with
UG2 is practiced to maintain the Cr2O3 content below a critical
level. Strict controls are necessary to ensure that the
composition of the furnace feed does not exceed the chromite
limit, which causes furnace operations to become
unmanageable by affecting the electrical and heat balance
requirements necessary to maintain separation of matte and
slag within the furnace. For some operations, lower PGM
recovery within the UG2 concentrator is accepted in order to
keep the chromite level in the concentrate below the smelter
plant’s limits; other operations have to limit the amount of
UG2 that is mined.

UG2-predominant feed is smelted in a number of six-in-
line electrode rectangular furnaces (19.5 MVA and 68 MVA)
having energy consumptions of 800 to 850 kWh/t, and in a
28 MVA 3-electrode circular furnace consuming7 850 kWh/t.
The energy consumptions associated with concentrate drying,
slag cleaning, gas cleaning, and converting of the furnace
matte also have to be added to the overall energy consumed
by smelting concentrates; milling of converter matte for the
refining stage is also a large consumer of energy. The
application of direct-current (DC) arc smelting to UG2 concen-
trates is not expected to provide energy savings8. Geldenhuys
and Jones9 report that four years’ operation of a 1.5 MVA DC
arc furnace smelting oxide PGM materials arising from
smelter reverts in a number of campaigns resulted in energy
consumptions, including furnace heat losses, ranging from
834 to 1 218 kWh/t, with an average of 897 kWh/t. The
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resultant specific energy consumption (the ‘melting energy’
exclusive of furnace heat losses) of 631 kWh/t was similar to
that calculated by Van Manen6 for UG2 concentrate. DC
smelting of concentrate with iron-rich alloy collection of
PGMs requires roasting of the concentrates to remove sulphur
if produced from processing of ore8,9, with the associated
significant cost requirement of an acid plant installation.

Kell process

The Kell hydrometallurgical process route presented in this
paper was developed specifically for PGM-bearing concen-
trates and has grant of letters patent by the South African10,
USA11, and Canadian12 patent offices.

This process consists of a number of conventional
sequential unit operations (Figure 1). Sulphur, Ni, Co, and Cu
are first selectively removed by use of a modified pressure
oxidation (POX) step. The residue from this step is subjected
to a thermal treatment to render PGM phases readily
amenable to recovery by chlorination. All the steps are very
similar to well-proven conventional unit operations in
common use, as are the subsequent metal recovery steps to
provide the saleable end-products. Solution streams are
typically recycled and reagents are regenerated.

The chromite-related issues encountered in smelting do
not pertain to the Kell Process, which is insensitive to the
chromite content of the concentrates. Flotation concentrator
operations are therefore not constrained by a chromite
content limit on the final concentrate and can be operated to
maximise PGM recovery.

A comparative energy balance study of the Kell and the
matte smelting processes shows that a 50 per cent reduction
in energy consumption may be achieved compared with
smelting for an 80:20 blend of UG2: Merensky
concentrates13. In addition, the electricity consumption is
reduced by 82 per cent and the reduction in overall CO2
emissions is 70 per cent. For a treatment rate of 25 t/h

concentrate the installed electrical power requirement for Kell
is approximately 3 MW compared with approximately 38 MW
for matte smelting.  The study demonstrated that the energy
costs for Kell are R140 per ton of concentrate, compared with
R580 per ton for matte smelting and refining.

The Kell process has been successfully tested on several
different sulphide concentrates, including those from UG2. It
has been shown to provide selective and high extraction
efficiencies for the key valuable metals—Pt, Pd, Rh, Au, Ni, Co,
Cu. Significant improvements and refinements have also been
introduced as a result of further comprehensive batch and
pilot-scale test-work and engineering studies undertaken
during the past few years on several different concentrate
types.

Development of the Kell process 

The Kell Process was conceptualized by Liddell to treat UG2
concentrates in 1996, since at that time there was not an
established market in South Africa for toll treatment of PGM
concentrates. Following flowsheet development and literature
review, an extensive test work programme was commis-
sioned to provide proof-of-concept testing on each of the
major unit operations. A key fundamental of the process
design was to completely separate the sulphate leach for
sulphide and base metal removal from the chloride leach for
PGM recovery. This separation allows conventional unit
operations to be utilized and simplifies process design,
engineering, and selection of materials of construction.
Testing was carried out under contract by Gipro Nickel
Institute JS and All-Russian R&D Institute of Chemical
Technology as directed by Liddell. The test work was carried
out on two UG2 concentrates, with sulphide contents of 1.7
per cent and 7 per cent and Cr2O3 contents of 2.8 per cent and
1.2 per cent, respectively. Total PGM contents were ~300 g/t
and ~1 200 g/t, respectively. Moderate POX temperatures
(~150°C) were used for the sulphate aqueous oxidative leach,
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Figure 1—Block flowsheet diagram of Kell Process
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without further optimization. Thermolysis temperatures,
conditions and residence times were studied in some detail
and it is found that the parameters around the intermediate
thermal treatment step typically require concentrate-specific
optimization to allow for differences in PGM and gangue
mineralogy. PGMs were recovered into solution from the
roaster calcine in a two-stage chlorination leach and adsorbed
onto ion exchange resin that was incinerated to produce a
final high-grade PGM concentrate containing 80 to 85 per
cent total PGMs plus gold. Recoveries of some 98 per cent
were obtained for nickel, 80 per cent for copper, and overall
PGM recoveries exceeded 95 per cent. This work is discussed
by Tatarnikov et al14. 

A process engineering analysis was conducted by
Bateman Minerals and Industrial Limited (Bateman) in 1999
on the flowsheet that was derived from the initial test work15.
Their scope was to undertake a fatal flaw analysis and advise
on improvements and modifications that could be made to
optimize the process for specifically South African conditions.
Bateman concluded that the process route appeared to have
no fatal flaws, and made suggestions pertaining to current
design and operating practices of the base metal and PGM
refining sections that could be applied to Kell. These
recommendations were incorporated into subsequent testing
and process design.

More recently the Kell Process was subjected to extensive
sequential testing and comparison against some twenty-two
alternative flow sheet variations16, including several other
hydrometallurgical approaches and variants
thereof17,18,19,20,21. This work was carried out using a sample
of concentrate prepared from low-grade Platreef ore arising
from the northern limb of the Bushveld Complex. The
concentrate had a sulphide content of ~9 per cent, Cr content
of ~0.1 per cent, Ni+Cu+Co ~3 per cent, Fe ~18 per cent, and
total PGM content of ~5 g/t, which represented a more than
tenfold PGM upgrade from the ore. The base metals (Ni, Co
and Cu) and PGMs were produced as separate solution
streams according to the process design. The Kell Process was
demonstrated to result in recoveries of over 95 per cent for
the PGMs and base metals, which was higher than the
alternative flowsheet variations tested, including those
embodied by other technologies. The process was hence
developed further, with various modifications tested for
application to base metals and to lower-grade and ‘dirtier’
PGM concentrates.

Currently, several PGM concentrate types from a range of
operations, ore types and flotation streams are under investi-
gation through programmes of amenability testing, batch-test
optimization and pilot-scale testing. A complete simulation
model has been compiled by Simulus Pty Ltd13 that can
model the mass, chemical, and energy balances using data
derived from amenability testing. The Simulus model is used
to develop operating and capital costs, energy and reagent
consumptions, and equipment specifications. It is envisaged
that industrialization of the process will occur through the
installation of a demonstration plant processing flotation
concentrate at a site facility at significant scale, followed by a
definitive feasibility study to generate the investment case.
However, a comparatively low scale-up ratio (~500,
compared with ~8 000–20 000 industry average22) from pilot
scale would in some cases apply.

Kell Process unit components

A general description of the key unit operations inherent to
the Kell Process follows.

Pressure oxidation

Pressure oxidation of sulphide concentrates has become firmly
established as routine industrial practice in the precious metals
and base metals industries as a processing alternative to
conventional smelting22,23. Distinct advantages to the POX
approach compared with smelting options are many—fewer
noxious and greenhouse gases are produced; there is no need
for a capital-intensive sulphuric acid plant; energy is often
produced in the process (depending on the sulphide mineralogy
and content). This unit process has enjoyed commercial
operation on a wide variety of feed concentrates, thereby
reducing the risk of variability effects and changing ore types. 

In the POX autoclave the following reactions are possible
for pentlandite, chalcopyrite, and cobaltiferous pyrite – the
minerals commonly associated with PGM mineralization: 

MFeS2 + 2H2SO4 + O2 → MSO4 + FeSO4 + 2H2O + 2S [1]

MFeS2 + H2SO4 + 2.5O2 → MSO4 + FeSO4 + H2O + S [2]

MFeS2 + 4O2 → MSO4 + FeSO4 [3]

where M = Ni, Co, Cu. The conversions to elemental sulphur for
these reactions are 100 per cent, 50 per cent, and 0 per cent,
respectively. Chloride may affect the conversion efficiencies.

The following reactions are possible for pyrrhotite, which
is also seen in PGM ores:

Fe7S8 + 7H2SO4 + 3.5O2 → 7FeSO4 + 7H2O + 8S [4]

Fe7S8 + 14O2 → 7FeSO4 + S [5]

The conversions to elemental sulphur for Reactions [4]
and [5] are 100 per cent and 12.5 per cent, respectively.
Chloride may affect the conversions.

The ferrous sulphate produced is oxidized to ferric
sulphate according to the following reaction:

4FeSO4 + 2H2SO4 + O2 → 2Fe2(SO4)3 + 2H2O [6]

The ferric sulphate may be hydrolyzed to goethite as
follows:

Fe2(SO4)3 + 4H2O → 2FeO·OH + 3H2SO4 [7]

Ferric sulphate hydrolyzes to haematite at higher temper-
atures and lower free acidity via:

Fe2(SO4)3 + 3H2O → Fe2O3 + 3H2SO4 [8]

Ferric sulphate hydrolyzes to a basic iron sulphate
compound at lower temperatures and higher free acidity via a
reversible equilibrium reaction:

Fe2(SO4)3 + 2H2O → 2Fe(OH)SO4 + H2SO4[9]←
Conventional POX for the treatment of sulphide

concentrates typically entails operation at 200°C to 225°C at
~3 000 kPa for a relatively short residence time of 20 to 45
minutes and results in almost complete sulphide oxidation,
with reaction [3] predominating. If sufficient feed sulphide is
present, the reaction may be autogenous, providing sufficient
heat to sustain itself without resorting to external heating.
Moreover, the acid produced in reaction [3] may be sufficient
to fulfill the acid demand for the leaching, augmenting the
acid in the recycle solution from the base metal recovery
section that serves also to polish the mineral surfaces,
thereby increasing the leach kinetics even further.
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Reducing the operating temperature typically increases
the residence time and also results in some partial oxidation
of sulphide to elemental sulphur, as depicted by reactions [1]
and [2] – this is the case for the Activox® process21, for
example, which utilizes an ultrafine grind to around 10 μm
followed by a ~110°C autoclave leach. Also using lower
temperature and pressure are the Albion® process24 utilizing
ultra fine grinding and chloride addition at ambient temper-
atures and the LeachoxTM process25. While the potential of
ultrafine grind and mild temperature processes may be of
generic interest in the context of recovering PGMs, complete
sulphide oxidation to sulphate by conventional POX is
preferred as a unit operation in the Kell Process to avoid the
need to introduce an acid plant to remove sulphur from the
roaster off-gases and to achieve high PGM recoveries.

For purposes of comparison it is pertinent to mention
Platsol®, which is a high-temperature (>200ºC) pressure-
oxidation sulphate-based process19,20 with additions of 5 to 20
g/l NaCl into the sulphate media to promote dissolution of
some of the PGM minerals. Under those conditions, the base
metals (Cu, Ni, Co) and the precious metals (Au, Pt, Pd, etc.)
are co-dissolved in a single step. The PGMs are then recovered
from solution using sulphide precipitation, activated carbon, or
ion exchange. Disadvantages include potential incomplete
leach recoveries of PGMs from more refractory mineral
phases16, and carry-over losses of PGMs and base metals at
the metals separation and recovery stages, due to co-precipi-
tation and adsorption effects. In addition, it is difficult to
optimize conditions independently for each value metal species
to maximize their dissolution and recovery.

In contrast, conditions in the Kell Process are such that
only the base metals are dissolved in the POX stage, and the
POX pregnant leach solution from solid-liquid separation can
be easily treated by selection of conventional process routes
for recovery of metal or intermediate products, such as
mixed-sulphide precipitation (MSP)26, mixed hydroxide
precipitation (MHP)27, direct solvent extraction (SX)21,
crystallization of sulfate salts28 and electrowinning to
metal28. The base metal process streams from the Kell
Process can be integrated into the existing refining
operations of the PGM producers. Typical base metal refinery
(BMR) processing29,30 uses the Sherritt Process, comprising
atmospheric leach of matte followed by medium (140–150°C)
pressure leach to remove nickel then copper from the PGM-
rich material. Alternatively, major producers could pass the
base metal pregnant leach solution (PLS) from the Kell POX
stage directly to their BMR for processing after concentration
and/or polishing.

Thermal treatment

The POX residue stream is reduced in mass flow, having
removed from the concentrate most of the sulfur, base
metals, and some of the iron and gangue species, the
amounts depending on the POX and quench conditions. After
subsequent solid-liquid separation, the PGM-bearing POX
residue can be readily subjected to thermal treatment, in the
form of a thermolysis step targeting the chemical decompo-
sition of refractory and complex PGM-bearing minerals into
readily leachable forms. Modern technologies such as fluid-
bed and circulating fluid-bed roasters as well as rotary kilns
are extensively utilized at commercial scale29,30. While the

off-gases in this application are relatively benign because
most of the sulfur is removed in the POX step, osmium and
iridium may potentially be recovered. Moreover, removal or
stabilization of selenium, tellurium and arsenic may occur
under appropriate conditions. This represents a potential
environmental benefit as well as a reduction in common
deleterious elements present in conventional PGM refining of
smelter matte. The use of heat and energy recovery methods
to integrate the heat balance of the thermal treatment with
POX, PGM leaching and reagent regeneration stages further
reduces the overall energy consumption and CO2 footprint of
the Kell Process13.

The PGM mineral phases in concentrates are often
complex moieties such as Pd-Bi-As phases (amphoterics),
refractory PtS minerals and precious metal tellurides.
Temperatures required for converting PGM minerals into
readily leachable forms are typically 800 to 1000°C for short
residence times and present no major practical design or
operational difficulties. The atmosphere can be selected and
controlled for reducing or oxidizing conditions, dependent on
the concentrate mineralogy and available fuel source; this
effect has been subject to study16.

Chlorination leaching
Leaching of PGMs requires the high oxidation-reduction
potentials (ORPs) and complexing ligand provided by chlori-
nation leaching; for this reason, and to exploit the differences
in the chemistry of their anionic chloro-complexes in
separation of the PGMs, chlorination leaching has become a
standard unit process in PGM refineries29,31. Use of chlori-
nation leaching by the Kell Process again represents the
application of industry-standard and well-established
technology having many years of commercial application. For
junior producers who do not have their own smelter or
refinery, processing concentrates at their mine site using the
Kell Process and closing the circuit with ion exchange resin or
other means for the recovery of a high-grade PGM
concentrate product and reagent recovery provides an
efficient circuit for ultimate production of an internationally
saleable high-grade product. Alternatively, for major
producers, the chloride solutions can pass directly to an
existing PGM refinery circuit after concentration and
polishing.

The three main process steps of POX, thermal treatment,
and chloride leaching can be decoupled from each other to
suit individual site conditions, providing maximum flexibility
for concentrate producers to utilize existing base metals and
PGM refineries if they have them in their flowsheet. 

Conclusion

The Kell Process for recovery of base metals and PGM into
separate solution streams for downstream conventional
refining has seen significant development work and
comparative testing. It presents a potentially substantial
advance in PGM concentrate processing technology, in terms
of economics via much reduced power costs, ease of
processing, and various environmental benefits. Given the
current trend of increasing environmental accountability and
power costs, these benefits are of utmost importance.

The Kell Process can treat high-chromium, low-grade
‘dirty’ concentrates, such as secondary concentrates from
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MF2 flotation circuits, middlings streams, and concentrates
from retreatment of tailings impoundments. It potentially
allows greater concentrate mass recoveries, higher tolerance
to gangue intergrowths, and substantial increases in overall
PGM recovery. 

Kell has the potential to be a technological step change in
the platinum industry, and given the commercially proven
unit operations embodied in the process, at much reduced
risk compared with other more experimental technologies.
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