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Abstract: Variations in the recovery of platinum group metals (PGMs) are often attributed to min-
eralogical and other natural ore-type variations. To increase the recovery of PGMs by the flotation
process, a comprehensive understanding of gangue and valuable minerals is essential for optimising
the extraction and processing of metals. Recoveries may be improved if the questions of how, where,
and why losses occur can be answered with a certain degree of confidence. A requirement is the
availability of statistically reliable mineralogical data. The PGMs of MG-1-4 chromite tailings dumps
of the western limb of the Bushveld complex (BC) were studied in detail to unravel the PGMs and
the nature of the platinum group minerals in the sample. Characterisation of the chromite tailings via
deportment analysis revealed that the sample contained a significant amount of 3E PGM + Au (Pt,
Pd, Ru, and Au) and was concentrated in the -25 pm fraction. The results of automated mineralogical
analysis showed that the sample was composed of the PGE-sulphides group, comprising 63.6 vol%,
PGE-sulfarsenides 10.4 vol%, PGE-arsenides 1.3 vol%, PGE-bismuth tellurides 3.3 vol%, PGMs-alloy
4.1 vol%, and Laurite comprising 17.3 vol% of the total PGE population. The sample was composed
of 66.5 vol% of liberated PGMs, 0.2 vol% attached to liberated BMS, 27.3 vol% of PGMs attached
to or locked within silicate or oxide gangue composite particles, 0.2 vol% of PGMs associated with
BMS attached to silicate or oxide gangue particles, and a low proportion (5.8 vol%) of PGMs reported
being locked within gangue or oxide particles. The majority of PGM grains observed were reported
in the fast-floating category (64.4 vol%), 27.6 vol% in the slow-floating 1 category, 2.2 vol% in the
slow-floating 2 category, and 5.8 vol% to the non-floating category. The results of the study revealed
that the PGMs of MG 1-4 chromite tailings were liberated; however, the low liberation index (<0.2)
suggested that a significant portion of PGMs remained trapped within gangue, hindering their
recovery. This highlights the need for effective comminution (crushing and grinding) to achieve
better liberation. The sample contained fine particles that were more prone to being lost in the tailings
and to lowering recovery due to the slimes coating valuable minerals. The recovery of the PGMs from
this complex’s polymetallic bodies of low-grade and complex mineralogy will be insufficient with
traditional methods and thus innovation is needed. Innovation like advanced comminution, novel
flotation equipment or reagents, selective leaching and bioprocessing can overcome these challenges.

Keywords: chromite tailings; mineralogy; PGM species; liberated PGM; grain size

1. Introduction

The chromite layers found within the BC are widely recognised as potential sources
of PGMs [1]. Historically, the low grades of PGMs in the main chromite layers have
made their extraction and recovery economically unfeasible [2]. In the past, the focus of
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mining operations in the BC was primarily on the extraction of chromite for its use in the
production of ferrochrome. PGMs were considered by-products with low economic value
due to their relatively low concentrations in the chromite ores [3,4]. However, as PGM
deposits with higher grades have become depleted over time, there has been a growing
interest in finding alternative sources and developing beneficiation routes for the recovery
of PGMs [5]. Chromite tailings, which are the by-products of chromite ore processing, have
gained attention as potential sources of PGMs [6]. The beneficiation of PGMs from chromite
tailings presents efficient recovery challenges. The beneficiation processes for chromite
tailings require a comprehensive understanding of the ore characteristics, including the
distribution of PGMs and associated minerals [7,8].

The BC is a highly layered igneous complex located in South Africa and is known for its
rich deposits of PGMs, chromite, and vanadium [9-11]. It is divided into two main regions:
the western limb and the eastern limb of the BC. Figure 1 shows the five stratigraphic sones
that make up the western and eastern limbs. The ultramafic lower zone is followed by the
critical, main, and upper zones. At the bottom is the marginal zone, which is primarily
composed of mafic to ultramafic sills and chill zones [9,12]. The Upper Group 2 (UG2)
chromitite layer and the Merensky Reef are the two significant PGM ore horizons. They
are in the upper part of the critical zone (CS) [13,14]. Numerous other chromitite strata
are also present, and they are separated into three groups based on their placement within
the CS strata. These groups are the Lower, Middle, and Upper Groups (LG, MG, and UG,
respectively). The Middle Group (MG) is located at the boundary between the Lower
Critical Zone (LCS) and the Upper Critical Zone (UCS), where an ultramafic (pyroxenite)
and a more mafic rock assemblage (pyroxenite, norite, and anorthosite) meet [15,16]. This
boundary is located between the chromitite layers 2 and 3 of the MG on the eastern limb. It
is distinguished by the first appearance of cumulus plagioclase [12,17].
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Figure 1. General stratigraphic column for the western and the eastern Bushveld complex [9].
(A) General map for the western and the eastern Bushveld complex, (B) The Critical Zones.
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It has been widely known that various chromitite seams of the BC contain elevated
PGM content [18-20]. Nevertheless, except for the mainly massive UG2 chromitite seam
with PGM contents ranging up to 10 ppm [2,11,21], the other LG, MG, and UG chromi-
tites contain only slightly lower levels of PGMs ranging from 0.5 to 3 ppm and are sub-
economic [20]. PGMs usually appear in MG ore as alloys, sulphides, and, to a lesser extent,
tellurides and arsenides with finer grain sizes, usually less than 10 um [22,23]. The de-
gree of liberation has a significant impact on PGM recovery; the fastest-floating particles,
freed base-metal sulphides, are linked to both liberated BMS minerals and PGM minerals
themselves [24-26]. Table 1 presents an overview of the mineralisation of most of the more
significant PGM ores processed in South Africa. The varying mineralogical characteristics
and PGE grades of the different PGE reefs in the BIC present unique challenges for the
optimisation of flotation processes to efficiently recover the PGMs. UG2 and Platreef are
metallurgically complex and difficult to process as compared to Merensky, owing to their
mineralogy, finer grids, and more complex circuit designs required to achieve suitable
extraction and product suitable to be smelted [27].

Table 1. PGM mineralisation of Merensky, UG2, and Platreef ores [6].

Merensky Reef UG2 Reef Plat Reef
Class Minerals
Volume %
Ferroplatinum
Pt Alloy 40 40 11-30
PGM Alloys Pd Alloy
Electrum (Au) 2 0.2 3
Pt-arsenides
Pd-arsenides 4 0.1-1 1-20
Arsenides
PGE-
sulphurarsenides 3 0-8-7 1635
PtPd-sulphide
PGM sulphides Pt-sulphide 16 40-60 1-7
PtRh-sulphide
_telluri
Tellurides Pt-tellurides 35 0.5-5 20-50

Pd-tellurides

The recovery of PGMs is commonly achieved through flotation, which is a mineral
processing technique that utilises the difference in hydrophobicity or surface wettability of
minerals to achieve selective separation [28-30]. The issues related to low PGM recovery
and grade on chromatites are linked to process mineralogy, which is a crucial factor in
understanding an ore body and anticipating the challenges in processing it [31,32]. The
floatability of PGM species in mineral processing, particularly during flotation, is a key
factor in their recovery from ore [6]. To increase the recovery of PGMs by flotation, it is
necessary to optimise the liberation of the key minerals in which the PGMs are contained
which include sulphides, arsenides, tellurides, and ferroalloys among others, while at the
same time ensuring the optimal depression of gangue minerals [6]. Bulatovic 2003 [33]
said that the recovery and concertation grade from PGMs species depend largely on the
mineralogy of the ore and the way the deposit is formed. Recent studies indicating the
impact of PGM species on flotation have gained attention, especially in ores like Platreef
and Great Dyke where PGE tellurides and arsenides are more predominant than sulphides.
The floatability of PGMs is closely linked to their liberation and grain size; for instance,
very fine PGMs (<3 pum) are generally slower to float due to lower probabilities of colliding
with and attaching to air bubbles during the flotation process. It also means they have a
lower mass, making them more susceptible to being carried away by water flow and less
likely to remain attached to air bubbles.
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Particle size plays an important role in the recovery of PGMs by froth flotation. Jame-
son et al. [34] showed that large particles with a high percentage of surface liberation can
float as fast as small particles with a lower percent of surface liberation [6]. Research has
shown that intermediate particle sizes float far better than fine and coarse particles, as
shown in Figure 2a [6]. However, with the treatment of fine particles separately, the same
recovery profile remains, and the optimum size fraction shifts depending on the size range
of the particles present in the system, as illustrated in Figure 2b. Many researchers have
concluded that fine and coarse particles do not float well in many circuits under standard
operational conditions. Fines require more energy, collector, and flotation time, but the flota-
tion conditions are usually set to suit coarser fractions, and the energy and reagents cannot
be optimised for both fines and coarse fractions simultaneously [35]. Understanding these
factors and implementing appropriate strategies can improve the flotation recovery and
grade of fine particles, leading to efficient separation and valuable product recovery [36,37].
When it comes to fines, their higher surface area-to-volume ratio makes them more prone
to various challenges in flotation, such as increased slime coating, reduced bubble—particle
collision probability, and decreased attachment to air bubbles [6,38].
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Figure 2. (a) Recovery as a function of particle size, showing three defined regions, (b) Recovery of
fines when treated separately from the other size fractions [6].

By treating fines separately, specific reagent conditions and flotation strategies can
be employed to overcome these challenges and improve the recovery of fine particles [39].
Column flotation and intensified flotation cells are some techniques that can be utilised for
treating fines effectively which provide a larger contact area between the air bubbles and the
fine particles. The intensified flotation process enhances the probability of bubble—particle
collision and attachment, leading to improved flotation performance for fines [40-43].

Studying PGM species’ flotation behaviour can enhance our understanding of the com-
plex interplay between PGMs, reagents, and flotation conditions [30,44]. This knowledge
can be applied to improve process efficiency, optimise recovery and grade, and develop
predictive models for more effective mineral processing operations [28,45].

In this study, chromite tailings arising from MG 1-4 ore were studied, using cutting-
edge and innovative mineralogical techniques to recover the chromite. This paper aimed to
determine whether the recovery of PGMs can be adequately described by liberation index,
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size distribution, and base metal sulphide (BMS)/gangue relationships. This knowledge
forms the basis for optimising mineral processing strategies, improving recovery and grade,
and developing predictive models for the efficient extraction of PGMs.

2. Materials and Methods
2.1. Sample Preparation

A chromite tailing plant sample of MG 1-4 was obtained from one of the South
African chromite beneficiation plants in the western limb. The chromite plant uses a gravity
concentrator to beneficiate chromite using water as media. On receipt, the sample was
air-dried, de-lumped, blended, and rifle split into 2 kg samples which were kept in sample
bags. Particle size distribution (PSD) analysis of the received sample was carried out using a
combination of wet and dry screening to separate the sample into various size classes from
—212 pm to —25 pm based on a square root of 2 methods. Sub-samples were removed from
each size fraction for chemical and mineralogical analysis. The head grade of platinum,
palladium, and rhodium (3E) + Gold (Au) in the as-received sample determined using a
fire assay and inductively coupled plasma mass spectrometry (ICP-OES) was 3.25 g/t.

2.2. Bulk Chemistry and Modal Mineralogy

The samples were analysed for their major and minor metal content. The chemical
composition was measured with wavelength dispersive X-ray Fluorescence (WDXRF) using
the Rigaku SSX Primus IV. The mineral identification and quantification were carried out
using the Rigaku X-ray diffraction (XRD) Ultima IV (Bruker, Billerica, MA, USA). The 3E
PGM+Au analysis was conducted using the fire assay nickel sulphide collection method,
finishing with Agilent 5900 Inductively coupled plasma optical emission spectroscopy
(ICP-OES) (Thermo Fisher Scientific, Waltham, MA, USA).

2.3. PGMs Characteristics

The quantitative evaluation of the minerals was conducted using automated scanning
electron microscopy (FEL Hillsboro, OR, USA) with a mineral liberation analyser (Quanta
650 FEG MLA). The software allows for the detailed analysis of mineralogical data and was
instrumental in classifying the floatability of PGMs in our study [28].

3. Results
3.1. Particle Size Distribution (PSD) of the Chromite Tailings

The PSD of the received chromite tailings was analysed, and the results are illustrated
in Figure 3. The analysis results suggest that the sample contained a P80 of 80 um, with a
P50 of less than 38 um; 43% of the material was less than 25 um, representing the presence
of fine and ultrafine particles. The presence of ultrafine particles in a sample can impact its
performance, processing efficiency, and final product quality during froth flotation [6,46].
The —25 pm fraction was likely to contain a sizable amount of PGMs, although it may
also have contained fine alteration minerals and other gangue [47]. Fine particles present
challenges in flotation due to their low mass, high surface area, surface coatings, hindered
particle-bubble collision, and increasing pulp viscosity which leads to poor gas dispersion.
Several interrelated factors contribute to the difficulties encountered in the flotation of fine
particles, ultimately affecting the recovery and grade of valuable product [42,48]. Corin
et al. (2021) [6], found that higher impeller speeds are crucial for maximising the recovery
of fine PGM particles. This is because increased power input creates more turbulent
conditions, which improve the rate at which fine particles attach to bubbles. However,
higher speeds can also lead to lower concentrate grades, as more impurities are collected
alongside the valuable minerals. Therefore, it is essential to find the right balance between
power input and bubble size to optimise both recovery and concentrate quality [49]. Safari
et al. (2017) [26] demonstrated that using cavitation deceives to generate finer bubbles
significantly improves the recovery of fine particles.
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Figure 3. Particle size distribution of the chromite tailings.
3.2. Bulk Chemical Composition of Chromite Tailings
The bulk chemistry of the chromite tailings was analysed by XRF, and the results are
shown in Table 2. The results showed that the sample contained substantial amounts of Al,
Mg, Cr, Si, and Fe, as well as moderate concentrations of Ca, along with the disseminated
base metals Ni and Cu (BMS was analysed by ICP). The results demonstrated that the
sample was dominated by silicate minerals such as olivine, pyroxene, and plagioclase
feldspar [50]. PGMs often occur in association with sulphide minerals such as pentlandite
(Ni,Fe)9Sg and chalcopyrite CuFeS,. These sulphide minerals can host PGMs in solid
solutions or as discrete particles within their crystal structure [51].
Table 2. Bulk XRF/ICP chemistry of chromite tailings.
Screen Cumulative CryO3 Al,O3 Fe, O3 CaO MgO SiO, Cu Ni
Size (um) % Passing (%) (%) (%) (%) (%) (%) (ppm) (ppm)
-25 0.00 14.62 512 15.66 2.62 4.63 17.07 101 921
+25-38 43.48 17.65 4.95 15.54 3.02 3.45 14.12 61 842
+38-53 51.38 15.35 5.16 13.91 3.25 3.90 16.66 70 824
+563-75 63.62 13.67 5.20 12.48 3.61 391 17.52 67 776
+75-106 78.00 10.36 6.33 10.92 4.45 4.81 21.78 61 747
+106-150 87.45 8.95 4.53 10.39 3.71 3.52 17.07 64 685
+150-212 92.96 6.99 4.11 9.87 3.57 3.10 17.43 58 670
+212 95.36 5.56 3.95 11.08 247 3.22 17.76 78 670

PGM assays of individual size fractions were analysed using fire assaying and ICP-
OES to determine the variation in bulk chemistry based on size and concentrations for Pt,
Pd, Ru, and Au, and the results are shown in Table 3. The 3E PGM + Au values ranged
between 1.06 and 5.06 g/t, the major PGMs present with platinum ranged between 0.65 and
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3.85 g/t, representing between 68 and 71% of the total 3E PGM + Au, palladium ranged
from 0.25 to 0.58 g/t (17 to 19% of the total 3E PGM + Au), thodium between 0.10 and
0.58 g/t (10 to 11%o0f the total 3E PGM + Au), and gold between 0.03 and 0.06 g/t (2 to 3%
of the total 3E PGM + Au), as shown in Table 3. With respect to the separation by sizing
for examining the distribution of 3E PGM + Au, our findings indicated that PGMs were
notably concentrated in the fraction below —25 um, while other size fractions showed
a random distribution. The results indicated that the PGM content remained locked in
gangue minerals in size fractions ranging from —212 to +25 pym. Fines perform poorly when
treated with coarse particles. If these particles were floated in a narrow size distribution,
the flotation conditions could be tailored to them, and they would perform well. This
explains the performance of the Mount Isa staged grind and float circuit [47].

Table 3. The distribution (size-by-size assay) of the 3E PGM + Au of the chromite tailings.

PGMs (g/t)

Screen Size (um) Au (g/t) Pd (g/t) Pt (g/t) Rh (g/t) 3E PGM+Au
Feed 0.02 0.57 2.26 0.38 3.25
—25 0.05 0.58 3.85 0.58 5.06

+25-38 0.03 0.40 1.30 0.24 1.97
+38-53 0.03 0.35 1.14 0.21 1.73
+53-75 0.03 0.30 0.95 0.14 1.42
+75-106 0.04 0.36 0.97 0.12 1.49
+106-150 0.03 0.25 0.71 0.10 1.09
+150-212 0.06 0.25 0.65 0.10 1.06
+212 0.04 0.35 1.23 0.18 1.80

3.3. Bulk Chemistry and Modal Mineralogy of Chromite Tailing

The sample was assessed for mineralogy, to investigate which factors would contribute
to poor flotation responses and the results are shown in Figure 4. High phyllosilicate
concentrations (particularly talc, augite, and clinochlore) are indicators of hydrothermal
alteration in magmatic Ni-Cu-PGM ores. The presence of this gangue mineral suggests
that the flotability of the PGMs in this sample would be quite poor [24,52]. These gangue
minerals can depress the flotation of the valuable PGM-bearing minerals, leading to low
recoveries in a conventional flotation circuit. The silicate and oxide minerals dominate the
mineralogy of chromite tailings. The tailing sample also contained substantial quantities of
naturally floatable gangue such as talc, clay, mica, and altered orthopyroxene, followed
by minor valuable minerals contents of chalcopyrite, pentlandite, and pyrrhotite. The
literature has showed that naturally floatable gangue minerals tend to adsorb flotation
reagents and form stable froths, competing with valuable minerals like PGMs for reagent
adsorption sites. This can reduce the recovery efficiency of PGMs during flotation. This
can be addressed by understanding the surface charge characteristics of gangue minerals
through zeta potential measurements, informed decisions regarding collector selection,
gangue depression, pH control, and surface modification techniques [53,54].
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Figure 4. Minerals characterisation of the chromite tailings using XRD.

3.4. Characterisation of PGM Species Found in the MG 1-4 Chromite Tailings

To investigate the PGM species for their theoretical flotation capabilities, grain size
distribution, liberation, and association, the sample was analysed using MLA.

3.4.1. PGM Species of the MG 1-4 Chromite Tailings

Based on 160 intersected grains, fifteen PGMs species were categorised from the X-ray
spectra of encountered PGMs grains. Table 4 displays the PGM species present. The PGE
grouping results showed that the PGE-sulphides group comprised 63.6 vol% of the total
PGMs population, followed by Laurite comprising 17.3 vol%, PGE sulfarsenides 10.4 vol%,
PGE-alloy 4.1 vol%, PGE-bismuth tellurides 3.3 vol%, and PGE-arsenides 1.3 vol%. The
PGE sulphides dominated the population; however, if PGE sulphides are not adequately
liberated, their recovery through flotation can be hindered [6]. If the PGE sulphides
are finely disseminated or locked within the gangue matrix, it becomes challenging for
the flotation process to effectively separate them [23]. In such cases, achieving optimal
liberation becomes crucial to enhancing the floatability and subsequent recovery of PGE
sulphides. According to Chetty et. al. [22], PGM flotability in terms of species has recently
been given attention in ores like Platreef and Great Dyke, where PGE tellurides and
arsenides are more abundant compared to sulphides. Meanwhile, PGMs in the UG2
reef are characterised by abundant PGE sulphide, laurite, cooperite, and braggite [6,28].
Shackleton et al. [55] said that the type of PGM species is largely only relevant to flotability
if liberated PGMs are considered, in which case species can be directly correlated with
flotation response [22]. However, Candice et al. [28] tested the flotation behaviour of
liberated PGMs, and the results indicated that based on volume percentage, PGE arsenides
and PGE sulphides dominated the liberated PGE population due to the presence of large
PtAs; and PtS grains. The liberated results indicated that the flotation of the chromite
tailings would be dominated by (Pt,Pd,Ni)S, RuS,, and PtS based on volume percentage and
large grains. However, Nel et. al. [56] asserted that the “hierarchy” is not clear in mineral
floatability. This is consistent with similar research on the Lac Des Iles concentrator [56].
Figure 5 serves to illustrate that the PGMs were found to liberated, and they are also on the
grain boundaries of silicate and oxide gangue. Complete liberation of the values is not an
economically viable practise, as it is highly energy intensive. An important contributor to
overall recovery is the recovery of locked and partially liberated particles.
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Table 4. PGM species found in the MG 1-4 chromite tailings.
. . . o Total %
Mineral Group PGM Mineral PGM Species % Abundance
Abundance
Cooperite PtS 14.1
Sulphides Braggite (Pt,Pd,Ni)S 479 63.6
Malanite Cu(Pt,Rh,Ir),Sy 1.6
Laurite Laurite RuS, 17.3 17.3
Ruarsite RuAsS 43
Sulfarsenide Hollingworthite (Rh,Pt,Pd)AsS 29 104
Irarsite (Ir,Ru,Rh,Pt)AsS 3.3 :
Ferroplatinum PtFe 37
Alloy Plumboplalladinite Pd;Pb, 0.4 41
. . Michenerite PdBiTe 3.1
Bismuth tellurite Monchenerite Pt(Te,Bi), 0.2 33
Sperrylite PtAs; 0.5
Arsenide Stillwaterite PdgAss 0.7 1.3
Atheneite (Pd,Hg)3As 0.1

(PtPdNi)S

2

chlorite
chlorite

chromite

Figure 5. MLA backscattered electron image of a liberated PGM grain (a), PGM grain attached to
chromite and chlorite (b), and PGM grain attached to chlorite (c).

3.4.2. Liberated PGMs Grain Size Distribution in the Chromite Tailings

The liberated PGMs grain size distribution plays a significant role in flotation pro-
cesses [28]. The distribution of liberated PGM grains refers to the range of particle sizes
that are effectively liberated from the gangue minerals and can be targeted for flotation
recovery. This distribution can impact the efficiency and effectiveness of the flotation pro-
cess [6]. Based on the volume percentages shown in Table 5, PGE sulphides and arsenides
dominated the liberated PGMs population. This was due to the large presence of large PtS,
(RhPtPd)AsS, and Cu(PtRhlr),S4 sulphide grains. PGM grains influence the flotability of
PGM-bearing material as they provide information about the range of sizes of the liberated
PGM grains and are important for understanding their behaviour downstream [23,28].
Tables 6 and 7 represent the size distribution of PGMs and grain mode of occurrence of
PGMs grains. The majority of PGM grains observed were in the fast-floating category
(64.4 vol%), 27.6 vol% in the slow-floating 1 category, 2.2 vol% in the slow-floating 2 cate-
gory, and 5.8 vol% in the non-floating category. While the majority of the grains (49) were
represented by 41.5% of the total between 0 and 3 um, 46 grains represented 39% of the
total between 3 and 6 um, whereas only 1 grain (0.8%) fell within the 15-18 pm grain size
range. Generally, larger grains (to a certain limit) have a higher likelihood of collision and
attachment to bubbles, resulting in faster flotation kinetics. In contrast, smaller grains may
exhibit slower flotation rates due to reduced collision efficiency [27,57]. Optimal grain size
distribution is essential for maximising flotation recovery [58].
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Table 5. Distribution of PGM type grain sizes of chromite tailings.

Distribution of PGM Types

PGMs PGM Vol % PGM Grains Average ECD (um)
(Pt,Pd,Ni)S 47.9 48 4.5
RuS, 17.3 31 3.7
RuAsS 43 10 3.2
(Rh,Pt,Pd)AsS 29 1 9.3
PdgAs3 0.7 1 4.5
PdBiTe 3.1 5 4.2
PtFe 3.7 8 3.5
(Pt,Rh,Cu)S 1.6 1 7.0
(Ir,Ru,Rh,Pt)AsS 3.3 4 4.6
PtS 14.1 5 8.2
(Pd,Hg)3As 0.1 1 2.0
(Pt(Bi,Te), 0.2 1 2.6
PtAs, 0.5 1 3.8

Table 6. PGM grain Floatability Index.

Particle Characteristics PGM PGMs
Vol %
Liberated PGMs > 3 um ECD 64.2% 38
Fast-floating
Liberated BMS > 10 um ECD 0.2% 1
Liberated PGMs < 3 um ECD 2.3% 13
Slow-floating 1 Liberated BMS < 10 um ECD
PGMs > 3 um ECD attached to gangue 25.3% 26
BMS > 10 um ECD attached to gangue
PGMs < 3 um ECD attached to gangue 2.0% 11
Slow-floating 2
BMS < 10 um ECD attached to gangue 0.2% 1
Non-floating PGMs and/or BMS locked in gangue 5.8% 28

Table 7. PGM grain size distribution of PGMs in chromite tailings.

Grain Size Class (um) PGM Grains PGM Vol %
0-3 49 8.5
3-6 46 26.4
6-9 14 247
9-12 5 15.9
12-15 3 16.1
15-18 1 8.3

3.4.3. PGMs Mineral Mode of Occurrence in the MG 1-4 Chromite Tailings

All PGMs observed in the sample were classified according to their texture setting
into one of the following categories, as shown in Table 8. It should be noted that the mode
of occurrence of the PGMs was considered for the PGM population as a whole, and no
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species was distinguished. The mode of occurrence of PGMs considers their associations
with base metal sulphides (BMS) and gangue minerals, such as silicate and chromite [22].
These associations provide insights into how PGMs are distributed within the ore deposit.
Corin et al. [6] stated that the liberation of PGMs from their associated minerals is a critical
factor in achieving efficient flotation recovery.

Table 8. Grain mode of occurrence of PGMs.

# PGM Grains <3 um

Liberation Characteristic PGMs Vol % # PGM Grains ECD
L Liberated PGM 66.5% 51 13
PGMs associated with liberated BMS o
SL (Base Metal Sulphides) 0.2% 1 1
PGMs associated with BMS locked in
SG e . . - - -
silicate or oxide gangue particles
AG PGMs attached to 5111'cate or oxide 2739 37 1
gangue particles
SAG PGMS. assoc1ate<.:1 with BMS attthed to 0.2% 1 1
silicate or oxide gangue particles
G PGMs locked within silicate or oxide 5.89% 28 23

gangue particles

The majority of PGMs in the sample were 66.5% liberated, which is advantageous
for flotation. The particle size distribution indicates that 13 of 51 liberated PGMs had
an equivalent circular diameter (ECD) of <3 pm. Since most of the PGMs in the sample
were 66.5% liberated, this was advantageous since two-thirds of the PGM grains were free
and would have a higher probability of being selectively captured by air bubbles during
flotation, leading to improved recovery rates. However, the finer particle size may require
careful consideration during flotation, as it can affect the kinetics and efficiency of the
flotation process.

PGMs attached to or locked within silicate or oxide gangue composite particles (AG)
(27.3%) represented a significant portion of the sample. The particle size distribution
indicates that 11 of the PGMs grains had a size range of <3 um. The presence of particles
containing both PGMs and gangue minerals can pose selectivity challenges during flotation.
The gangue minerals may interfere with the attachment of PGMs to air bubbles, leading to
a decrease in selectivity and the potential loss of valuable PGMs in the tailings.

PGMs associated with BMS attached to silicate or oxide gangue particles (SAG) (0.2%)
constituted a minor proportion of the sample. The particle size distribution indicates that
only one PGM grain had a size range of <3 pm.

PGMs locked within gangue or oxide particles (G) (5.8%) represented a relatively
low proportion of the sample. The particle size distribution indicates that 23 of the PGM
grains had a size range of <3 pm. This indicates that only a small fraction of the PGMs
was tightly bound or enclosed within gangue or oxide particles. The majority of PGMs
were liberated and attached to silicate or oxide gangue particles. The majority of PGMs
identified in the sample were associated with gangue in the form of enstatite, chlorite,
diopside, magnetite, plagioclase, quarts, and hornblende. The presence of these gangue
minerals can significantly impact the flotation of PGMs in several ways. Plagioclase
and enstatite are generally hydrophilic, making them less likely to attach to air bubbles.
However, their surface chemistry can vary. If they are coated with hydrophobic materials
or have a high iron content, they can compete with PGMs for collector reagents, reducing
the effectiveness of PGM flotation. Chlorite can form coatings on the surfaces of PGMs,
preventing collectors from attaching effectively. This further hinders PGM flotation. While
hornblende can be both hydrophilic and hydrophobic, its tendency to form fine particles
can increase pulp viscosity. This makes it harder for air bubbles to rise and carry PGMs,
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reducing flotation efficiency. To overcome these challenges, additional processing steps
might be required, such as regrinding, re-flotation, or chemical leaching, which increase
the cost of the recovery of PGMs, according to James et al. (2012) [34].

3.4.4. Liberation Index of the PGM in the Chromite Tailings

In addition, a combined liberation index (CLI) was calculated for all the mineral-
bearing grains of the PGMs (Figure 6 and Table 9) using Equation (1).

Combined liberation index = area of floatable mineral in particle/total area of the particle 1)

where floatable mineral = BMS and PGM. This calculation yields a value between 0 and
1, with 1 indicating a particle consisting of a liberated PGM mineral grain, or a PGM
attached to or locked in a liberated base-metal sulphide grain [22]. A particle consisting of
a large silicate grain with a small inclusion of PGMs will be characterised by a combined
liberation index approaching 0 [24]. A liberation index based on area measurements does
not always give a true reflection of floatability, which depends on the exposed surface area.
For instance, a large PGM grain rimmed by silicate may have a high CLI but will not be
recoverable by flotation. However, in the case of small grains, perimeter measurements
necessary for the calculation of exposed surface area are inaccurate, which explains the
decision to base the liberation index on area measurements [22].

PGE mineral

CLI<0.1

CLI=1

Figure 6. Graphical representation of three PGE mineral-bearing particles illustrating the combined
liberation index (CLI) principle [24].

Table 9. Liberation index (PGMs and BMS area fraction).

Index PGM Grains PGM Vol % Num %
<0.2 64 30.8 54.2
0.2-0.4 1 2.0 0.8
0.4-0.6 1 0.5 0.8
0.6-0.8 - - -
0.8-1.0 52 66.7 441

The sample was characterised by 66.7 vol% with a liberation index of 0.8, indicating
that the PGMs particles were fully liberated. However, the sample also exhibited a low
liberation index of <0.2 that it represented by 30.8 vol% of the sample. The low liberation
index suggests that a smaller proportion of PGMs were attached to silicate or oxide particles.
This is illustrated by Figure 5; the PGM particles were attached to chromite and chlorite.
The low liberation index limits their accessibility for efficient recovery. A higher liberation
index suggests a higher likelihood of successful recovery, as a larger proportion of PGMs
are in a favourable state for flotation. A low liberation index presents a challenge for
efficient PGM recovery. Gibson et al. (2023) [23] and Corin et al. (2021) [6] have emphasized
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strategies to improve liberation, such as finer grinding or alternative comminution methods,
which might be necessary to enhance PGM recovery.

3.4.5. PGM Grain Distributions in Different Size Fractions of the Chromite Tailings

The distribution of PGM particles within different size fractions can also have impli-
cations for their flotability, which refers to the susceptibility of particles to be recovered
by flotation [6,59]. Table 10 represents the results of PGM distribution in different size
fractions of the chromite tailings. The fine fraction of <20 um had a high percentage of PGM
particles (74%), suggesting that a significant proportion of the PGMs existed as fine particles.
Fine particles often exhibit lower flotability due to several factors, such as sliming effects,
surface oxidation, low particle-bubble collision, and poor flotation techniques available to
float ultrafine liberated particles [60,61]. Fine particles tend to have a larger surface area
relative to their volume, which can result in increased surface oxidation or the formation of
hydrophilic coatings. These factors can reduce the hydrophobicity of the PGM particles
and make them less amenable to attachment to air bubbles during the flotation process.

Table 10. PGM distributions in different size fractions of the chromite tailings.

Fine (<20 um) Med (20-50 um) Coarse (>50 um)
PGM distribution 74% 18% 7.53%

The medium fraction (20-50 um) contained 18% of the PGM particles. The flotability
of the particles in this size range can vary depending on factors such as mineral associations
and surface properties. Generally, medium-sized particles may exhibit moderate flotability
compared to fine particles. These particles can have a better balance between surface area
and volume, which may enhance their hydrophobicity and attachment to air bubbles [54].
However, the flotability of particles in this size range can still be influenced by other
factors such as mineralogy, gangue mineral associations, and the presence of surface
coatings [57,62]. Optimal flotation conditions and suitable reagents may be required to
maximise the recovery of PGMs in this fraction.

Coarse fraction (>50 pm) contained the smallest proportion of PGM particles (7.53%).
This fraction of particles generally has higher flotability compared to fine particles [6]. They
have a smaller surface area relative to their volume, which can result in reduced surface
oxidation and hydrophilic coatings. Coarser particles (to an optimum particle size) are more
likely to be readily attached to air bubbles during the flotation process, leading to higher
flotation recovery. However, the flotability of coarse PGM particles can still be influenced by
factors such as mineral associations, particle shape, and hydrodynamic conditions within
the flotation cell. The optimisation of flotation parameters, such as bubble size, agitation,
and froth characteristics, can help maximise the recovery of PGMs in this fraction. It is
important to note that the flotability of PGM particles is not solely determined by their
size distribution. Other factors, such as mineralogy, surface chemistry, and the presence of
valuable or detrimental elements can also influence the flotability.

3.4.6. PGMs-BMS-Gangue Associations in the MG 1-4 Chromite Tailings

Table 11 represents the PGM-BMS—gangue associations. The flotability of PGMs can
be influenced by their associations with different minerals within a sample. The PGMs
identified in the sample were associated with plagioclase, enstatite, hornblende, chlorite,
chromite, magnetite, rutile, ilmenite, diopside, and pyrrhotite. Plagioclase, enstatite, and
hornblende are common silicate minerals and are generally hydrophilic, meaning they tend
to repel water and air bubbles. Their association with PGMs can potentially decrease their
flotability by inhibiting their attachment to air bubbles during flotation [27].
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Table 11. PGM-BMS-Gangue associations in the MG 1-4 chromite tailings.

SL AG SAG SG G
Plagioclase 8 1 4
Enstatite 3 1
Hornblende 5
Chlorite 4 2
Chromite 10 15
Magnetite 1
Rutile 1
[Imenite 1
Diopside 2 1
Pyrrhotite 1 1

Chromite minerals and their association with PGMs can enhance their flotability, as
chromite particles tend to readily attach to air bubbles [63,64]. However, it is important to
note that chromite is essentially recovered by entrainment, which may affect the final grade
of PGMs during flotation. Pyrrhotite associations (compared to BMS associations) with
PGMs can potentially decrease their flotability and hinder their attachment to air bubbles
during flotation [65-67].

The flotability of PGMs associated with these minerals can be influenced by various
factors, including specific mineralogy, particle size, surface chemistry, and the presence
of valuable or detrimental elements. The overall flotability of PGMs will depend on the
interplay of these factors and the optimisation of flotation conditions, such as reagent
selection and dosages, pH, energy input, and flotation kinetics, to maximise their recovery.

4. Conclusions

This study has provided a comprehensive mineralogical characterisation of chromite
tailings from the Middle Group (1-4) of the Bushveld complex, South Africa, that can
guide the optimisation of the recovery of PGMs from MG chromite tailings. Our findings
indicated that the sample had a P80 of 80 um and a high proportion mass percentage of
43% of particles finer than 25 um, indicating the presence of a significant amount of fine
and ultrafine particles. The presence of these fine and ultrafine particles can pose several
challenges in the flotation process, including reduced flotation kinetics and recovery of
valuable minerals due to their small size and high surface area. Increased entrainment of
these fine particles in froth leads to lower concentrate grades and potential issues with
particle stabilisation and bubble—particle attachment.

The sample contained 20% altered minerals, such as talc and serpentine, which can
have significantly different surface properties compared to valuable minerals. These altered
minerals can interfere with the selective flotation of valuable minerals, leading to reduced
recoveries and concentrate grades. Specialised reagent schemes and optimisation of the
flotation conditions may be required to address the detrimental effects of altered minerals.
A substantial 74% of PGM grains were found to be below 20 um, with only 18% in the
20-50 pum range and 7.5% exceeding 50 um. This fine grain size distribution presents a
major challenge for conventional flotation processes, as liberation and efficient recovery
become increasingly difficult with decreasing particle size. The sample had a relatively
high proportion (27.3%) of PGM grains that were attached to or locked within silicate or
oxide gangue composite particles. Additionally, a small percentage (5.8%) of the PGM
grains were locked within gangue or oxide particles. These associations and the locking
of valuable minerals within gangue can limit their liberation and accessibility during the
flotation process, reducing their recovery.
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The majority of the PGM grains (64.4%) were reported to be in the fast-floating category,
which is favourable. However, a significant portion (27.6%) was in the slow-floating
1 category, and a small proportion (2.2%) was in the slow-floating 2 category. The presence
of these slow-floating PGM grains can pose challenges in achieving high overall recoveries,
as they may require longer flotation times. By leveraging this detailed mineralogical
characterisation, the flotation process can be designed and optimised to achieve the efficient
recovery of PGMs from Middle Group chromite tailings of the Bushveld Complex.
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