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Sulfide minerals weather when exposed to oxygen and water. Since platinum group metal
(PGM) concentrates contain sulfide minerals it can be expected that weathering of
concentrate will take place when exposed to rain. This study investigated under laboratory
conditions whether PGM concentrate will weather by exposing concentrate to water
leaching according to the ASTM D5744-18 test method. The tests involved weekly leaching
of ten 1 kg as-received concentrate samples inside columns with 500 ml of pH=5 and pH=7
water respectively, over a period of ten weeks. The weekly leachate was collected and
analysed for acidity (pH) and for dissolved weathering products (Fe, Cu, and Ni) using
atomic absorption spectrometry (AAS).

Analysis of the leachate indicated that weathering did occur, as acid was generated (pH
decreased) during the first two weeks of the tests. An increase in pH to 8 was observed
after week 2, which can be attributed to the dissolution of acid neutralising minerals from
the concentrate, which neutralised the acid generated from the oxidation of the sulfides.
Lower pHs resulted in higher degrees of weathering. AAS results confirmed that nickel
leached, but not copper or iron. Under conditions that prevailed in this study the
dissolution of chalcopyrite (CuFeS;) was insignificant. A possible reason for iron not being
present in the leachate can be due to precipitation of ferric hydrous oxide (Fe2H>O4). The
amount of nickel loading into the weekly leachate was not significant enough to observe a
significant change in the mass of nickel in the concentrate. This implies that weathering
occurred only to a limited extent over the ten week period.
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INTRODUCTION

The susceptibility of sulfide minerals to weathering during exposure to oxygen and water has been
comprehensively covered by studies on acid mine drainage (Arroyo and Siebe, 2007, Bouzahzah et al.,
2015, Courtin-Nomade et al., 2009, Davies et al., 2011, Ferguson and Erickson, 1988, Jacques et al., 2016,
Karlsson et al., 2010). However, not much work has been done on the weathering of platinum group
metal (PGM) concentrates. Since PGM concentrates contain sulfide minerals it can be expected that
weathering of the concentrate will occur. This study investigated (on a laboratory scale) whether a PGM
concentrate will indeed weather when exposed to rain, and what the influence of pH is on the
weathering.
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Background

Platinun group metals and sulfide minerals

PGMs occur in conjunction with base metal sulfides (i.e., pentlandite (Fe,Ni)oSs, chalcopyrite (CuFeS,),
pyrite (FeSy), millerite (NiS) and pyrrhotite (Fe1..S)), with a large amount of these sulfides concentrated
in the Platreef reef (Jones, 2005). During the smelting of PGM concentrates, two immiscible fluids are
formed namely slag and matte. The valuable base metal sulfides (containing copper, nickel, iron and
cobalt) serve as collectors of the PGMs, which collect as matte during smelting (Jones, 2005).

Weathering of sulfide minerals

If PGM concentrates would weather, it would be associated with the weathering of the sulfide phases
in the concentrate. The weathering mechanism of sulfide minerals is characterised by two major
processes that take place, namely acid generation and neutralisation processes (Karlsson ef al., 2010,
Muniruzzaman et al., 2018). Pentlandite, chalcopyrite and pyrite, as well as most of the other sulfide
minerals that can be found in mine wastes, can be classified as acid generating minerals (Table I) (Dold,
2010; Seal and Hammarstrom, 2003). During the process of weathering the sulfides undergo oxidation
when exposed to oxygen and rainwater, thereby releasing base metals cations (Cu, Ni, and Fe) and
generating acid (Courtin-Nomade et al., 2009, Davies et al., 2011, Rimstidt and Vaughan, 2003, Todd ef
al., 2003, Zheng et al., 2017). During the weathering of pyrite however, the oxidised Fe3* can hydrolyse
to ferric hydrous oxides and precipitate (Table I). A study by Smuda et al., (2007) on the weathering of
a pyrite orebody resulted in a washout of acid solutions rich in Fe, Mn, Zn, Cu, Cd, As, and S.

Sometimes some of the minerals comprising the sample can neutralize the acid generated by the sulfide
oxidation reactions, hence the leachate turns out to be more alkaline. A study by Muniruzzaman et al.,
(2018) on water quality prediction of mining waste suggested that the dissolution of acid neutralising
minerals is promoted by an increase in acidity due to the acid generating reactions.

Table 1. Sulfide mineral oxidation reactions in mine wastes (Dold, 2010; Seal and Hammarstrom, 2003)

Minerals Reactions
Pyrite FeS,(s) + 3.50, + H,0 - Fe?* + 250%™ + 2H* (I-)
4Fe?*+0, + 4H' > 4Fe3* + 2H,0 (I-ii)
Fe3t + 3H,0 - Fe(OH);(s) + 3H* (I-iii)
Chalcopyrite 4CuFeS, + 170, + 10H,0 - 4Cu?* + 4Fe(OH); + 8S0%~ + 8H* (I-iv)
CuFeS, + 0, + 2H,S0, — CuSO, + FeSO, + S° + 2H,0 (I-v)
 Pentlandite Fe, sNi, sSg + 32H,0 — 4.5Fe?* + 4.5Ni%* + 850,%” + 64H* + 66e~ (I-vi)

Examples of acid neutralising minerals include carbonate minerals (e.g. calcite and dolomite),
aluminium and ferric hydroxides, as well as aluminosilicate minerals (e.g. biotite, chlorite, plagioclase,
smectite, and amphiboles such as hornblende) (Muniruzzaman et al., 2018). The silicate mineral
reactions (Table II) not only result in continuous buffering of the leachate pH, but also in the
precipitation of metal-bearing oxyhydroxides and oxyhydroxide sulfates which sometimes facilitate the
removal of dissolved metals (i.e., Al, K, Na, Ca, Mg and Mn) from the migrating pore water (Dold, 2010).

Table I1. Acid neutralisation reactions in mine wastes (Dold, 2010; Seal and Hammarstrom, 2003)

Minerals Reactions
Silicates KAISi;O4 + H* + 7H,0 - K* + 3H,Si0, + Al(OH), (I1-i)
CaAl,Si,0q + 2H* + H,0 — Ca?* + Al,Si, 05 (OH), (I1-ii)
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Factors affecting weathering

Mineralogical composition

The extent of acid generating and neutralising reactions increases depending on the amount of acid
generating and acid neutralising minerals comprising the sample. The balance of acid generating and
neutralising minerals greatly determines the pH and the dissolution of weathering products in the
leachate from the weathering process (Muniruzzaman ef al., 2018).

Environmental factors

Environmental conditions such as the amount of rainfall, pH of the rainwater, elevation of sulfide mines
and temperature all affect the weathering of sulfides (Caraballo et al., 2016; Root et al., 2015; Zheng et al.,
2017). Rainfall is considered the most important as it creates an electrolyte medium for the weathering
process and facilitates the transfer of ions via water-mineral interactions (Zheng et al., 2017).
Characterisation of acid mine drainage in a high rainfall area confirmed that it was of a low pH and
contained more dissolved elements (Davies et al., 2011). Zheng et al., (2017) reported that the pH of
rainfall plays a significant role in the extent of the weathering process, as acidic water (low pH
rainwater) causes higher degrees of weathering. Weathering also intensifies during warmer seasons as
well as when sulfide mines are at low latitudes or in low elevation regions.

Particle size distribution

The particle size distribution of the samples that weather determines the surface area exposed to
oxidation (Ferguson and Erickson, 1988). It also affects water infiltration rates, water retention and
hydraulic conductivity as well as aeration conditions (Lefebvre et al., 2001). Coarser material will dry
much quicker and retain less water, which is needed to facilitate the weathering process (Sapsford et al.,
2009). Complete drying of the sample results in the removal of interstitial water which may inhibit the
oxidation of the sample (Bowell et al., 2006). Fine sample material will increase the specific surface area
of acid-generating and acid-neutralising minerals and is likely to increase the liberation of these
minerals. Both of these effects will tend to increase the surface area of these minerals available for
reaction and if this increase is biased towards either acid-generating or acid-neutralising minerals, the
balance of acid-generating and acid-neutralising reactions will shift (Erguler & Erguler, 2015). As
materials weather with time, particle size is reduced, exposing more surface area, and changing physical
characteristics of the sample material (Ferguson and Erickson, 1988).

Experimental Methods

Sample preparation and characterisation

A 13 kg as-received PGM concentrate sample was completely homogenised before being separated into
1 kg representative sub-samples using a rotary splitter. Ten 1 kg samples were stored in resealable
plastic bags, to be used for the weathering test experiments, and one 1 kg sample was selected at random
for mineralogical characterisation and particle size distribution analysis. The chemical composition of
the concentrate sample was determined using a Perkin Elmar Optima 5300 DV ICP-OES (inductively
coupled plasma - optical emission spectroscopy) spectrometer and the total sulfur analysis was
determined using a LECO CS230 sulfur analyser. The main sulfide phases, as well as other mineral
phases were identified with X-ray diffraction (XRD) analysis, using a PANalytical X'Pert Pro powder
diffractometer in 0-0 configuration, fitted with a X'Celerator detector, variable divergence and fixed
receiving slits with Fe filtered Co-Ka radiation (\=1.789A). A 150 g representative subsample was used
to determine the PSD of the concentrate sample using the dry sieve method, because the as-received
concentrate sample also contained lumps which would break up if wet sieving was used. Sieves with
openings of 38, 53, 75, 106, 150, 212, 300, 425, 600, 850, 1180 and 1700-micron Tyler mesh were used.
Polished sections of the representative sample, as well as samples from the retained large size fractions
from the sieve analysis were prepared for analysis of phases and to determine the degree of liberation
of the main sulfide phases using a Jeol JSM-IT300LV scanning electron microscope (SEM) coupled with
an Oxford X-Max 50 energy-dispersive X-ray spectrometer (EDS).

Weathering tests

Weathering was examined by artificially weathering ten 1 kg concentrate samples under laboratory
conditions according to the ASTM D5744-18 standard test method for laboratory weathering of solid
materials, using a humidity cell (Figure 1). The weathering of the concentrate was evaluated by weekly
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leaching, for a duration of ten weeks of the concentrate samples in columns using water varying in
acidity. The first five duplicate tests were done using water of pH=7 (distilled water) and the other five
using water of pH=5 (acid water) (Figure 2). The leach volume used was according to the standard
method of 0.5:1 leach volume to mass ratio. Each test involved a six-day drying cycle, where air from
the surroundings was allowed to diffuse into the columns through the airports. The first leach was
marked week 0, which was performed on day one of the first weekly leaching cycle. The second leach
was performed on day seven of the first weekly leaching cycle and was marked week 1. Subsequent
weekly leaches were performed at the end of each weekly cycle and were marked Week 2, Week 3 up
to Week 10.
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Leachate analysis

Weekly leachate samples were collected in bottles at the bottom of the columns (Figure 2) and analysed
for pH and dissolved weathering products (Fe, Cu, Ni) using atomic absorption spectrometry (AAS).
The volume of the weekly liquor that collected in each bottle was measured using a 500 ml measuring
cylinder, which was used to estimate the water retained in the column. Each weekly leachate sample
for the different columns was homogenised by shaking the collection bottle thoroughly, after which the
pH of the weekly leachate was measured using the Orion Star A111 pH meter that was calibrated against
known buffer solutions (pH4, pH7 and pH10). The leachates were then stored in 125 ml bottles for AAS.

Results and Discussion

Characterisation of the as-received concentrate

Mineralogy

The chemical composition of the as-received concentrate, as determined with ICP-OES analysis, is
shown in Table III. The results confirm that the concentrate contains high concentrations of silica and
magnesia, and approximately 5% sulfur.

Quantitative XRD results confirmed that the three main sulfide phases in the concentrate sample were
chalcopyrite (2.73%), pentlandite (1.80%) and pyrite (0.98%) (Table IV). The other important group of
minerals identified and quantified were the acid neutralising minerals chlorite (9.75 wt. %), biotite (2.08
wt.%) as well as the amphiboles plagioclase (14.90%) and hornblende (2.68 wt.%). The acid neutralising
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minerals were present in large amounts compared to the sulfide minerals. This suggest that the acid
generated from the oxidation of the sulfides would be neutralized by the large amount of acid
neutralising minerals available, similar to what was observed by Amos et al., (2015).

Table I11. Bulk chemical analysis of the as-received concentrate (mass%)

Component S5i0; | MgO | Al,O3 | CaO | Na:O | K:O | Fe Cu Ni Cr S H>O
(moisture)
Composition | 45.1 | 19.7 | 453 | 325 | 047 | 0.14 | 11.0 | 1.86 | 1.07 | 0.73 | 4.98 0.060
Table IV. XRD analysis of PGM concentrate

Mineral Chemical Formula wt.%
Talc Mg3SisO10(OH)2 32.00
Enstatite Mg»5i,06 25.95
Plagioclase (Na, Ca)AlSizOs 14.90
Chlorite (Mg, Fe, Al)s(Si, Al)sO10(OH)s 9.75
Augite (Ca, Na) (Mg,Fe, Al Ti)(Si,Al)20¢ 6.68
Hornblende Cax(Mg, Fe, Al)s(Al, Si)sO2(OH): 2.68
Biotite K (Mg, Fe);AlSizO10(F,OH)2 2.08
Chalcopyrite CuFeS; 2.73
Pentlandite (Fe, Ni)oSs 1.80
Pyrite FeSy 0.98

Particle size distribution
The as-received concentrate sample consisted mostly of fines and a significant number of large lumps,

as can be seen from the particle size distribution of the concentrate sample obtained from dry sieving (

Figure ). The PSD results confirmed that the sample consisted mostly of fine particles (PSD 38-212 pm)
(~70%) and a considerable number of large particles (PSD 850-1700 um) (~20%). The large amount of
fines present suggests that more surface area was available for oxidation. This was also confirmed by
an evaluation of the mineralogy of the large particle size fractions from the dry sieve analysis. This
evaluation showed that the degree of liberation of the sulfides increases with finer size fractions (Figure
4). SEM analysis of the large lumps confirmed that some of the sulfide minerals were covered by the
silicate gangue minerals.
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Fiqure 3. PSD of the as-received concentrate.
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Fiqure 4. Backscattered electron image of the 850-600 pm size fraction of concentrate, displaying some
entrainment of sulfide minerals in the gangue minerals
(white particles: sulfide minerals; grey particles: silicate minerals).

Weathering test work

Weekly leachate pH analysis

The pH of the leachate is used as an indicator of whether the sulfides in the samples underwent any
oxidation and acid-generating processes (weathering) and/or whether acid-neutralising minerals
leached. The comparison between the average weekly leachate pH for the distilled water tests (pH=7)
and the acid water test (pH=>5) is shown in Figure 5 The leachate pH during week 0 (performed on day
1 of the first week cycle) was recorded to be 8 for both the pH=7 and pH=5 leach tests. This indicates
that the pH=>5 leach solution caused in a higher degree of leaching of acid-neutralising minerals, which
caused a greater increase in leachate pH. A decrease in leachate pH (for both distilled and acid water
tests) was observed between week 1 and 2, with the lowest average leachate pHs recorded during week
2 (6.12 and 5.76 for the distilled and acid water tests respectively). The lowering of the pH of the distilled
water to 6.12 unequivocally proves that some of the sulfide minerals weathered through an acid-
generating process. From week 2 to week 3 the acid leach solution (pH=5) was again responsible for a
greater degree of dissolution of acid-neutralising minerals (such as chlorite and plagioclase) as is
reflected by the high increase in the pH of this leach solution. This is consistent with what was reported
by Muniruzzaman et al., (2018). The large error bars during week 2 indicate that there were large
variations in the pH of the leachate from each of the five columns, for both acid and distilled water tests.
These variations in pH were presumably caused by the cracks that started forming in the columns of
concentrate during week 2. The formation of cracks resulted in different water retention times,
infiltration rates and sample saturation periods within the columns, thereby causing the weathering
process to be different in each column. This observation is consistent with that of Bouzahzah et al.,
(2012), where drying reduced the quantity of interstitial water available to sustain sulfide oxidation,
while long sample saturation times (due to water retention) also significantly reduced sulfide oxidation
rates due to reduced oxygen availability. From week 4 to 10 the pHs of the two leach solutions increased
both to 8, again indicating that the acid leach solution (pH=5) was responsible for the dissolution of
higher concentrations of acid-neutralisating minerals. There was less variation in the mean leachate pH
during this time, which can be attributed to the observed stabilisation of the cracks from week 4. This
resulted in less variation in the water retention times, infiltration rates, and sample saturation periods,
which suggest that the variation in the weathering mechanisms in each column was minimised.
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Fiqure 5. Mean weekly leachate pH for distilled and acid water tests.

Influence of temperature

Temperature is one the factors said to also have an influence on the weathering process in the literature
studies on the weathering of sulfide minerals (Zheng et al.,, 2017). The weathering tests in this study
were carried at room temperature thus, to evaluate the influence of temperature on the weathering of
the PGM concentrate an additional weathering test was conducted. An extra column was constructed
and wrapped with a heating tape connected to a temperature controller. A similar leaching procedure
was followed. The first weekly leach was performed with the column heated to 35°C and 20 ml of
leachate, with pH of 7.8, was collected from the first week leach cycle. During the second week the
temperature was increased to 40°C, but no leachate was collected as all the leach water evaporated,
while a solid crust formed at the top of the column of concentrate which reduced the water infiltration
rate. These results indicate that high temperatures will result in drying of the concentrate which will
reduce the quantity of interstitial water available to sustain oxidation of the sulfides.

Weekly leachate AAS results

The release of metal cations into the leachate is another indication for weathering of the concentrate.
The concentrations of the metal cations Cu, Ni, and Fe in the weekly leachate from the acid and water
tests were determined by using AAS, over a ten-week period. No copper could be detected in the
leachate, which infers that the dissolution of chalcopyrite was minimal. This agrees with studies that
evidenced that leaching chalcopyrite under ambient conditions is difficult and very slow due to surface
passivation (Watling, 2006; Watling, 2013). A small amount of nickel was found in the weekly leachate,
for both acid and distilled water tests (Figure 6). The dissolution of nickel into the leachate from week 4
onwards started to decrease steadily. A higher amount of nickel leached from the tests conducted at
pH=5 (5.56% Ni) vs. at pH=7 (3.46% Ni) over the ten weeks, which also confirms that the pH of water
has an influence on the simulated weathering process. The average total mass of nickel that leached
from the samples over ten weeks was 0.34 g and 0.21 g for the acid water tests and distilled water tests
respectively. Iron could also not be detected in any of the leachates over the ten-week period. This
observation can presumably be attributed to secondary mineral precipitation, which would be
consistent with the literature (Committee and International, 2018, Karlsson et al., 2010, Muniruzzaman
et al., 2018). During the weathering of pyrite, the Fe2* produced can further be oxidised to Fe3* which
can hydrolyse to ferric hydrous oxides. Therefore, instead of Fe2* leaching, the precipitation of ferric
hydrous oxide (FexH>O,) may have resulted. The expected Fe3*, and subsequent Fe;H>Oy4 that would
form, was calculated from the amount of nickel that leached from the pentlandite over the ten weeks
and by assuming a (Fes45Nis5)Ss stoichiometry for pentlandite. According to these computations 0.54 g
and 0.35 g Fe;H>O, formed in the acid and distilled water weathered concentrate samples respectively.
The weight percentages of these precipitates are below the XRD detection limit; hence it was not
reported in the XRD results of the weathered samples (Table V).
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Figure 6. Mean cumulative mass% Ni loading into leachate for the ten-week weathering period for the acid (pH=
5) and distilled (pH =7) water tests.

Both weathered samples contained significantly lower concentrations of chlorite and biotite (acid
neutralising minerals) as compared to the as-received concentrate (compare Tables IV and V). The
plagioclase concentration was lower in the pH5 weathered sample, while the hornblende concentration
was lower in the pH7 weathered sample. Both weathered samples also contained gypsum as a
secondary weathering product, which is a common phase that precipitates during the weathering of
rock (Vriens et al., 2019). It is assumed that Ca2* was released from plagioclase (in the case of the pH5
weathered sample) and hornblende (in the case of the pH7 weathered sample).

Characterization of the weathered concentrate

At the end of the weathering tests, the columns that had the lowest average leachate pH over the ten-
week weathering period were chosen from both acid and distilled water tests, dried at 40°C and
prepared for mineralogical characterisation. Both weathered samples contained significantly lower
concentrations of chlorite and biotite (acid neutralising minerals) as compared to the as-received
concentrate (compare Tables IV and V). The plagioclase concentration was lower in the pH5 weathered
sample, while the hornblende concentration was lower in the pH7 weathered sample. Both weathered
samples also contained gypsum as a secondary weathering product, which is a common phase that
precipitates during the weathering of rock (Vriens et al., 2019). It is assumed that Ca2* was released from
plagioclase (in the case of the pH5 weathered sample) and hornblende (in the case of the pH7 weathered
sample) through acid neutralisation reactions. The Ca2* then reacted with SO3~ which was produced
through the acid generating reactions of the sulfide phases, upon which CaSO4.2H>O precipitated.

Table 1. XRD analysis of weathered samples

Mineral Chemical formula Weathered Weathered
(pH=5) (pH=7)

Talc Mg35i4040(OH) 34.2 33.6
Enstatite Mg»5i,06 31.1 31.4
Plagioclase (Na, Ca) AlSi5Og 11.6 15.2
Chlorite (Mg, Fe, Al)s(Si, Al)4O10(OH)s 2.9 4.5
Augite (Ca, Na) (Mg, Fe, Al Ti)(Si,Al)20s 7.3 7.3
Gypsum CaS04.2H>,O 0.8 1.1
Hornblende Cax(Mg, Fe, AD)5(Al, Si)sO2(OH)2 2.6 0.7
Biotite K (Mg, Fe)3AISi3010(F,OH)2 - -
Chalcopyrite CuFeS; 2.7 2.3
Pentlandite (Fe, Ni)oSg 2.2 2.1
Pyrite FeS; 1.2 1.1




CONCLUSIONS

e Pentlandite present in the examined PGM concentrate weathered to a limited extent over the
ten-week period under the imposed laboratory conditions. This was verified by the low pH
leachates during week 2 of the accelerated weathering simulation tests, as well as the presence
of small amounts of nickel in the leachates.

e Acid-neutralising minerals in the concentrate (chlorite, biotite, plagioclase and hornblende)
weathered through dissolution. These acid neutralising minerals were present in larger
concentrations as compared to the sulfide minerals, therefore neutralising the acid generated
from the oxidation of the sulfides and causing the pH of the leach solutions to increase to 8.

e Weathering of the pentlandite and acid-neutralising minerals is enhanced at lower pH.

e Higher ambient temperatures do not necessarily enhance weathering, as higher temperatures
can simply lead to higher evaporation rates, which limit the oxidation of the sulfide minerals
and dissolution of the acid-neutralising minerals.

e From the laboratory-scale test work it can be concluded that PGM concentrate can weather
under pH conditions similar to that associated with rainfall. The extent of weathering will
however be limited if concentrate is only stockpiled for short periods of time.
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