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Highlights

o Significant concentrations of PGEs have been detected in processing wastewaters.

e Mining industry seeks efficient and affordable technologies for the recovery of PGEs.

e Performance of recovery techniques can be determined with predictive numerical
models.

¢ Numerical models can be coupled with parameter estimation software for accuracy.

e Thereis a need for the development of modelling databases comprising all the PGEs.
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Abstract

Platinum group elements (PGEs) are very important for the modern world, and they are used in many
applications due to their physical and chemical properties that cannot be found in other naturally
occurring elements. This means that the availability of PGEs now and in the future is very crucial.
However, research has indicated that PGEs are at the edge of becoming scarce due to gradually
depleting natural resources. This review reports on the recent techniques for the recovery of PGEs
from secondary sources. However, there is still a need for cheap and efficient methods and
technologies that can be applied at large scale. The need for PGEs speciation information especially in
adsorption and/or recovery studies is discussed. Speciation modelling codes (PHREEQC, Geochemist’s
workbench, MINEQL+, MINTEQA2 and WHAM) which can be used for this purpose are also discussed.
These models can be used for adequate predictive adsorption of PGEs in order to determine the
performance of the adsorbents beyond the available laboratory, pilot or real application data.
However, most of the PGEs are not included in the available databases used in the numerical models
hence, new databases should be developed, or the modification of the available databases will always
be a requirement in order to simulate PGEs accurately and successfully, under various conditions. To
automate the calibration of the models including calibration-constrained uncertainty analysis of the
models, parameter estimation (PEST) software which can estimate important parameters and

compute sensitivities of model outputs to parameters, can be coupled with the modelling codes.

Keywords: Platinum group elements; Recovery; Predictive adsorption; Numerical modelling;

Speciation modelling

1. Introduction

Platinum group elements (PGEs) viz platinum (Pt), palladium (Pd), rhodium (Rh), osmium (Os), iridium
(Ir) and ruthenium (Ru) are very important elements in the technologically developing world, due to
their unique physical and chemical properties (Merker et al., 2001). Research has shown that the

concentration of PGEs in earth’s crust is low hence they are also known as rare earth elements



(Savignan et al., 2021). Moreover, the PGEs reserves are found in few parts of the world including
South Africa (~63 000 tons), Canada (~300 tons), Russia (~*5500 tons), North America (~900 tons) and
Zimbabwe (~1200 tons) (Figure 1) (Pianowska et al., 2023). The average concentration of PGEs in ores
is currently known to be between 5 and 15 mg L. Most of the PGEs are found in magma ore deposits
which form during the cooling and crystallization of magma (Zientek and Loferski, 2014). The
ultramafic and mafic igneous rock ore bodies contain significant concentrations of PGEs (Berger et al.,

2013).
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Figure 1: Locations with rich PGEs deposits

The mining and smelting of PGEs from the primary ore is very challenging, resource intensive and
expensive due to the ore grade which typically has low concentration of PGEs and high content of
other elements including sulphides, base metals etc. (Saurat and Bringezu, 2008). This is why the
removal of PGEs from ores is a multi-step process. These steps consume large quantities of energy as
well as water and produces large amount of mining waste (Mwase et al., 2012). The number of steps
involved depend on the concentration of PGEs as well as the characteristics of the ore. For example,
in South Africa (Merensky Reef (Bushveld complex)), PGEs are physically separated from the ores using
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flotation to allow for the production of a mineral concentrate. The concentrate is dried and further
separated using pyrometallurgy at >1400°C, which results in a Cu-Ni-Fe-S matte. The Cu, Ni, Fe and
other elements except PGEs are leached from the matte using concentrated sulphuric acid in
autoclave under pressure (Van Schalkwyk et al., 2011). These steps are applied where PGEs are the
primary production. In some places such as Canada (Sudbury complex, Ontario) and Russia (north-
western Siberia (Noril’sk)), PGEs are by-products of nickel-cobalt and copper-nickel production,

respectively (Saurat and Bringezu, 2008).

The recovery of PGEs from waste has been given much attention in the last few decades due to their
high costs, almost indestructability, significantly depleting natural resources, and increased usage
resulting from the improvement of current and the discovery of new technologies (Kim et al., 2000;
Rao and Reddi, 2000). Thus, waste such as industrial wastewater, spent catalysts, electronic scraps
and used equipment as well as recycling jewellery have been given much attention. In 2011, more
than 20% of the supply of Pt, Pd and Rh came from secondary sources (Zientek and Loferski, 2014).
The existence and continuous supply of PGEs is critical since some of their important unique properties
cannot be found in other elements, which means that they cannot be replaced (Merker et al., 2001).
Therefore, extraction of PGEs from waste materials is becoming a very important way to close the gap
between the worldwide consumption and mining production. This paper summarizes PGEs properties,
uses, environmental issues, and typical waste stream recovery techniques with a special focus on

reviewing adsorption modelling techniques to predict potential PGEs removal from waste streams.

2. Properties and applications of PGEs

PGEs are ductile and are also known to have high mechanical strength, chemical stability, corrosion
resistance, oxidation resistance, catalytic activity, and excellent electrical properties (Kumar et al.,
2021; Sahu et al., 2023). As a result, they have been used in many fields including medicine (dental
implants, chemotherapy, orthopedic implants), industries (petroleum refining, nitric acid

manufacturing) and electronics (mobile phones, flat screens, hard discs) (Table 1). A significant portion



of PGEs is used in automotive catalytic converters since they are chemically stable and have good
selectivity (Figure 2). In 2021, about 39,4%, 84.7% and 90.6% of Pt, Pd and Rh, respectively, were used
in catalytic converters (Morcali, 2020; Matthey, 2021; Yang et al., 2023). A minimum of two PGEs in
low concentrations are used in catalytic converters. Thus, spent automotive catalysts are good
secondary sources of PGEs. There are active catalysts which can convert toxic exhaust gases to
products which are less toxic before they are released into the environment. These catalysts use PGEs
as active catalyst for this process. For example, nitrous oxide (NOx, x = 1,2,3) and carbon monoxide
(CO) are removed from the combustion residues by conversion to nitrogen and oxygen gas for NOx
and carbon dioxide for CO. The production of three-way catalytic converters which involve both
oxidation and reduction processes has increased so that more toxic substances can be converted to
other products before they are released into the environment (Liu et al., 2021). These converters have
replaced the two-way catalytic converters which cannot reduce nitrous oxide since it only deals with
oxidation processes. Thus, PGEs are very important and are required for environmental protection.

The concentration of PGEs in catalytic converters ranges from 50 to 1000 pg g.



Table 1: Major applications of the PGEs

Applications

Platinum Palladium Rhodium

Iridium Ruthenium Osmium References

Catalytic converters for

automobiles

Catalysts

Medicine

Jewellery

Glass manufacture

Fuel cells

Alloys

Electronics and electrical

components

X X X
X X X
X X
X X X
X X
X

X X X

Suoranta et al., 2015

Kettler, 2003; Liu et al.,
2004; Menegazzo et al.,
2007
X Suska et al., 2010;
Dowling et al., 2003;
Zhang et la., 2019; Gu et
al., 2023
Houghton and Greer,
2021

Couland et al., 1995

X Antolini, 2014;
Thompson et al., 2018
X Suska et al., 2010;
Dowling et al., 2003

X Kumar et al.,2021
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Figure 2: Applications of PGEs in different industries (Afreximbank Research, 2024)

The high melting point, temperature stability and corrosion oxidation resistance of PGEs also make
them good materials for catalysts and glass manufacture (Merker et al., 2001; Zientek and Loferski,
2014). Iridium is very dense and has high chemical and thermal stability. It is widely used in medicine
due to its biological compatibility. Ruthenium and osmium on the other hand are used mostly in
electrical and electrochemical industries due to their good conductive properties and durability.
Osmium is also widely used in forensic science (stain for fingerprints and DNA) and fuel cells. Other

properties of PGEs include high resistance to tarnish and chemical attack (Bossi and Gediga, 2017).

3. PGEs in the environment

When PGEs are used, they are not consumed but transferred from one manifestation to another thus,
they can be recycled and reused (Kim et al., 2000). This means that their environmental impact can be
reduced. However, some studies have indicated that PGEs can be released into the environment
during the deterioration of products containing PGEs (Sobrova et al., 2012). A study by Bossi and
Gediga (2017) indicated that as the surfaces of catalytic converters deteriorate and abrasion occurs
(i.e. end-of-life products), PGEs can be deposited alongside roadways and thus, increasing the

concentration of PGEs in the environment. The PGEs emissions are high in roads which normally have



high traffic density and places with low dispersion conditions. The emissions can also occur in
operating catalysts which are suddenly ruined by adverse operating conditions such as ignition and
excess heat (Bossi and Gediga, 2017). The bioavailability of PGEs is likely to result from different factors
that can affect their oxidation states. For example, PGEs in contact with organic compounds such as
fulvic acid, L-methionine acid, and humic acid as well as organisms such as bacteria, fungi and plants
can be bioavailable due to high oxidation states. In the absence of these compound and organisms,
PGEs remain in their chemically inert state (i.e. oxidation state of zero) and will not enter the

biogeochemical cycle (Sobrova et al., 2012).

The primary production of PGEs can release the elements into the environment through the
production wastewater (Bossi and Gediga, 2017). Rural, urban, and industrial areas and hospitals also
release PGEs into the environment through wastewater (Sobrova et al., 2012). The platinum
containing cytostatics (cisplatin [cis-platinum diaminedichloro (ll)] and carboplatin [diamine (1,1-
cyclobutanedicarboxylato) platinum (I)]) as well as other antitumor metallopharmaceuticals are
excreted from patients through urine and bile after successful operations (Ensslin et al., 1997; Sobrova
et al., 2012). Thus, the PGEs can migrate to drainages and finally to wastewater where they could end
up in the environment. Some of the waste from hospitals is used in agriculture and this increases the
chance of PGEs ingestion by humans and other organisms through eating affected crops, meaning that
the food chain can play a major role on the transfer of PGEs. Once in the systems of living organisms,
PGEs can become toxic especially when in contact with organic acids and microorganisms. PGEs can
be mobile in the environment when the conditions (soil pH, soil salinity, redox potential, and the
presence of complexing agents) are suitable (Sutherland et al., 2008). In some areas, groundwater is
used for drinking and domestic purposes without proper treatment, which could lead to increased
contact of PGEs with humans and livestock. Some studies have reported that the concentrations of
PGEs are increasing in waterbodies (sea, ocean, rivers, and groundwater). This is alarming especially
because PGEs can bioaccumulate thus, aquatic animals and other living organisms may be negatively

affected (Rosner et al., 1991; Essumang et al., 2008).



Hooda et al. (2008) determined the concentration of Pt, Pd and Rh in the soil near a roadside and
detected the highest concentration close to the road. The further the distance from the road, the
lower the concentration of PGEs, indicating that there are PGEs emissions from exhaust gases into the
soil. The study further reported that the concentration of PGEs in the soil decreased with soil depth,
which can be attributed to the slow migration of PGEs in the soil due to chemical inertness (Pt°, Pd°
and Rh°). Thus, the properties of the soil play a very important role on the migration and bioavailability
of PGEs. When the soil conditions are favourable, PGEs can migrate to groundwater, increasing their
accessibility and the probability of reaching living organisms especially in areas where groundwater is
used for domestic purposes and agriculture. PGEs in the soil can also accumulate in plants through the
roots and migrate to biologically active substances which are rich in sulphur. The high concentration
of PGEs was detected in plant roots and less, but significant concentration was detected in the stems
and the leaves (Sobrova et al., 2012). The phytotoxicity of PGEs depends on the concentrations of the
elements, speciation, time of exposure and characteristics of the soil wherein the plants are found
(Sobrova et al., 2012). Gagnon et al. (2006) studied the effect of soluble salts of 0.1, 1 and 10 mg L
Pt*, Pd?>* and Rh3* on Sphagnum magellanicum plants and found that the height of the plants
decreased in the presence of PGEs especially at high concentration (10 mg L?). The bioaccumulation
of the PGEs in the plants was also studied and the results showed that the concentration was high in
plant tissue. The highest effect was observed at high concentrations where, brown-yellow lower parts
were observed due to damaged tissue and decomposition of chlorophyll. Moreover, the plants did not

increase in growth during the exposure period (Gagnon et al., 2006).

Some studies researched on the potential effects of PGEs on living organisms using rats. The results
from the studies indicated that PGEs can lead to DNA damage, enhanced immune response,
nephrotoxicity, the reduction of the monocytes, hypertrophy abnormalities in the three zones of the
adrenal cortex, the enlargement of white pulp in the spleen, the reduction in leukocyte production
and shrinkage of glomeruli in the kidney (Gagnon et al., 2006; Sobrova et al., 2012; Newkirk et al.,

2014; Zhang et al., 2022). These studies indicate that PGEs can have negative effects on living



organisms including possible effects on humans. Given this, the reduction of PGEs in the environment

through recycling is a way to reduce exposure that can harm human health and the environment.

4. Current recovery techniques for PGEs

PGEs are mainly used in automotive catalytic converters hence they are known as the main secondary
sources (Figure 2). Thus, technologies and methods of recovery should be highly concentrated on
extracting PGEs from these sources. The recovery of PGEs from catalytic converters needs smart
technologies since they are present in very small quantities. Therefore, highly selective and efficient
extraction techniques are required, as reviewed below. It is important to note here that the
techniques described in this section are those which have been published. It is highly likely that the
PGEs industry has its own developed, efficient methods which they employ to maximise recoveries,

but these are not publicly available due to competitive advantage.

4.1. Recovery of PGEs from automotive catalytic converters and control catalysts

Research on the recovery of PGEs from waste has been conducted and many recovery techniques and
methods have been discovered. This is also important since mining on its own does not produce
enough supply due to high demand (Shaffer, 2015). The current concentration of PGEs in spent
catalytic converters has been reported to be 100 times more than in natural ores hence, the
importance of recycling. After 160 000 km automotive converters lose more than 25% of their initial
efficiency and once, they have reached their lifetime, they are taken to recycling facilities (Diac et al.,
2020). The traditional methods used for recovery use large amounts of energy and release significant
amount of pollution in the environment. Thus, the need for new methods and techniques that can
recover significant amounts of PGEs with less energy and minimum waste production. This section
focuses on recently developed techniques for the recovery of PGEs from spent automotive catalytic

converters (Table 2).
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4.1.1. Polymer inclusion membranes

Polymer inclusion membranes (PIM) have been found to be effective for the recovery of PGEs from
spent automotive catalytic converters. As a result, many studies involving PIM have been conducted
(Table 2). For example, Fajar et al. (2021) used PIM with an ionic liquid carrier (trioctyl(dodecyl)
phosphonium chloride (Psss12Cl)) for the recovery of Pt*, Pd** and Rh3* from a spent automotive
catalyst leachate solution. Two membranes were developed, one was an isotropic dense membrane
(ID-PIM) and the other one was anisotropic porous membrane (AP-PIM). The results showed that
more than 90% of Pt** and Pd?* could be recovered from the leachate solution by both membranes.
However, ID-PIM poorly (~10%) recovered Rh** and, AP-PIM could only recover about 50%. At a higher
temperature (35°C) more than 65% of Rh3 was recovered by AP-PIM. PIMs which contain
trioctyl(dodecyl) phosphonium chloride ionic liquid have a potential to significantly recover PGEs from
automotive catalysts. These membranes are greener and less expensive for PGEs recycling (Fajar et

al., 2021).

4.1.2. Hydrometallurgy

Hydrometallurgy has been widely used for the recovery of PGEs. Méndez et al. (2021) used
hydrometallurgy to treat spent automotive catalytic converters. Hydrochloric acid (HCI) and calcium
chloride (CaCly) were used as leaching solutions and thiodiglycolamide derivative was used for solvent
extraction (SX). The main aim was to develop a treatment that would lead to high recoveries of Pt with
minimum aluminium (Al) dissolution to facilitate the application of solvent extraction. Al was
considered as a significant impurity due to its high content in catalytic converters and the likelihood
of having a negative impact on the solvent extraction separation process. High acid concentrations
dissolve Al which is present in oxide form in the wash coat of the spent automotive catalytic
converters. Soluble CaCl; salt was added to replace HCl so that there could be high solid/liquid ratio

leading to less Al dissolution. This then led to high selectivity towards PGEs over other impurities.
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Hydrogen oxide was used in this study as an oxidant precursor and the general chemical reaction of

the leaching of Pt from spent catalysts can be expressed as (Méndez et al., 2021):

Pt® + 4H* (aq) + 6Cl~(aq) + H,0,(aq) = [PtCl]*>" (aq) + 4H,0(aq) (1)

More than 80% of Pt was leached with minimum leaching of Al due to the addition of chloride salt
which decreased the acid concentration in the leaching phase. 8 M HCl/2 M CaCl, was found to be the
best acid/salt combination (Méndez et al., 2021). Even though this study focused on the recovery of
Pt, it is believed that other PGEs could be selectively removed by the same process. Table 2 shows

that hydrometallurgy can significantly recover PGEs simultaneously.
4.1.3. Solvometallurgy

Solvometallurgy which is a non-aqueous solution process, is a recently developed and recognised
extractive metallurgy technique for the recovery of PGEs from spent catalysts (Binnemans and Jones,
2017; Lanaridi et al., 2022). Nguyen et al. (2020) used the process for the recovery of Pt, Pd and Rh
from spent automotive catalysts. The solvating properties of a system change significantly due to the
absence of a water phase, and this allows for selective recovery of elements. For example, oxidative
leaching can be used for selective dissolution of elements in organic solvents. This study used FeCl; or
CuCl; oxidizing agents for leaching and dimethyl sulfoxide (DMSO) or acetonitrile (CHsCN) as organic
solvents. These solvents were used because they can be cheaply produced in large quantities with the
possibility of regeneration and low toxicity. The experiments were conducted at different conditions
such as temperature, leaching time, oxidizing agent concentration, and solid-to-liquid ratio. Non-
aqueous solvent extraction (NASX) was implemented using FeCls in CHsCN to dissolve the spent
catalyst, and the resulting leachate was evaporated to dryness where CH3CN was recovered. Other
combinations i.e., CuCl,/CH3CN, FeCls/DMSO, and CuCl,/DMSO were also considered. A different
organic phase i.e., DMSO was used to dissolve the solid from drying. The results from the study
indicated that FeCls/CHsCN was the best combination for the recovery of PGEs. The elements were

selectively recovered by dissolution and 0.01 mol L FeCls/CHsCN recovered Pd whereas 0.03 mol L
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FeCl3/CHsCN significantly recovered Pt and Rh. More than 90% of PGEs were recovered. After
recovery, CHsCN was regenerated by distillation (Nguyen et al., 2020). Thus, solvometallurgy is a

promising technique for the significant recovery of PGEs from spent catalysts.

4.1.4. Leaching with organic acids

de Oliveira Demarco et al. (2020) came up with a new process that can recover PGEs from spent
automotive catalysts. The process involves mechanical processing followed by heat treatment and
leaching. The extraction of PGEs was achieved using HCl and co-extractants viz malic, formic and citric
acids in order to reduce the effect of acids with adverse environmental effects. The idea of using
organic acids was motivated by the fact that they are less corrosive and are considered
environmentally friendly. Strong acids such as HCl and HNOs and H,SO, are very efficient when it
comes to leaching elements however, the emission of harmful substances such as Cl,, SO; and NOy is
highly probable. HCl has been used for the extraction of PGEs but, large quantities of the acid at high
concentrations must be used in order to achieve high extraction efficiency. This process is not ideal
for large scale application since the acid is expensive and the process is not environmentally friendly.
The co-extractants were tested individually with HCI. The role of extraction time, concentration of
acids and solid-to-liquid ratio was investigated. The leachate solution was separated from the solid
material through filtration. More than 90% of Pt and Pd was recovered using 6 M HCI with solid-to-
liquid ratio of 1:30, 90°C temperature and 20% (v/v) citric acid. The study found that the addition of
citric acid can significantly reduce the concentration of aggressive and corrosive acids which are
normally used for the recovery of PGEs (Oliveira Demarco et al., 2020). Thus, the addition of organic

acids on the leaching of PGEs can be a cheaper and environmentally friendly process.

4.1.5. Liquid-liquid extraction

Liquid-liquid extraction, a hydrometallurgical route, has been used for the recovery of PGEs from spent
catalysts (Table 2). For example, llyas et al. (2021) used liquid-liquid extraction for the separation of

Pt**, Pd?* and Rh3 from exhausted catalytic converters. Equal volumes (4 mL) of the PGEs and the ionic
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liquid were used. HCl was used as a leach solution wherein an undiluted phosphonium-based ionic
liquid called Cyphos IL 101 was used. After the equilibration time, the aqueous and the organic phases
were separated using centrifugation and the raffinate was analysed for the concentration of PGEs. The
results showed that 30 min contact time was enough for the extraction of more than 99% of Pt** and
Pd?* in the form of [PtCls]?~ and [PdCl4]?, respectively at 25°C. However, the extraction of [RhClg]* was
less than 25%. Higher temperatures led to the reduction of the extraction of PGEs. Even though the
extraction of some of the elements was high, the cost of the whole process would be high since equal

amounts of the ionic liquid and raffinate would be required.

4.1.6. Pyrometallurgy

Pyrometallurgy which involves the heating of spent catalysts at very high temperatures has been used
for the significant recovery of PGEs from the catalysts (Peng et al., 2017). A study by Liang and Qu
(2023) used pyrometallurgy to recover PGEs (Pt and Pd) from spent volatile organic carbons (VOCs)
control catalysts. Metallurgical dust from iron and steel metallurgical factory was also considered as
it forms part of environmental pollutants which pose a serious threat to living organisms including
human beings. The iron-bearing metallurgical dust was used for recovery since studies have indicated
that metallic iron can capture PGEs. This is known as one of the cheapest ways to recover PGEs
because there is large amount of steel metallurgical dust which is freely available. Thus, pollution
reduction and resource recovery were combined for efficiency enhancement. Pyrometallurgy method
was used at high temperatures (1350 — 1550°C) so that PGEs could migrate from the slag matrix to
iron droplets. The resulting waste slag was separated into valuable materials to minimize waste.
Strong acids or alkali were not used so that this becomes a cheap and non-toxic process. Metallurgical
coke (0-20 wt %) was used for metal reduction during the pyrometallurgy process and generated high
amount of CO, which was used during the precipitation method as an alternative for an acid. This
helped achieve low emissions of carbon. The study led to iron-PGEs alloy in high yield with 1764 g ton"

1 Pt and 3297 g ton Pd. This was achieved under pyrometallurgical conditions under 1 h of contact
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time. The study finally concluded that a net profit of ~$17/kg of iron-PGEs alloy can be gained by

treating waste with waste (Liang and Qu, 2023). Other studies involving pyrometallurgy are shown in

Table 2.

Table 2: PGEs recovery techniques from automotive catalysts

Technique

PGEs and recovery efficiencies

References

PIM containing an ionic liquid carrier
PIM with Tris(2-ethylhexyl) Phosphate
PIM with a 1-alkyltriazole matrix

PIM doped with alkylimidazoles

PIM containing an lonic Liquid Metal
lon Carrier

Hydrometallurgy

Hydrometallurgical extraction
Single-Step hydrometallurgical
method

Hydrometallurgy

Hydrometallurgy

Organic acids and organic extractants
Phosphonium-based ionic liquid

lon exchange

XUS 43600.00

Lewatit M+ MP 600

Purolite S985

Pt*, Pd?*and Rh3* (>95% for all elements)

Pd2* (90%)
Pd2* (98%)
Pd2* (87%) and Pt2* (15%)

Rh3* (70%)

Pt** (90-98%), Pd** (99%) and Rh** (70-

96%)

Pt**, Pd?* and Rh3* (>95% for all elements)

Pt** (>99%), Pd?* (92%) and Rh3* (>60%)

Pt** (96%), Pd?* (98%) and Rh3* (86%)
Pt**(>99%), Pd** (>45%)
Pt* and Pd?* (>85% for al elements)

Pd?*(99%), Rh* (95%)

Pt** (>99%), Pd?* (>99%) and Rh** (>75%)

Pt* (>97%), Pd?* (>91%) and Rh** (8%)

Pt* (>81%), Pd** (>58%) and Rh*" (>87%)

Fajar et al., 2020

Monroy-Barreto et al., 2021
Radzyminska-Lenarcik et al., 2021
Radzyminska-Lenarcik et al., 2022

Hanada et al., 2020

Paiva et al., 2022

De Aberasturi et al., 2011

Yakoumis et al., 2020

Yousif, 2019
Rzelewska-Piekut et al., 2021
Wiecka et al., 2022

Firmansyah et al., 2019

Nikoloski et al., 2015
Nikoloski et al., 2015

Nikoloski et al., 2015
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Liquid—liquid extraction in chloride Pt* (>99%) Marinho et al., 2010
medium

Liquid-liquid extraction with Pt** (>99%) Pd** (>95%), Ru®** (>80%) and Rzelewska-Piekut and  Regel-

phosphonium ionic liquids Rh3* (<6%) Rosocka, 2019

liquid-liquid extraction wusing tri- Pt* (97%) and Rh3* (<21%) Jaree and Khunphakdee, 2011
octylamine

Liquid-liquid extraction using tri-iso- Pt* (98%) and Rh3* (36%) Lee et al., 2009

octylamine

Pyrometallurgy Pt* (>98%) and Pd2* (>98%) Ivanovié et al., 2011
Pyrometallurgy Pt** (>98%) Liu et al., 2019

4.2. Recovery of PGEs from wastewater

During the processing of PGEs in mining sites, large amount of wastewater is released. The wastewater
has been tested for the concentration of PGEs and low but significant concentration of PGEs has been
detected and the amount is appreciable enough to warrant recovery. About $1.7 billion which is
roughly 10% of the total market value is lost annually by the PGEs mining industry and recycling
facilities due to the elements in wastewater (Lusk et al., 2018). Therefore, salvaging PGEs from
wastewater will help the mining industry and other industries using PGEs in gaining profit from the
waste they produce. The wastewater released depends on the type of ore mined. In the Merensky
reef, some of the PGEs are sulphides i.e. braggite (Pt,Pd)S, cooperite (PtS) and laurite (RuS;) (Korges
et al., 2021; Makvandi et al., 2021). Platinum is also found in Pt-Fe alloy, arsenide (PtAs;) and telluride
(PtTe;). Norilsk Mining Company in Russia is one of the biggest producers of PGEs in the world. The
PGEs in this region are normally found in sulphide copper-nickel ores (Bond and Levine, 2001). Thus,
PGEs wastewater from different regions will contain different elements with varying concentrations.

Several studies focusing on the recovery of PGEs from aqueous solutions including processing
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wastewater have been conducted, as discussed below. The presence of some inorganic species such
as sulphates, cyanides, chlorides and other metals make it difficult for adsorbents which are either
natural or synthetic to be selective for PGEs due to competition for binding sites. Moreover, PGEs in
wastewater may be in different speciation which are not suitable for adsorption or in forms that make

them less selective.

4.2.1. Treatment technologies

Mack et al. (2011) investigated the use of immobilised yeast Saccharomyces cerevisiae on the recovery
of PGEs from refinery wastewater. Polyethylenimine and glutaraldehyde were used as adsorbent beds
since they can be functionalised with the yeast. The results from the study indicated that only 40%
was in the form suitable for adsorption and the highest uptake was observed at pH less than 2.
Lagerstroemia speciosa biomass modified by polyethylenimine (PEI-LS), a low-cost and eco-
friendly biosorbent was developed for the recovery of Pt** from the acid-leached spent catalyst
solution and refinery wastewater (Garole et al., 2018). The results of the study indicated that the
uptake was spontaneous and more than 120 mg g* (>90%) of Pt?* can be removed from the solutions.
The study further showed that the biomass can be reused up to four cycles. Won et al. (2010) also
used polyethylenimine attached onto the surface of inactive Escherichia coli biomass for the recovery
of Pt* from an industrial laboratory wastewater. The recovery of Pt** was found to be 21.4 mg g and
108.8 mg g with raw biomass and modified biomass, respectively. Saccharomyces cerevisiae waste
biomass from the brewery fermentation industry was used for the removal of Pd?*, Ir**, Pt** and Rh3*
aqueous solutions (Oke et al., 2014). Some of the byproduct was treated with NaOH and ethanol to
improve efficiency. The biomass treated with ethanol performed better the raw and NaOH treated
biomass. The removal percentage was >95%, ~90%, ~60% and >45% for Pd?**, Pt*, Ir** and Rh%,

respectively over five cycles.

Currently, large amount of cyanide is released into the environment due to different processes such

as metallurgy (heap cyanidation method), electroplating and many chemical industries hence some
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wastewater has significant amount of cyanide which can form complexes with a number of elements
such as Co, Mg and PGEs. Chen et al. (2021) developed a novel quaternary ammonium-functionalized
Zr** metal-organic resin (MOR) (H16[Zrs016(MPATP),]Clg-xH,0, MPATP = 2-((1-methylpyridin-1-ium-2-
ylmethyl)amino)-terephthalic acid) (MOR-2-QAS) that can capture Pt>* and Pd?** in a solution
concentrated with cyanide. The results showed that more than 90% of PGEs could be removed by
MOR-2-QAS. In the presence of cyanide, the PGEs exist as Pt(CN)s>~ and Pd(CN)4>~ hence these were
the species of elements which were removed. Also, the study indicated that more than 90% of the
PGEs could be removed from the adsorbent after three desorption cycles. Dialdehyde carboxymethyl
cellulose cross-linked chitosan (Ch-DCMC) was used for the recovery of Pt and Pd from aqueous
solutions (Asere et al., 2019). The Ch-DCMC was developed keeping in mind that the concentration of
PGEs in industrial effluents is very low. Moreover, these effluents are normally acidic with high
concentration of base metals thus, a cross-linking step was added to ensure the chemical stability of
the adsorbent. About 80 and 89 mg g* could be removed from the solution with an adsorbent dose of
1 g LY. A recent study addresses the use of a newly developed cheap and efficient adsorbent known
as chitosan/citric acid@diatomaceous earth-sugarcane bagasse (CTS/CA@DE-SBS) for the adsorption
of Pt* from wastewater (Yang et al., 2024). The study assessed the performance of the adsorbent at
different conditions including pH (1-9), adsorbent dosage (10-50 mg), initial solution concentration
(10-150 mg L) and contact time (30-660 min). The study indicated that pH has an influence on the
speciation of Pt** and the charge of the adsorbent. The point of zero charge was found to be 4.3, where
a positive surface charge was observed below this pH. The Pt ions are surrounded by negatively
charged ions, resulting in overall negatively charged platinum species were better adsorbed at acidic
pH. The amount of adsorbent used also had an influence of the adsorption rate of Pt. the adsorption
efficiency increased as the adsorbent amount increased from 10 mg (23% efficiency) to 50 mg (86%
efficiency). This is because, the amount of adsorption sites increases with increasing adsorbent
amount. The uptake of Pt was inversely proportional to initial concentration due to the limitation of

adsorption sites. Moreover, the highest uptake was achieved beyond 500 min. The optimum

18



conditions of the study were concluded to be 30 mg adsorbent, 50 mg L initial concentration, pH 3

and contact time of >500 min.

The adsorption of Pt*, Pd** and Rh3" from diluted HCl solutions by magnetic Fes0,4 nanoparticles was
studied by Uheida et al. (2006). Fes04 nanoparticles were used due to large surface area and high
surface reactivity. More than 90% of PGEs were adsorbed within 60 min of contact. To elute the PGEs
from the nanoparticles, 0.5 mol L' HNO3 was used. Mosai and Tutu (2022) investigated the recovery
of Pd?, Rh3 and Ir** from aqueous solutions using 3-aminopropyl(diethoxy)methylsilane (APDEMS)
modified bentonite and found that the maximum recovery was achieved at pH 2 due to speciation. At
pH 2, [PdCl4]%, [RhCls])* and [IrCls)* were the dominant species of Pd?*, Rh3* and Ir®*, respectively. More
than 95% of PGEs were recovered in the presence of competing ions (Fe3*, Co¥, Ni?*, Ca?*, Mg*, K*,
Au*, Hf* and Zn?"). As pH increased, the speciation of the elements also changed and was less
favourable for adsorption. For example, the precipitate Pd(OH), was the dominant species of Pd
beyond pH 4.5. Mosai et al. (2020) functionalised bentonite with brewer’s yeast waste to recover Pt*,
Pd?*, Rh3 and Ir®. The results indicated that brewer’s yeast has active sites that can selectively capture
PGEs from aqueous solutions. In the presence of competing ions, the recovery of Rh®" and Ir®*
decreased by 17 and 57%, respectively, as a result of the limitation of active sites. Thus, in order to
significantly recover PGEs, a process that can remove competing ions should be applied first before
recovery. This will also ensure that the desorption process becomes more efficient, fast and cheap.
The presence of other ions such as Fe* can be beneficial for the recovery of Pt and Pd due to the

possibility of the adsorbent-Fe-(Pd or Pt) synergistic effect.

A recently new and environmentally friendly method known as iron electrocoagulation (Fe-EC) was
used for the extraction and recovery of PGEs from aqueous wastewater (Dai et al., 2023). During the
Fe-EC process, flocculants are produced through in situ adsorption, and this leads to continuous and
spontaneous recovery of elements from aqueous solutions. Iron anode is used during the process and

when the electric current is applied, Fe?* ions are produced which are hydrolysed and polymerised to
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form iron hydroxide flocs. The generated flocs have the ability adsorb PGEs and reduced them to

elemental forms by Fe(OH),. The selectivity of the process for PGEs over other elements such as Mg,

Ni, Mn and Zn which may be present in aqueous solutions is due to the fact that PGEs have high

electronegativity and standard reduction potentials hence high extraction ability. The obtained solid

flocs with PGEs were dried dissolved in 4 mol L nitric acid with solid-to-liquid ratio of 1:50. The

resulting product was heated for 2 h in order to come up with an acid wash solution which contain

precipitates of PGEs. The PGEs were recovered using an organic membrane which was dried to obtain

the PGEs. The results indicated that Fe-EC was able to extract >81.2, 81.3 and 99% of Pt, Pd and Rh,

respectively. High purities (>97%) of PGEs were obtained after washing and filtration (Dai et al., 2023).

Other technologies/methods used for the adsorption of PGEs are provided in Table 3.

Table 3: Some adsorbents used for the recovery of PGEs from wastewater at different conditions.

Adsorbent pH Initial Other conditions Adsorption Reference
concentration capacity (mg g?)
(mgL?) and/or adsorption
efficiency
Marine macroalga, Ulva 7.9-8.4 0.01 Contact time (up to Pt* (95%) Turner et al.,
lactuca 100 h) Pd?* (80%) 2007
Rh3* (40%)
Saccharomyces 3 (opt.) 0.1-10 Pt** (90.4%) Oke et al., 2014
cerevisiae waste biomass 10 mg L (opt.) Pd?* (96.7%)
from brewery Rh3* (79.9%)
fermentation industry Ir* (81.7%)
Fungi Aspergillus sp. 0.5-11 0.01-20 Contacttime (5—1440 Pt* (90.7%) Godlewska-

2 (opt. for Pt)

min) (opt. 120 min) Pd?* (93.7%)

Zytkiewicz et al.,

2019
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chitosan/citric
acid@diatomaceous
earth-sugarcane bagasse
I-lysine modified
crosslinked chitosan resin
Glycine modified

crosslinked chitosan resin

Thiourea-modified

chitosan microspheres

Amberlite IRA 400J CL

resin

Amberlite IRA 400J) CL

resin

3.5 (opt.

Pd)

3 (opt.)

1-10

1-11

2 (opt.)

2 (opt.)

0.5-4

4 (opt.)

1.5

for

10-150

10-400

50-500

10-400

1000

From
automotive
catalytic

solution

Adsorbent dosage
(0.025 to 0.5 g) (opt.
0.1g)

Contact time (30-660
min), adsorbent mass
(10-50 mg) and
competing ions
Contact time (6-420
min) and temperature
(30-50°C)
Contact time, ionic
strength (0-0.1 mol L
NacCl)

Contact time (0-350),
temperature (298-
328K)

Contact time (30-240

min) and competing

ions

Pt* (83%)

Pd* (80%)

Pt** (129.26)

Pd2* (109.47)

Pt* (122.47)

Pd2* (120.39)

Pt** (129.9, >97%)

Pd2* (112.4 >97%)

Pt2* (188)
Pd2* (184)

Rh®* (13)

Pt (57.41%)
Pd2* (67.53%)

Rh3* (19.51%)

Yang et al., 2024

Fujiwara et al.,

2007

Ramesh et al,,

2008

Zhou et al., 2009

Gandhi et al,,

2015

Gandhi et al.,

2015
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Amberlite IRA 411 resin 1.5

Weak-base anion
exchanger

diethylaminoethyl

cellulose

3- 2-9
aminopropyl(diethoxy)m 2 (opt.)
ethylsilane (APDEMS)

functionalised bentonite

Fe3;0,@PEG@Cyphos® IL Acidic

101

Localized Triethylamine- 0-6
Based Poly(lonic Liquid)
0 (forlr)

Iron-electrocoagulation 6

1 (for both Pt)

From
automotive
catalytic
solution

5 (for Pt and
Pd)

0-20000 (other

ions)

0.5-10

2 (opt.)

2.5x10°8 -

1.5x107 mol L?

20-1400

Contact time (0-1440

min), competing ions

Adsorbent mass (50-
500 mg), contact time
(0 — 360min) and
competing ions
Contact time (5-60
min), adsorbent mass
(5-50 mg), ionic liquid
content, ionic liquid
structure

Contact time (2-120

min)

Pt2* (55.42%) Gandhi et al.,
Pd?* (66.51%) 2015

Rh3* (16.98%)
Pt** (32.57, 96%) Mpinga et al.,

Pd?* (36.86,98%) 2018

Pd?* (>99%) Mosai and Tutu,
Rh3* (>95%) 2022

Ir3* (>85%)

Pt* (>98%) Mokhodoeva et
Pd?* (>99%) al., 2020
Pt?* (315, 94.94%) Zhang et al,,

Pt* (264,97.52%) 2023
Ir** (194, 59.17%)
Pt* (81.26%) Dai et al., 2023
Pd2* (81.32%)

Rh3* (99.66%)
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Research focusing on the recovery of PGEs from the automotive industry is also required. Most studies
as indicated previously, focus on the recovery of PGEs from spent catalyst however, research on the
recovery of the elements from wastewater released during the manufacturing of automobiles will also
be of high importance since the concentration of PGEs especially Pt, Pd and Rh might be significant.
China, Europe, Japan and North America are the main consumers of PGEs as they have the dominant
automotive markets. Thus, new research on the development of techniques and methods that can

target PGEs in wastewater from the automotive industries can focus on these regions.

4.2.2. Significance of including competing ions when testing the efficiency of adsorbents

It is important to include competing ions when investigating the potential of adsorbents to recover
PGEs since they are never found in isolation. Therefore, studies using synthetic solutions should also
include other elements and species that are normally found with PGEs in wastewater. Some studies
have reported that their adsorbents can recover significant amounts (>70%) of PGEs without
considering the effect of other ions on adsorption (Uheida et al., 2006; Zhou et al., 2010; Vidal Treber
et al., 2024). On the other hand, some studies have indicated that the presence of competing species
can reduce the adsorption of elements even if the adsorbents contain functional groups that are
selective for PGEs over other elements (Mosai et al., 2020). Moreover, the developed adsorbents
should be tested in real wastewater since certain adsorbents have been observed to perform very well
in synthetic solutions but not as efficient in real solutions. This is because real wastewater is very
different from synthetic solutions since, they normally have high ionic strengths and may also contain
other species such as organic and inorganic species which are not considered in synthetic solutions.
Other conditions such as pH, temperature, concentration of competing ions also play a major role on
adsorption. As mentioned before, the concentration of PGEs in wastewater is usually very low whilst
other elements may be in very high concentration, thus, designed materials for adsorption should
consider this fact. The loading capacity or adsorption capacity of adsorbents should also be taken into

consideration. Loading capacity is known as the quantity of an adsorbate or the number of ions that
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are captured by the adsorbent per unit mass of the adsorbent (Chen et al., 2001). This is based on the

number of active sites on the adsorbent.

4.2.3. Active groups for the adsorption of PGEs

The recovery of PGEs using different adsorbents has been investigated and the studies show that
specific functional groups are responsible for the uptake of the elements. Different instruments such
as Fourier transform infrared spectroscopy (FTIR), X-ray fluorescence (XRF) and scanning electron
microscopy (SEM) are used to determine the groups present in adsorbents however, FTIR is normally
used to identify the functional groups in adsorbents. Most adsorbents used for the uptake of Pt and
Pd consist of amine functional groups which can interact with PGEs. Asere et al. (2019) used
dialdehyde carboxymethyl cellulose cross-linked chitosan for the adsorption of Pd and Pt and found

that the amine group was responsible for the uptake of the elements.

5. Speciation modelling of PGEs

There are many recent studies dealing with the adsorption of PGEs from aqueous solutions however,
there is often lack of speciation information (Asere et al., 2019; Chen et al., 2021; Dai et al., 2023).
Speciation information is crucial since, the performance of some recovery techniques including
adsorption, depends on the speciation of the elements. Some studies only specify the oxidation state
of the elements that are considered e.g. Pd?*, Rh®* or Ir**, but not the actual speciation. Moreover,
some elements can have more than one oxidation state due to certain solution conditions or quality
(Florence et al., 1992). The lack of speciation information at the different conditions considered in the
adsorption process can have serious consequences. For example, in certain conditions, such as less
acidic or alkaline pH, elements can precipitate out of solution which, can sometimes be mistaken for
adsorption, meaning that the obtained results may not be a representation of the performance of
adsorbents (Verma et al., 2018). Other factors such as concentration of elements, competing ions and
seasonal variations (i.e., temperature) can affect the speciation of analytes such as PGEs and

consequently, their adsorption (Davis et al., 2020; Serbin et al., 2017).
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Without the speciation information, the actual amounts of PGEs which are supposedly recovered
using adsorbents and the adsorption capacity may not be accurately known. Knowing the speciation
of analytes and of competing ions at different conditions will also help with identifying elements that
can be removed before the recovery process e.g., precipitation, so that the adsorption efficiency can
be maximized. To get the speciation information of analytes, the elements in the solution under
consideration must be identified thus, instruments such as inductively coupled plasma optical
emission spectroscopy (ICP-OES), inductively coupled plasma mass spectroscopy (ICP-MS) and ion
chromatography should be used to measure the presence and concentrations of metals and ions,

respectively. Other factors such as pH, redox, temperature and alkalinity should also be measured.

Speciation in different solutions can be determined in situ using analytical techniques but, they often
take time and are costly (Sigg et al., 2006). There are different speciation modelling techniques such
as PHREEQC, Geochemist’s workbench, MINEQL + and MINTEQA2 which can be used to determine the
speciation of elements in solutions, discussed below (Parkhurst and Appelo, 1999; Kocaoba and Akcin,
2002; Cloutier-Hurteau et al., 2007; Magu et al., 2016). Table 4 provides some of the advantages and
limitations of the models. These programs do the same basic calculation and follow the same
procedure: 1) the input data is specified, 2) a thermodynamic database is selected and 3) the
speciation is calculated. Given the same data set, any differences in output are mainly dependent
upon the database being used (Haase et al., 2016; Lu et al., 2022). The subsequent sections discuss
variations between computer programs. The best database to use is the one with all the important
elements and is used to define static data for the thermodynamic model. The different valance states
of the elements must be included in the databases so that that the best results can be obtained
(Parkhurst and Appelo, 1999; Parkhurst and Appelo, 2013). Also, all the possible major species that
can be formed when the elements of interest interact with other elements in the wastewater e.g. the
interaction of PGEs with chlorides, sulphates or hydroxides. The different computer modelling
programs can estimate the major and minor species of elements depending on the quality of the

solution. When the major species of elements are known, it will be easy to develop recovery

25



techniques since speciation plays a major role on the behaviour and performance of techniques such
as adsorbents. Also, by changing conditions such as pH and temperature, the computer programs can
provide the speciation of the elements based on the specified conditions. Thus, the user will be able
to see how changing different conditions affect the speciation. This is important because wastewater
keep on changing in pH, concentrations of elements, temperature and so forth. As indicated some
conditions can affect the speciation and consequently, the performance of recovery techniques hence,
knowing speciation is critical. In certain conditions, some elements precipitate out of the solution and
when the speciation is not considered, one can think that the recovery technique is performing well
in removing PGEs from solutions when it is not the case. Also, some of the species of PGEs may be in
speciation form that is not suitable for adsorption onto the adsorbent but this cannot be known unless
a simulation using geochemical models is done or experiments which could be very expensive.
Knowing speciation of elements can also help with developing suitable adsorbents for recovery in
specific wastewater. As mentioned previously, different regions or mines produce different qualities
of wastewater, which may require unique treatment strategies. Thus, developed adsorbents for the
recovery of PGEs from wastewater are not universal as some studies may claim (Yabe and de Oliveira,

2003; Chaudhuri et al., 2023).

Table 4: Some advantages and limitations of the models under consideration

Model Version Advantages/ capabilities Limitations Reference
PHREEQC 3.7.3 Equilibrium reached through the High ionic strength solutions Parkhurst and
adjustment of the concentration of the cannot be modelled accurately, Appelo, 2013
element at a specified phase, various there is not internal consistency in
concentration units of different elements the data of the different
can be used in the same solution, databases,

combinations of solutions and gas phases
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Geochemist’s

workbench

MINEQL+

MINTEQA2

WHAM

17.0.1

5.0

4.03

are possible, can perform 1D and batch
reaction calculations.

Good graphical user interface, can calculate
stability diagrams, can produce speciation
diagrams at various pH, can change units on
the data sheet, equilibrium temperature
can be calculated when the activities of the
elements and the fugacity of the gas are
known, determine the minerals formed
Can be used for solutions with low (0 mol L
1) to moderate (<0.5 mol L) ionic strength,
better problem visualisation and output
management

Extensive thermodynamic database that
allows for solving a variety of problems,
database can be modified to suit the user’s
needs, There are options to stop the
precipitation of solids and to allow the

oversaturated solids to precipitate,

Accurately performs chemical speciation

calculations for field situations when

important input data is included.

Unconstrained extrapolation of Bethke et al.,

the osmotic coefficient data,
some elements are not included in

databases

Can perform calculations at low

temperature

the thermodynamic database

contains equilibrium  constant
values which are referenced to 25
°C with ionic strength of zero.
Thus, other constants should be
calculated if the temperature is
not 25 °C, uncorrected log K values
at 25 °C are used.

Suitable for use when the organic

matter dominates the chemical

speciation.

2024

Schecher and

McAvoy, 1992

Allison et al,,
1991; United
States

Environmental

Protection

Agency, 2006

Tipping, 1994;
Tipping, 1998;
Tipping et al.,

2011
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5.1. PHREEQC geochemical modelling and parameter estimation

PHREEQC is a freely available application that can be downloaded from the United States Geological
Survey (USGS). PHREEQC which stands for pH, redox, equilibrium and C programming language is a
geochemical modelling software which is developed by Parkhurst and Appelo, 2013. It is written in
the C and C++ programming languages and can simulate kinetic and equilibrium reactions when
required data is available (Steefel et al., 2015). PHREEQC can perform aqueous geochemical
calculations, when data such as the concentration of elements present, solution pH, redox,
temperature, total dissolved solids, pe, density and alkalinity is available. The calculations include the
distribution of aqueous species, surface complexation, saturation indices and ion exchange equilibria.
Moreover, the activities of solutes can be calculated using ion-association, Pitzer, or specific ion
interaction theory equations to account for the nonideality of aqueous solutions. In order to get the
right calculations, the user must choose a suitable database which has all the elements under
consideration. In this case, a database that has PGEs and other major and minor elements must be
selected. The speciation calculation will ensure that all the PGEs species are determined with their
molalities. The speciation of the elements will depend on the quality of the solution or wastewater

under consideration. Thus, the pH, pe, density and temperature must be included in the input file.

PHREEQC uses databases (phreeqc.dat, wateqg4f.dat, linl.dat, minteq.dat, minteq.v4.dat, and iso.dat)
where, aqueous models including ion-association models that use Debye—Huckel formulations are

implemented (Parkhurst and Appelo, 2013). Pitzer.dat database uses the Pitzer specific-ion interaction

model whilst the sit.dat database uses the specific-ion interaction theory (SIT) model. The activity

coefficient constants included in the models are dependent on temperature which should always be

specified in the input file. The input file is used to specify the solution of interest i.e. wastewater and
to define the types of calculations to be done by the software. It is also used to modify the data in the
database. The Lawrence Livermore National Laboratory (linl.dat) and the sit.dat databases are the only

ones that have PGEs and some of the PGEs are not included but, they can be added through
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programming when all the important data such as activity coefficients, log k values at different
temperatures, stoichiometry and speciation is available. Thus, the user can add important data to the
available databases to suit their needs. This will, however, require a lot of data and some experiments
will have to be conducted. There are keyword data blocks in the input file used by PHREEQC so that
the user can specify important parameters. The log K values of the different reactions of PGEs with
other elements will have to be included in the database. Also, the temperature dependence of log K
values must be taken into consideration. The Van’t Hoff expression or an analytical expression can be
used for this purpose. When the Van’t Hoff equation is used, PHREEQC uses the delta_h to give the
standard enthalpy of reaction at 25°C. The analytical expression for a reaction can be defined with an

identifier as follows (Eq. 2):
loglok = A1 +A2T+%+A4log10T+%+A6T2 (2)

Where A, are values defining log k as a function of temperature dependence in the given expression
and T is temperature in Kelvin (K). The dependence of log k on pressure must also be taken into
consideration when using the geochemical model since the reaction constants of the species and the
solubilities of minerals depend on pressure. They are calculated from the volume change of the

reaction.
5.2. Geochemist’s workbench

The Geochemist’s workbench (GWB) is geochemical modelling software package that can construct
numerical simulations of reactions to produce equilibrium fluid speciation and for natural fluid and
theoretical systems as well as reaction path modelling (Bethke and Yeakel, 2014; Bethke, 2022). The
accurate simulations will result when the thermodynamic data files with temperatures and pressures
of the solution are available. The log K approach to perform the numerical simulations. Thus, the
thermodynamic data files contain information of the dependence of log K values of reactions on
temperature and pressure. When performing calculations, the software will use log K values based on

experimental log K data or at the conditions of interest from the thermodynamic parameters such as
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entropy, enthalpy and Gibb’s energy (Bethke and Yeakel, 2014). Speciation modelling using GWB is
possible since the incorporated data files have information on the basis species, minerals, oxides,
aqueous species and redox couples. These are accessed through the data blocks in GWB. For example,
to determine the speciation of PGEs in a particular solution, the aqueous species data block should be

used.

The SpecE8 and React programs in GWB can be used to determine the equilibrium distribution of
aqueous species in a fluid using the LLNL thermodynamic database as is or in modified form since not
all the PGEs are included. These programs can also calculate the equilibrium state of the system as
well as the saturation state of the fluid. When the performing the adsorption simulation, the amount
of species attached onto the specified sorption sites will be calculated the programs. Figure 3 shows
the input script of the SpecE8 program where ruthenium is considered. As shown, the elements
involved in the solution under consideration must be specified with their concentrations. Table 5
shows the output script of the solution with ruthenium. The output script shows the aqueous
speciation of the elements involved. The resulting minerals based on the presence of the elements
are also shown. Other parameters such as solution mass, mineral mass, fluid density, electrical
conductivity and the activity of water are also depicted. Thus, important information about the

solution of interest can be obtained using the Geochemist’s workbench.
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File Edit Run Config View Help

Basis Medium | Command Results |
constraints on initial system I
H20 1.0 ¥ freekg ¥ solvent I
H+ 'z 20 > pH T I
Rut++ o2 10.0 ¥ mmolkg ~ I
- = 120.0 ¥ mmolkg ¥ I
|

Ca++ &3 18.0 ¥ mmolkg ~
|

Mg++ o3 28.0 ¥ mmolkg ¥
|

SO4-- o 180.0 ¥ mmolfkg ¥
Cr++ &3 25.0 ¥ mmaolkg ¥ I
temperature 25.0 e 4 I
|

+ | advanced
add

Figure 3: GWB input script using the SpecE8 program

Table 5: GWB output script

Provided and calculated parameters

Temperature = 25.0 °C Fluid density = 1.013 g/cm3
Pressure = 1.013 bar Expansivity = 0.0002350/C
Charge imbalance = -0.327000 eq/kg Viscosity = 0.009 poise
Activity of water = 0.997195 Chlorinity = 0.123120 molal
Solvent mass = 1.0000 kg Dissolved solids = 25339 mg/kg sol'n
Solutionmass = 1.0260 kg Elect. conductivity = 17209.89 uS/cm (or umho/cm)
Mineral mass = 0.0000 kg Hardness = 1801.60 mg/kg sol'n as CaCO3
Aqueous species molality mg/kg solution act. coef. log act.
SO4-- 0.1727 1.617e+04 0.1814 -1.5041
Cl- 0.08338 2881. 0.6378  -1.2743
Cr+++ 0.02553 1294. 0.0909  -2.6342
CaSO4 0.01116 1481. 1.0000 -1.9524
CuCl2- 0.009330 1223. 0.6784  -2.1986
Ca++ 0.006640 259.4 0.2568  -2.7683
RuCl++ 0.004539 604.0 0.2200 -3.0006
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CuCI3-- 0.002940 486.8 0.1814  -3.2729

Ru(Cl)2+ 0.002803 469.8 0.6784  -2.7209
Ru+++ 0.001830 180.2 0.0743  -3.8666
RuSO4+ 0.0004638  89.11 0.6784  -3.5022
Ru(Cl)3 0.0004036  81.59 1.0000 -3.3941
Ru(SO4)2- 0.0001985 56.71 0.6784  -3.8709
RuCl4- 1.972e-05 4.669 0.6784  -4.8736
RuClI5-- 2.064e-06 0.5600 0.1814 -6.4264
RuCl6--- 3.715e-07 0.1136 0.0201  -8.1258
Mineral saturation states log Q/K log Q/K
Ru(OH)3~H20(am) 0.3278s/sat CaCIl2~H20 -13.2440
Gypsum 0.1120s/sat MgCr204 -13.3258
Anhydrite -0.0630 Brucite -14.8379
Bassanite -0.6926 Hydrophilite -16.8301
Cr203 -0.7011 MgOHCI -17.6014
CaS0471/2H20(beta) -0.8612 MgCI272H20 -17.6067
In fluid Sorbed

Elemental composition total moles moles  mg/kg
Calcium 0.01847 0.01847 721.4
Chlorine 0.1231 0.1231 4254,
Chromium 0.02565 0.02565 1300.
Copper 0.01231 0.01231 762.6
Ruthenium 0.01026 0.01026 1011.
Sulphur 0.1847 0.1847 5771.

5.3. MINEQL+

MINEQL+ is a chemical equilibrium modelling system that can perform water chemistry calculations,

pH calculations, chemical speciation, ion adsorption, redox and solubility diagrams among others
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(Kocaoba, 2020). The calculations can only be performed at low to moderate ionic strength (<0.5 M)
and low temperatures (0-50°C) using one of the thermodynamic databases incorporated in the model.
In order to successfully run the MINEQL+ model, components (e.g. ions), which are the basic building
blocks from which all species are formed must be specified (VanBriesen et al., 2010). MINEQL+ is a
user-friendly program which does not require programming expertise. There are databases
incorporated into the program however, the user should set preferences which MINEQL+ will use to
scan and find the most suitable database. There are four subsequent software modules in MINEQL+
viz chemical components selection module, species tableau module, runtime manager and output
manager. All the chemical components available in the program are shown under the chemical
components selection module which has both pre-defined and NULL components (Figure 4a) (Hartog,
2000). The tableau module indicates the chemical reaction data based on the species present in the
system. Moreover, the thermodynamic data based on the chemical species in the system and the
overall concentration associated with chemical components will be shown under the tableau module
before running any calculation (Figure 4b). Other parameters such as pH (fixed or calculated), redox
options and dissolved inorganic carbon are also specified under the tableau module. The runtime
manager shows some conditions based on the information in the model input script before running
model calculations. This allows the user to check if all the information added including the chemical
conditions is correct. The output manager allows the user to access output files from the model. The
database with enough data on some important elements can be modified by adding PGEs so that

speciation modelling is possible (Cobelo-Garcia et al., 2007; Sako et al., 2009).
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Figure 4: (a) Chemical components selection module and (b) Tableau showing the speciation of the

elements (MINEQL+ software, version 5.0).

5.4. MINTEQA2

MINTEQA?2 is a geochemical equilibrium speciation model for aqueous systems, developed by the U.S.
Environmental Protection Agency (EPA) and can be accessed through the Visual MINTEQ package

(Gustafsson, 2011). The model can only deal with dilute natural or synthetic (i.e. laboratory) aqueous
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systems where, the equilibrium compositions of the dilute solutions are calculated based on the
chemical analysis which involve the total concentrations of the elements of the system, pH, pe
(conventional negative log of the activity of the electron) and other parameters (Truesdell, 1968;
Parkhurst and Appelo, 1999). As with the other speciation models, the thermodynamic database can
be modified if it does not suit the current situation or some of the important information such as the
data on PGEs is not primarily included. The application of MINTEQAZ2 involves four steps (Gustafsson,
2011). The first step is to formulate chemical questions that must be answered by the model also,
considering the limitations of the site under consideration e.g. sampling that was not completed or
missing data on the collected samples. The second step is to pose the chemical questions to the model
using symbols and formats that the model understands. Step three involves leading the model to read
the input file so that the mathematical problems can be solved. This step is automatic and does not
require any intervention from the user once executed. The last step is to interpret the output file of
the model based on the solved problem. MINTEQAZ2 has an interactive program (PRODEFA2) which is
used to create input files which is designed to perform the second step (Gustafsson, 2011). When
executed, the program guesses the activity of each component in order to calculate the concentration
of each species based on mass action expressions. All the species containing a particular component
must be accounted for in order to determine the total mass of that component. A new estimate of the
activity of the component will be made if the known mass and the calculated mass do not agree. Thus,
the process will be repeated again until the mass imbalance is less than the tolerable level of every
component. All the species concentrations leading to this will be selected by the model and the system
will be considered to have reached aqueous phase equilibrium composition. At this stage, the
saturation index (SlI) of each of the solids which formed will be determined. If SI > 0, then the solids
can precipitate out of solution hence depleting the dissolved concentrations of the components
making up the solid. In this case, the model will re-equilibrate with one less degree of freedom. If SI <

0, it means dissolution has occurred and re-equilibration will still occur but with one more degree of
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freedom. This will be the case until equilibrium is reached with the absence of over- or undersaturated

solids.

The equilibrium constants used in MINTEQA2 thermodynamic database are based on the temperature
of 25 °C and ionic strength of zero but, since this might be the case with the solution under
consideration, a new set of equilibrium constants will have to be determined before performing model
calculations. MINTEQA?2 also uses the form of Eq. 3 to adjust equilibrium constants at a particular
temperature, if the necessary data are available (Serkiz et al., 1996). The ionic strength can affect the
activity coefficients of the components which in turn affect the adjusted equilibrium constants, which
is why, MINTEQA2 has the option calculate the new ionic strength based on the concentration of the
species at each iteration or to specify a fixed ionic strength. The ionic strength of the solution can be

calculated using Eqg. 3 (Peng and Wan, 1998; Gustafsson, 2011):
iztlonic strength = %Z(CiZiz) (3)

where C;j is the concentration of the ionic species i, m is the number of charged species in the solution
and Z is the charge on species i. MINTEQA2 can also construct titration curves and solubility diagrams
(Kocaoba and Akcin, 2002). It can also calculate mineral equilibria, ion balance, corrosion, pH, redox

and many others.
5.5. Windermere Humic Aqueous Model (WHAM)

Windermere Humic Aqueous Model (WHAM) is a chemical equilibrium model and computer code
which is designed to calculate the chemical speciation of elements in waterbodies, soils and sediments
(Tipping, 1994; Masakorala et al., 2008). It is particularly useful when the chemical speciation is
dominated by humic substances in dissolved or particulate forms. The interaction of humic substances
with different elements has been found to be difficult without the use of a suitable speciation code
hence the importance of WHAM. The computer code uses Humic lon-Binding Model V with inorganic

speciation code for aqueous solutions and assumes discrete-site electrostatic binding. Thus, the model
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shows discrete-site binding of the elements which is modified by the electrostatic interactions. Other
factors such as the precipitation of aluminium and iron oxyhydroxides, cation exchange on idealised
clay minerals and the adsorption-desorption reactions on fulvic acid are also taken into consideration
(Guthrie et al., 2005). WHAM is a commercially available software with different versions. The recent
version is WHAM VIl which can perform better than the previous versions. For example, a study by
Wang et al. (2019) developed mechanistic kinetics model using WHAM 7 in order to describe the
kinetics of element dissociation from dissolved organic matter (DOM). The study indicated that the
WHAM based kinetics model was able to account for the different qualities of solutions considered
and the heterogeneity of DOM binding sites (Wang et al., 2019). Since PGEs can end up in waterbodies
of different qualities, WHAM should be used to determine the speciation of PGEs in solutions with
high concentrations of humic substances. Other computer models may not be suitable as they do not
take organics into consideration. Not all PGEs are included in the WHAM code hence, more

information will be required so that they can be included.

5.6. The need for new PGEs databases

The databases available as indicated above, do not include other PGEs such as rhodium, ruthenium,
osmium and iridium. There is therefore a need to come up with databases which contain all the PGEs
at different conditions so that their speciation can be easily and accurately determined. This means
that compendia of logarithms of equilibrium constants (log Ks) and enthalpies of reaction from various
literature sources will be required (Parkhurst and Appelo, 2013). However, more experimental data
may still be required so that all the major and important species of PGEs at different conditions can
be accounted for (Alsemgeest et al., 2021). Moreover, most of the databases are suitable for low ionic
strength solutions (Alsemgeest et al., 2021; Mercer and Tobiason, 2008). Thus, there is a need to
conduct experiments using solutions with ionic strengths or to collect data from high ionic strength

solutions so that databases can be developed using the results.
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6. Predictive adsorption

There is lack of adequate predictive adsorption of PGEs which can be important in determining the
performance of adsorbents beyond what has been analysed. A study by Apul et al. (2013) used
Quantitative Structure—Activity Relationship (QSAR) and Linear Solvation Energy Relationship (LSER)
techniques to develop predictive models with multiple linear regression analysis for the adsorption of
organic contaminants by multi-walled carbon nanotubes (MWCNTSs) with less than 5% oxygen content.
Adsorption data from different sources was used. As a result, a database was created for the
adsorption of organic compounds from different studies. The study found that the created models
were useful for the assessment of the adsorption of aromatic compounds by MWCNTSs. The study also
indicated that the modelling can be extending beyond the available data using the validated models.
Such models for the adsorption of PGEs can also be developed however, the speciation information
inthe presence of anions and cations must be known. The effect of pH, ionic strength and other factors
that can influence adsorption must be available. The surface coverage and the possible chemical
reactions between the elements and the adsorbents should be taken into consideration as they play
amajor role (Sverjensky and Fukushi, 2006). There are many studies with relevant information dealing
with different adsorbents that can remove PGEs from solutions by adsorption (Uheida et al., 2006;
Asere et al., 2019; Mosai et al., 2020; Chen et al., 2021). These studies can be used to create a
modifiable database that can be used for predictive adsorption modelling. This will help in coming up
with new suitable adsorbents and testing their capabilities before the application process. For
example, a researcher can look at the available adsorbents and active sites involved in removing PGEs
from aqueous solutions, hence decide to develop a new adsorbent that has a combination of active
sites that were selective for PGEs and showed good efficiencies. This way, time will not be wasted on

developing adsorbents which may be expensive and showing low adsorption efficiencies.
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6.1.Simulating the adsorption of PGEs

Applications such as PHREEQC, Geochemist’s workbench and MINTEQA2 have capabilities of
modelling surface reactions when important data such as the concentrations of elements involved,
chemical reactions between elements and the adsorbent, number of moles of active sites and surface
area as well as the mass of adsorbents are available. The activity, Kq (distribution coefficient),
Langmuir, Freundlich, ion exchange, constant capacitance, triple-layer and diffuse layer models are
incorporated in the applications to allow for the modelling of surface reactions (Parkhurst and Appelo,
2013). However, these models do not usually have the thermodynamic database files with the
required reactions hence, the user must specify the surface reactions and the equilibrium constants.
The thermodynamic database by Dzombak and Morel (1991), which involves surface reactions is
getting pretty old and is only for hydrous ferric oxide surface and does not include PGEs. Figure 5
shows the PHREEQC input script for the adsorption of palladium using an amine modified adsorbent.
The surface master species shows the surface specific sites involved in adsorption. For modified
adsorbents, laboratory tests will have to be conducted using the raw and modified surfaces in order
to get a good representation of the adsorption process which should be included in the applications.
This is because some raw adsorbents can remove some of the analytes from aqueous solutions
meaning that it is not only the modified surface that is responsible for adsorption. In Figure 5, Surf_si
and Surf_aa represents the raw and modified surfaces, respectively. Surf_si is a silica surface which
have been found to remove significant amounts of palladium from solution. If only the modified
surface was included, the adsorption process would have been represented poorly. The surface
species shows the reactions of the different species of palladium with the adsorbent surface as well
as the corresponding equilibrium constants. When the run is initiated, the equilibrated mass between
the dissolved, adsorbed and solid species is computed. Although Figure 5 represents the PHREEQC
geochemical modelling code, other applications also use the same principles i.e. the surface active
sites, species and reactions with the corresponding equilibrium constants have to be included in the

model in order model the adsorption of elements.
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SURFACE MASTER SPECIES
Surf aa Surf aaNH;
Surf si Surf siOH

SURFACE_SPECIES

Surf aaNH; = Surf aaNH: log k 0
PAC1,2" + Surf aaNH; = Surf aaNH,PdC1,?" log_k 5.55820
PdCls;~ + Surf aalNH; = Surf aaNH;PdCls” log k 0.124114
PdC1l* + Surf aaNH; = Surf aaNH,PdCl* log k 1.63879
PdCl; + Surf aaNH; = Surf aaNH;PdCl; log k -0.04
Surf siOH = Surf siOH log k 0
Surf siOH = Surf siO~ + H' log k -6.65
Surf_siOH + PdCl, = Surf_ siOHPdCl: log_k -1.29213
Surf siOH + Pd(OH); = Surf siOHPd (OH). log_k 0.585182
Surf siOH + Pd(OH)3” = Surf siOHPd(OH)3~ log k 2.45182
Surf_siOH + Pd(OH).* = Surf siOHPd (OH) log k 3.685182
PHASES
fix pH

H* = H* log k 0
fix pe

e- = e- log_k 0
SOLUTION 1

temp 25

pH 2

pe 4

redox pe

units mg/1

density 1

(01 X 0.01 Mol/1

Pd 2

-water 0.001 # kg Surface area adsorbent mass
SURFACE 1 %

Surf_aaNH: 8.?89e—0%}“\*2.13 0.1

Surf_siOH 0.000545 Number of moles of active sites

END

Figure 5: PHREEQC input script for the adsorption of Pd?* onto amine modified surface (Mosai et al.,

2021)

The adsorption of PGEs can be simulated beyond the experimental conditions using PHREEQC.
However, this will require a good calibration of the model. When the model is properly calibrated, the
user can identify the effect of varying parameters on the recovery of PGEs. Mosai et al. (2021) used
PHREEQC coupled with parameter estimation (PEST) software to simulate the adsorption of Pd** onto

amine-functionalised zeolite and found that the PHREEQC model can simulate beyond the given data
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when calibrated. Currently, PEST has been used because it is a reliable and valuable software that can
estimate important parameters as well as computing sensitivities of model outputs to parameters
(Welter et al.,, 2015). Thus, PEST can automate calibration including calibration-constrained
uncertainty analysis of numerical models. The interaction of PEST numerical models is through the
input and output files of the models. In order for PEST to accurately estimate parameters, it must run
a model many times. In order for PEST to run, it must have three important input files (template,
instruction, and control files) (Welter et al., 2015). The template file is a replica of the model input file
with the exception that the parameters to be estimated are replaced by a sequence of characters. The
instruction file contains directions which PEST must follow to read laboratory or field measurements
so that the model generated values are as close as possible to the measurements with minimal
discrepancies. The PEST control file is known as the master file and is used to bring together all the
files involved in numerical modelling (Gallagher and Doherty, 2007). The study showed that changing
conditions such as pH, adsorbent mass and concentration of elements can significantly affect the
adsorption of Pd**. The study by Mosai et al. (2021) used synthetic solutions to study the effect of
varying conditions on adsorption however, when data is available for real wastewater, the results can
be used to calibrate PHREEQC simulations when all the relevant data is included in the model. In this
way, the performance of developed adsorbents on the recovery of PGEs from different wastewater
can be assessed in a cheaper manner (using previously calibrated PHREEQC simulations). Thus, the
mining and other industries involved with the recovery of PGEs can use PHREEQC to determine the
potential recovery values of the PGEs from wastewater through geochemical simulation before the
implementation of the recovery process in large scale. This can be done using limited experimental
data hence, saving costs and time. This step is crucial since the quality of wastewater can change due
to different factors such as weather conditions and mineral processing conditions, therefore using
PHREEQC coupled to another software e.g. PEST for accuracy will ensure that the actual

implementation cost and process is known.
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6.2.Isotherm models

The distribution coefficient (Kq) which can be used to predict the interaction of elements with
adsorbents and determine the sorption and desorption characteristics of the elements is an important
factor that should be considered for adsorption reactions (Bethke and Brady, 2000). In order to use
numerical models for predictive adsorption, all the adsorption sites that will have a significant effect
on adsorption must be added in the models. Species can be adsorbed using a unique single active site
hence uniform adsorption, whereas some can be removed through multiple active sites. Adsorption
isotherms can be used to describe the adsorption mechanism (Ayawei et al., 2017). Equilibrium
adsorption isotherms can be used to describe the adsorption mechanism or the relationship between
the elements and adsorbents. They are referred to as isotherms because they deal with the
relationship between equilibrium adsorbate concentrations in the liquid phase and the equilibrium
adsorption amount on the solid phase at a particular temperature. The coefficient of determination
(R?) statistical measure is normally used as a validation criterion in the adsorption isotherm modelling.
Langmuir adsorption isotherm (Eq. 4) can be used to describe the adsorption of the elements
(Langmuir, 1916). It accounts for the surface coverage through balancing the relative rates of

adsorption and desorption.

__ bqoCeq
Qeq = 1+bCeq (4)

where geq (Mg g?) is adsorbed amount at equilibrium, Ceq (Mg L?) is adsorbate concentration at
equilibrium, b is the Langmuir constant (L mg?) and g, (mg g?) is the maximum adsorption capacity.
Dimensionless constant which is also known as the separation factor (R.) (Eq. 5) is also used but
separately to express the essential characteristics of the Langmuir isotherm (Hall et al., 1966). If R,=0
it means that the adsorption is reversible, R, = 1 means the adsorption is linear, R, < 1 indicates that

the adsorption is unfavourable and when 0 < R, < 1 means that the adsorption is favourable.

_ 1
1+K}.Co

R,
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The equilibrium data described by Langmuir isotherm indicates that there is monolayer adsorption,
meaning that the elements under consideration are adsorbed through one active site hence a

homogeneous surface.

Freundlich isotherm is also a commonly used nonlinear isotherm model (Eqg. 6) (Freundlich, 1906). It
describes the multilayer adsorption on heterogeneous surface. It also considers the exponential
distribution of active sites including their energies. Thus, the adsorption mechanism that follows the
Freundlich isotherm indicates that the adsorbate considers multiple active sites of the adsorbent.
Therefore, to successfully calibrate the numerical method, all the active sites involved must be

specified including the chemical reactions between the adsorbates and adsorbents.

log q. = logKp + %log Ce (6)

1-1/n

where K¢ (LY mg*/"g™) is adsorption capacity and n is adsorption intensity.

Other isotherm models are included in Table 6 and are summarised herein. Temkin and Dubinin-
Radushkevich (D-R) isotherm models are also widely used to describe the adsorption data however,
they have limitations which should not be ignored (Chu, 2021). The Temkin isotherm assumes that the
adsorption of elements is through the multilayer process and very high and very low concentrations
of the elements are not considered (Chu, 2021). The D-R isotherm is based on the Polanyi’s potential
theory and is used to describe the adsorption mechanism with Gaussian energy distribution onto a
heterogeneous surface (Wang and Guo, 2020). Others such as the Sips and Redlich-Peterson models
are hybrid models which combine the Langmuir and Freundlich models which can be applied in the
homogeneous and heterogeneous adsorption processes (Redlich and Peterson, 1959; Ko et al., 2005).
These models use certain conditions to determine whether the adsorption data follows the Langmuir
or the Freundlich isotherm models. The Hill-Deboer model which fits data that indicate mobile
adsorption and lateral interaction among elements attached onto adsorbents (Ayawei et al., 2017).
The Fowler-Guggenheim model also indicates lateral interactions between the adsorbed elements

(Hamdaoui and Naffrechoux, 2007). The data from these models will also help build the input file of
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the numerical model and lead to a successful calibration of the model. The Flory-Huggins isotherm
model expresses the degree of surface coverage characteristics of the elements attached onto the
adsorbent (Padmesh et al., 2006). It can indicate whether the adsorption process will be feasible or
spontaneous. The Aranovich isotherm model is a physical adsorption model that can be used to model
adsorption data with broad range of element concentrations. It can also be used in the determination
of surface areas of porous adsorbents. It can also be used to solve the problem which is caused by
ignoring the possibility of lateral interactions between elements attached onto adsorbents as well as
prohibiting the vacancies in the elements (Aranovich, 1992). The Hills isotherm model is used to
express the binding of different elements onto homogeneous sites and the assumption made is that
the elements selectively adsorb onto one active site on the adsorbent whilst affecting other binding
sites of the same adsorbent. The model will be able to specify whether the binding of the elements is
positive cooperative, negative cooperative or non-cooperative Al-(Ghouti and Da'ana, 2020). As
indicated, the R? value can be used to determine the isotherm model that best fits the adsorption
data. The suitable isotherm model will also be important in setting up the input script of the numerical
method. For example, if the data is fitted well by the Langmuir isotherm, the adsorption occurs on a
homogeneous surface, meaning that one active site is responsible for the uptake of elements (Alafnan
et al., 2021). Moreover, there is monolayer adsorption which makes it easy to specify the sites and all
the possible reactions in the input script. Other isotherms indicate multilayer adsorption onto a
heterogeneous surface. For such cases, the important active sites should be identified and added in
the input script so that the calibration of the numerical model can be successful. The possible

interactions of the elements with each other should also be known and included in the model.

The PGEs cannot be recovered from wastewater using any adsorbent since they require specific
functional groups in order for adsorption to occur. Thus, most adsorbents that can remove other
elements such as Cd, Cr, Hg and As with high efficiency (>99%) are not suitable for the removal of PGEs
from aqueous solutions due to the absence of important functional groups. Adsorbents with amine
groups are normally successful with the adsorption of PGEs including other nitrogen containing
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adsorbents. As a result, isotherms such as the Freundlich and the D-R models which are concerned

with heterogeneous surfaces for adsorption always show lower coefficient of determination (R?) on

the adsorption of PGEs which prefer specific groups. Thus, the Langmuir isotherm almost always

describes the PGEs adsorption process (Asere et al., 2019; Chen et al., 2021) Moreover, most of the

adsorbents used, are functionalised or modified with ligands containing groups and the majority is

used as support for the ligands since very few naturally occurring adsorbents have significant amount

of nitrogen containing groups.

Table 6: Isotherm models and corresponding equations

Isotherm model Equation Reference
Temkin Qo = Linky + L inC, Johnson and
br br
where Kt is the Temkin isotherm constant, by Arnold, 1995;
Chu, 2021

Dubinin-Radushkevich (D-R)

Sips

Redlich-Peterson (R-P)

Hill-Deboer (H-D)

is the Temkin constant, R is gas constant

(8.314 Jmol*K?) and T (K) is temperature.
cs\12

qe = qoexp1—p [RTln (C_e)]

where B is D-R constant and Cs is the

solubility concentration.

_ 9oKsC2®
Qe = Tikscrs

where ns and Ks are the Sips constants.

Qo = KrpCe
e 1+aRpCf

where KRP and a are R-P constants and g is

the exponent between 0 and 1.

C,(1-0) 0 K,0
ln[ 9 ]_1—9__anl_ﬁ

Wang and Guo,

2020

Ko et al., 2005

Redlich and

Peterson, 1959)

Ayawei et al,

2017
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Fowler-Guggenheim (F-G)

Flory-Huggins (F-H)

Aranovich

Hills

Where K; is the H-D constant and K;
energetic constant of the interaction
between the adsorbed elements and 6 if

fractional coverage.

C1-0)] _ _ _ 200
ln[ ) ] = anFG AT
where Keg is the F-G equilibrium constant and

w is the interaction energy between the

adsorbed elements.
m(%):zmgH+nmuﬁ-m

where KFH is the F-H constant, n is the
number of adsorbates and 0 is the degree of
surface coverage.

Ce
qaCACsA
o )(eacs)

1-2€ )(14C 2
( CsA ACsa

where C, is the Aranivich constant and Csa is

qe =

the elements monolayer saturation
concentration.

q _ asuc”
€ Kp+ciH

Where ny is the Hill cooperative coefficient of
the binding interaction, qsy is the Hill
isotherm maximum uptake saturation and Kp

is the Hill isotherm constant.

Hamdaoui
Naffrechoux,

2007)

Padmesh et

2006

and

al.,

Aranovich (1992)

Al-Ghouti

Da'ana, 2020

and
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6.3. Kinetic models

Adsorption kinetics can also be very important for geochemical modelling. The current
thermodynamic databases incorporated in the numerical models include kinetics for mineral
dissolution/precipitation. Thus, adsorption kinetics should also be included as they can provide crucial
information on the adsorption of the elements. Adsorption kinetic studies have been conducted using
various kinetic models to determine the type of adsorption between the adsorbent and the elements.
The uptake of elements can be through bulk diffusion, external mass transfer and sorption onto active
sites which are distributed on adsorbents (Kumar and Gaur, 2011). These studies have many
advantages since they provide other important information such as the controlling mechanism of the
adsorption process, adsorption rate, mass transfer mechanism and the efficiency of the adsorption
process which is important for the numerical models. Pseudo first-order (PFO) and pseudo second-
order (PSO) models are the widely used kinetic models. The PFO kinetic model which is known as the
Lagergren PFO model assumes that the rate of adsorption of the elements onto active sites is directly
proportional to the number of available sites and can be expressed as follows (Babarinde and

Onyiaocha, 2016):

dq

= = k1(ge —q0) (7)

where qg: (mg g?) is the amount of adsorbates attached onto the adsorbent per unit mass of the
adsorbent at time t (min) and ki (min?) is PFO rate constant. The kinetic data that is best described by
the PFO model indicates that the interaction of the elements and the adsorbents is through
physisorption. The pseudo second-order kinetic model (Eg. 8) indicates the strong interaction

between the elements and the adsorbent. The data described by PSO shows a chemisorption

behaviour.
a_ _ 2
24t = k2(qe — q¢) (8)
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where k; (g mg? h'?) is the PSO equilibrium rate constant. The model determined adsorbed amounts
at equilibrium can be compared with experimental adsorbed amounts at equilibrium and can be used

along with R? value to determine the model that best fits the kinetic data.

The Elovich kinetic model is also widely used and has the assumption that the adsorption energy
increases with adsorption time and that the adsorption occurs on different active sites hence a

heterogeneous surface (Elovich and Larinov, 1962). The Elovich model can be described by Eq. 9:

dar

= —bq
ac e (9)

Where a (mg g h'?) is the initial adsorption rate of the Elovich model and b (g mg™) is the desorption
rate constant. The uptake of elements can also be through intra-particle diffusion into macro, meso
and micropores of adsorbents. As a result, intra-particle diffusion model is also used to describe the
kinetic data because it considers the diffusion of elements since the models mentioned above do not

identify the diffusion mechanism (Eg. 10) (Xu et al., 2009).
ge = kpt'? +C (10)

where kp (mg (g min®°)?) is rate coefficient and C is the intercept. The intraparticle diffusion can be
used to determine the rate of adsorption of adsorbents (Kumar and Gaur, 2011). The Boyd’s
intraparticle diffusion model is known as an external diffusion model which assumes that the diffusion

of elements in a bounding liquid film around the adsorbent occurs very slowly (Eq. 11).

dag

ar R(qe — q¢) (11)

where go=41ro3C'k/3 (k is the distribution coefficient)

7. Future suggestions
1. There is a need to come up with databases that include all or most of the PGEs at different
conditions including temperature, concentration, ionic strength and pH. The databases should

be suitable for the different available numerical modelling techniques and should
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incorporated the different possible surface reactions. This will ensure that the speciation of
PGEs is easily attainable, and that the adsorption is quickly, easily and successfully simulated.
Most of the available prediction modelling techniques work better when the ionic strength of
the solution under consideration is low or moderate. Thus, they fail at higher ionic strengths.
There is therefore a need to develop suitable databases that can simulate and predict the
adsorption of PGEs at higher ionic strengths.

It would be ideal to incorporate parameter estimation (PEST) in the different available
numerical modelling techniques so that the models can be easily calibrated with available
crucial data. In addition, there is limited information on the availability of other model
calibration techniques besides PEST.

The predictive adsorption modelling techniques should have the capability of simulating the
desorption of the elements from different adsorbents using different desorbing agents at
different conditions. This capability should be included in the PGEs databases. In addition, the
models should have the capability of simulating the adsorption efficiency with the resulting
quality of desorbed adsorbent. Thus, the performance of the adsorbent should be simulated
at different cycles.

It would be beneficial for the modelling techniques to have ability to calculate/estimate the
cost of treating a particular amount and quality of wastewater. Thus, the models should have
cost analysis option in order to determine the potential economic value and applicability of

the adsorption process under consideration.

8. Conclusion

Platinum group elements (PGEs) are crucial for the development of the world due to their unique

properties physical and chemical properties which are required for many current products and

technologies. PGEs are mainly used in the automotive (>50& consumption), jewellery, electrical,

chemical, medical and petroleum industries. However, studies have indicated that supply and demand

have not been in balance due to very high demand and readily depleting natural resources which can
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lead to scarcity. There is therefore a need to recover PGEs from secondary sources including spent
automotive catalysts and industrial wastewater. Large amount of wastewater is released during the
processing of PGEs minerals and significant concentrations of PGEs have been detected. Thus, mining
wastewater can be considered a good source of PGEs. Different techniques using hydrometallurgy,
pyrometallurgy, solvometallurgy, liquid-liquid extraction, polymer inclusion membranes and leaching
with organic acids have been developed for the recovery of PGEs but, they are known to be expensive.
The adsorption technique has been found to be efficient and cheap for the recovery of PGEs from
wastewater, however, large scale applications are lacking. Thus, the mining industry still seeks
efficient and affordable technologies for the recovery of PGEs from wastewater. Thus, more research
should still be conducted on the development of such technologies and/or techniques which can be
applied in large scale. Predictive adsorption using numerical models such as PHREEQC, Geochemist’s
workbench, MINEQL+, MINTEQA2 and Windermere Humic Aqueous Model (WHAM) coupled with
parameter estimation (PEST) software can be used to determine the performance of the developed
adsorbents beyond the available data since they have capabilities of modelling surface reactions when
important data such as the concentrations of elements involved, chemical reactions between
elements and the adsorbent, number of moles of active sites and surface area as well as the mass of
adsorbents are available. This will help determine the efficiency of the adsorbents in wastewater with
different qualities. Thus, saving money and time required to perform experiments. Moreover, some
experimental conditions are challenging to achieve using laboratory experiments, hence the
importance of computational modelling. The thermodynamic database files incorporated in the
models do not usually have all the PGEs and their reactions in different conditions hence, the need for
the user to modify the database by including the PGEs as well as their surface reactions and the

equilibrium constants.

50



Acknowledgements

The authors would like to thank the research development program (RDP) of the university of
Pretoria and the national research foundation (NRF) of South Africa (Grant no: TTK23040489225) for

financial support.

References

Afreximbank Research. (2024). Platinum Group Metals (PGMs), Analyzing Recent Price Trends,
https://elibrary.acbfpact.org/acbf/collect/acbf/index/assoc/HASHObOc/2c80e545/61a8dbe0/14.dir/

Platinum-Group-Metals-PGMs-Analyzing-Recent-Price-Trends-1-1.pdf [accessed: 23 June 2024]

Al-Ghouti, M. A., & Da'ana, D. A. (2020). Guidelines for the use and interpretation of adsorption

isotherm models: A review. Journal of hazardous materials, 393, 122383.

Alafnan, S., Awotunde, A, Glatz, G., Adjei, S., Alrumaih, |., & Gowida, A. (2021). Langmuir adsorption
isotherm in unconventional resources: Applicability and limitations. Journal of Petroleum Science and

Engineering, 207, 109172.

Allison, J. D., Brown, D. S., & Novo-Gradac, K. J. (1991). MINTEQA2/PRODEFA2, a geochemical
assessment model for environmental systems: version 3.0 user's manual. Environmental Research

Laboratory, Office of Research and Development, US Environmental Protection Agency.

Alsemgeest, J., Auqué, L. F., & Gimeno, M. J. (2021). Verification and comparison of two
thermodynamic databases through conversion to PHREEQC and multicomponent geothermometrical

calculations. Geothermics, 91, 102036.

Antolini, E. (2014). Iridium Application in Low-Temperature Acidic Fuel Cells: Pt-Free Ir-Based

Catalysts or Second/Third Promoting Metal in Pt-Based Catalysts?. ChemElectroChem, 1(2), 318-328.

51



Apul, 0. G., Wang, Q., Shao, T., Rieck, J. R., & Karanfil, T. (2013). Predictive model development for
adsorption of aromatic contaminants by multi-walled carbon nanotubes. Environmental science &

technology, 47(5), 2295-2303.

Aranovich, G. L. (1992). The theory of polymolecular adsorption. Langmuir, 8(2), 736-739.

Asere, T. G., Mincke, S., Folens, K., Bussche, F. V., Lapeire, L., Verbeken, K., ... & Stevens, C. V. (2019).
Dialdehyde carboxymethyl cellulose cross-linked chitosan for the recovery of palladium and

platinum from aqueous solution. Reactive and functional polymers, 141, 145-154.

Ayawei, N., Ebelegi, A. N., & Wankasi, D. (2017). Modelling and interpretation of adsorption

isotherms. Journal of chemistry, 2017.

Babarinde, A., & Onyiaocha, G. O. (2016). Equilibrium sorption of divalent metal ions onto groundnut

(Arachis hypogaea) shell: kinetics, isotherm and thermodynamics. Chem. Int, 2(3), 37-46.

Berger, J., Diot, H., Lo, K., Ohnenstetter, D., Féménias, O., Pivin, M., ... & Charlier, B. (2013).
Petrogenesis of Archean PGM-bearing chromitites and associated ultramafic—mafic—anorthositic
rocks from the Guelb el Azib layered complex (West African craton, Mauritania). Precambrian

Research, 224, 612-628.

Bethke, C. M., & Brady, P. V. (2000). How the Kd approach undermines ground water

cleanup. Groundwater, 38(3), 435-443.

Bethke, C. M., & Yeakel, S. (2014). The Geochemist’s Workbench Release 10.0: GWB Essentials

Guide. Aqueous Solutions, LLC, Champagin, IL, 149p.

Bethke, C. M. (2022). Geochemical and biogeochemical reaction modeling. Cambridge university

press.

52



Bethke, C. M., Farrell, B., Sharifi, M. (2024). The Geochemist’s Workbench Release 17: GWB
Essentials Guide. Aqueous Solutions, LLC, Champagin, IL, Printed March 26, 2024,

https://www.gwb.com/pdf/GWB/GWBessentials.pdf. [accessed: 02 August 2024]

Binnemans, K., & Jones, P. T. (2017). Solvometallurgy: an emerging branch of extractive

metallurgy. Journal of Sustainable Metallurgy, 3, 570-600.

Bond, A. R., & Levine, R. M. (2001). Noril'sk nickel and Russian platinum-group metals

production. Post-Soviet Geography and Economics, 42(2), 77-104.

Bossi, T., & Gediga, J. (2017). The environmental profile of platinum group metals. Johnson Matthey

Technology Review, 61(2), 111-121.

Capson-Tojo, G., Moscoviz, R., Astals, S., Robles, A., & Steyer, J. P. (2020). Unraveling the literature
chaos around free ammonia inhibition in anaerobic digestion. Renewable and Sustainable Energy

Reviews, 117, 109487.

Chaudhuri, H., Lin, X., & Yun, Y. S. (2023). Graphene oxide-based dendritic adsorbent for the

excellent capturing of platinum group elements. Journal of Hazardous Materials, 451, 131206.

Chen, H. M., Zheng, C. R., Tu, C., & Zhou, D. M. (2001). Studies on loading capacity of agricultural

soils for heavy metals and its applications in China. Applied Geochemistry, 16(11-12), 1397-1403.

Chen, M., Li, S., Jin, C., Shao, M., Huang, Z., & Xie, X. (2021). Removal of metal-cyanide complexes
and recovery of Pt (Il) and Pd (Il) from wastewater using an alkali—tolerant metal-organic

resin. Journal of Hazardous Materials, 406, 124315.

Chu, K. H. (2021). Revisiting the Temkin isotherm: Dimensional inconsistency and approximate

forms. Industrial & Engineering Chemistry Research, 60(35), 13140-13147.

53



Cloutier-Hurteau, B., Sauvé, S., & Courchesne, F. (2007). Comparing WHAM 6 and MINEQL+ 4.5 for
the chemical speciation of Cu2+ in the rhizosphere of forest soils. Environmental science &

technology, 41(23), 8104-8110.

Cobelo-Garcia, A., Turner, A., Millward, G. E., & Couceiro, F. (2007). Behaviour of palladium (Il),
platinum (IV), and rhodium (ll1) in artificial and natural waters: influence of reactor surface and

geochemistry on metal recovery. Analytica chimica acta, 585(2), 202-210.

Coupland, D. R., McGrath, R. B., Evens, J. M., & Hartley, J. P. (1995). Progress in Platinum Group

Metal Coating Technology, ACT™. Platinum Metals Review, 39(3), 98-107.

Dai, G., Peng, C., Yao, G., Wang, Y., Duan, C., & Li, P. (2023). Recovery of platinum group metals from

aqueous solution by iron-electrocoagulation. Minerals Engineering, 202, 108276.

Davis, J. A., Kent, D. B., Rea, B. A., Maest, A. S., & Garabedian, S. P. (2020). Influence of Redox
Environment and Aqueous Speciation on Metal Transport in Groundwater: Preliminary Results of

Trace Injection Studies. In Metals in groundwater (pp. 223-273). CRC Press.

De Aberasturi, D. J., Pinedo, R., De Larramendi, I. R., De Larramendi, J. R., & Rojo, T. (2011). Recovery
by hydrometallurgical extraction of the platinum-group metals from car catalytic

converters. Minerals engineering, 24(6), 505-513.

de Oliveira Demarco, J., Cadore, J. S., Veit, H. M., Madalosso, H. B., Tanabe, E. H., & Bertuol, D. A.
(2020). Leaching of platinum group metals from spent automotive catalysts using organic

acids. Minerals Engineering, 159, 106634.

Diac, C., Maxim, F. |., Tirca, R., Ciocanea, A,, Filip, V., Vasile, E., & Stamatin, S. N. (2020).
Electrochemical recycling of platinum group metals from spent catalytic converters. Metals, 10(6),

822.

54



Dowling, D. P., Betts, A. J., Pope, C., McConnell, M. L., Eloy, R., & Arnaud, M. N. (2003). Anti-bacterial
silver coatings exhibiting enhanced activity through the addition of platinum. Surface and coatings

Technology, 163, 637-640.

Dzombak, D. A., & Morel, F. M. (1991). Surface complexation modeling: hydrous ferric oxide. John

Wiley & Sons.

Elovich, S. Y., & Larinov, O. G. (1962). Theory of adsorption from solutions of non electrolytes on
solid (1) equation adsorption from solutions and the analysis of its simplest form,(ll) verification of
the equation of adsorption isotherm from solutions. /zv. Akad. Nauk. SSSR, Otd. Khim. Nauk, 2(2),

209-216.

Ensslin, A. S., Huber, R., Pethran, A., Rommelt, H., Schierl, R., Kulka, U., & Fruhmann, G. (1997).
Biological monitoring of hospital pharmacy personnel occupationally exposed to cytostatic drugs:
urinary excretion and cytogenetics studies. International archives of occupational and environmental

health, 70, 205-208.

Essumang, D. K., Dodoo, D. K., Adokoh, C. K., Sam, A., & Doe, N. G. (2008). Bioaccumulation of
platinum group metals on some fish species (Oreochromis niloticus, Penaeus laspisulcates, Scylla
serrate, Galaxias brevipinnis and Mollusc) in the Pra estuary of Ghana. Toxicological & Environmental

Chemistry, 90(3), 625-638.

Fajar, A. T., Hanada, T., Firmansyah, M. L., Kubota, F., & Goto, M. (2020). Selective separation of
platinum group metals via sequential transport through polymer inclusion membranes containing an

ionic liquid carrier. ACS Sustainable Chemistry & Engineering, 8(30), 11283-11291.

Fajar, A. T., Hanada, T., & Goto, M. (2021). Recovery of platinum group metals from a spent
automotive catalyst using polymer inclusion membranes containing an ionic liquid carrier. Journal of

Membrane Science, 629, 119296.

55



Firmansyah, M. L., Kubota, F., Yoshida, W., & Goto, M. (2019). Application of a novel phosphonium-
based ionic liquid to the separation of platinum group metals from automobile catalyst leach

liquor. Industrial & Engineering Chemistry Research, 58(9), 3845-3852.

Florence, T. M., Morrison, G. M., & Stauber, J. L. (1992). Determination of trace element speciation

and the role of speciation in aquatic toxicity. Science of the Total environment, 125, 1-13.

Freundlich, H. M. F. (1906). Over the adsorption in solution. J. Phys. chem, 57(385471), 1100-1107.

Fujiwara, K., Ramesh, A., Maki, T., Hasegawa, H., & Ueda, K. (2007). Adsorption of platinum (IV),
palladium (11) and gold (lll) from aqueous solutions onto I|-lysine modified crosslinked chitosan

resin. Journal of hazardous materials, 146(1-2), 39-50.

Gagnon, Z. E., Newkirk, C., & Hicks, S. (2006). Impact of platinum group metals on the environment:
a toxicological, genotoxic and analytical chemistry study. Journal of Environmental Science and

Health Part A, 41(3), 397-414.

Gallagher, M., & Doherty, J. (2007). Parameter estimation and uncertainty analysis for a watershed

model. Environmental Modelling & Software, 22(7), 1000-1020.

Gandhi, M. R., Yamada, M., Kondo, Y., Shibayama, A., & Hamada, F. (2015). p-Sulfonatothiacalix [6]
arene-impregnated resins for the sorption of platinum group metals and effective separation of
palladium from automotive catalyst residue. Journal of Industrial and Engineering Chemistry, 30, 20-

28.

Garole, D. J., Choudhary, B. C., Paul, D., & Borse, A. U. (2018). Sorption and recovery of platinum
from simulated spent catalyst solution and refinery wastewater using chemically modified biomass

as a novel sorbent. Environmental Science and Pollution Research, 25, 10911-10925.

Godlewska-Zytkiewicz, B., Sawicka, S., & Karpiriska, J. (2019). Removal of platinum and palladium
from wastewater by means of biosorption on fungi Aspergillus sp. and yeast Saccharomyces

sp. Water, 11(7), 1522.

56



Gu, Y. Q. Yang, K, Yang, Q. Y., Li, H. Q.,, Hu, M. Q., Ma, M. X,, ... & Chen, Z. F. (2023). Rhodium (lll)—
Picolinamide Complexes Act as Anticancer and Antimetastasis Agents via Inducing Apoptosis and

Autophagy. Journal of Medicinal Chemistry, 66(14), 9592-9606.

Gustafsson, J. P. (2011). Visual MINTEQ 3.0 user guide. KTH, Department of Land and Water

Recources, Stockholm, Sweden, 550.

Guthrie, J. W., Hassan, N. M., Salam, M. S. A,, Fasfous, I. I., Murimboh, C. A., Murimboh, J., ... &
Grégoire, D. C. (2005). Complexation of Ni, Cu, Zn, and Cd by DOC in some metal-impacted
freshwater lakes: a comparison of approaches using electrochemical determination of free-metal-ion
and labile complexes and a computer speciation model, WHAM V and VI. Analytica Chimica

Acta, 528(2), 205-218.

Haase, C., Ebert, M., & Dethlefsen, F. (2016). Uncertainties of geochemical codes and
thermodynamic databases for predicting the impact of carbon dioxide on geologic

formations. Applied Geochemistry, 67, 81-92.

Hall, K. R., Eagleton, L. C., Acrivos, A., & Vermeulen, T. (1966). Pore-and solid-diffusion kinetics in
fixed-bed adsorption under constant-pattern conditions. Industrial & engineering chemistry

fundamentals, 5(2), 212-223.

Hamdaoui, O., & Naffrechoux, E. (2007). Modeling of adsorption isotherms of phenol and
chlorophenols onto granular activated carbon: Part I. Two-parameter models and equations allowing

determination of thermodynamic parameters. Journal of hazardous materials, 147(1-2), 381-394.

Hanada, T., Firmansyah, M. L., Yoshida, W., Kubota, F., Kolev, S. D., & Goto, M. (2020). Transport of
rhodium (Ill) from chloride media across a polymer inclusion membrane containing an ionic liquid

metal ion carrier. ACS omega, 5(22), 12989-12995.

Hartog, N. (2000). A quick introduction to MINEQL+, aquatic chemistry course, Department of

Geochemistry, Faculty of Earth Sciences, Utrecht University,

57



https://www.uio.no/studier/emner/matnat/kjemi/KJM3070/h20/colloguium/minegl.pdf [accessed:

09 October 2023]

Hooda, P. S., Miller, A., & Edwards, A. C. (2008). The plant availability of auto-cast platinum group

elements. Environmental geochemistry and health, 30, 135-139.

Houghton, O. S., & Greer, A. L. (2021). A Conflict of Fineness and Stability: Platinum-and Palladium-
Based Bulk Metallic Glasses for Jewellery: Part I: Introduction and properties of platinum-and

palladium-based bulk metallic glasses. Johnson Matthey Technology Review, 65(4), 506-518.

llyas, S., Kim, H., & Srivastava, R. R. (2021). Separation of platinum group metals from model chloride
solution using phosphonium-based ionic liquid. Separation and Purification Technology, 278,

119577.

Ivanovi¢, S. Z., Trujué, V. K., Gorgievski, M. D., Misi¢, L. D., & BoZi¢, D. S. (2011). Removal of platinum
group metals (PGMs) from the spent automobile catalyst by the pyrometallurgical process. In 15th
International Research/Expert Conference” Trends in the Development of Machinery and Associated

Technology”.

Jaree, A., & Khunphakdee, N. (2011). Separation of concentrated platinum (IV) and rhodium (lll) in
acidic chloride solution via liquid—liquid extraction using tri-octylamine. Journal of Industrial and

Engineering Chemistry, 17(2), 243-247.

Johnson, R. D., & Arnold, F. H. (1995). The Temkin isotherm describes heterogeneous protein
adsorption. Biochimica et Biophysica Acta (BBA)-Protein Structure and Molecular

Enzymology, 1247(2), 293-297.

Kettler, P. B. (2003). Platinum group metals in catalysis: fabrication of catalysts and catalyst

precursors. Organic process research & development, 7(3), 342-354.

58



Kim, C. H., Woo, S. I., & Jeon, S. H. (2000). Recovery of platinum-group metals from recycled
automotive catalytic converters by carbochlorination. Industrial & engineering chemistry

research, 39(5), 1185-1192.

Ko, D. C., Porter, J. F., & McKay, G. (2005). Application of the concentration-dependent surface
diffusion model on the multicomponent fixed-bed adsorption systems. Chemical engineering

science, 60(20), 5472-5479.

Kocaoba, S., & Akcin, G. (2002). Removal and recovery of chromium and chromium speciation with

MINTEQA2. Talanta, 57(1), 23-30.

Kocaoba, S. (2020). Adsorption of Fe (ll) and Fe (Ill) from agueous solution by using sepiolite:
speciation studies with MINEQL+ computer program. Separation Science and Technology, 55(5), 896-

906.

Komendova, R. (2020). Recent advances in the preconcentration and determination of platinum
group metals in environmental and biological samples. TrAC Trends in Analytical Chemistry, 122,

115708.

Korges, M., Junge, M., Borg, G., & Oberthir, T. (2021). Supergene mobilization and redistribution of
platinum-group elements in the Merensky Reef, eastern Bushveld Complex, South Africa. The

Canadian Mineralogist, 59(6), 1381-1396.

Kumar, D., & Gaur, J. P. (2011). Chemical reaction-and particle diffusion-based kinetic modeling of
metal biosorption by a Phormidium sp.-dominated cyanobacterial mat. Bioresource

Technology, 102(2), 633-640.

Kumar, S., Sharma, S., Karmaker, R., & Sinha, D. (2021). DFT study on the structural, optical and
electronic properties of platinum group doped graphene. Materials Today Communications, 26,

101755.

59



Lanaridi, O., Platzer, S., Nischkauer, W., Betanzos, J. H., lturbe, A. U., Del Rio Gaztelurrutia, C., ... &
Bica-Schroder, K. (2022). Benign recovery of platinum group metals from spent automotive catalysts

using choline-based deep eutectic solvents. Green Chemistry Letters and Reviews, 15(2), 405-415.

Langmuir, 1. (1916). The constitution and fundamental properties of solids and liquids. Part I.

Solids. Journal of the American chemical society, 38(11), 2221-2295.

Lee, J. Y., Kumar, J. R, Kim, J. S., Park, H. K., & Yoon, H. S. (2009). Liquid—liquid extraction/separation
of platinum (IV) and rhodium (lll) from acidic chloride solutions using tri-iso-octylamine. Journal of

hazardous materials, 168(1), 424-429.

Liang, G., & Qu, Z. (2023). Insight into Pyrometallurgical Recovery of Platinum Group Metals from

Spent Industrial Catalyst: Co-disposal of Industrial Wastes. ACS ES&T Engineering.

Liu, Z., Ling, X. Y., Su, X., & Lee, J. Y. (2004). Carbon-supported Pt and PtRu nanoparticles as catalysts

for a direct methanol fuel cell. The Journal of Physical Chemistry B, 108(24), 8234-8240.

Liu, C., Sun, S. C., Zhu, X. P., Tu, G. F., & Zhang, J. Y. (2019). Recovery of platinum from the spent
auto-catalysts by pyrometallurgy. In IOP Conference Series: Materials Science and Engineering (Vol.

479, No. 1, p. 012058). IOP Publishing.

Liu, Y., Wang, H., Li, N., Tan, J., & Chen, D. (2021). Research on ammonia emissions from three-way
catalytic converters based on small sample test and vehicle test. Science of the Total

Environment, 795, 148926.

Lu, P., Zhang, G., Apps, J., & Zhu, C. (2022). Comparison of thermodynamic data files for

PHREEQC. Earth-Science Reviews, 225, 103888.

Lusk, B., Zhou, C., Tomaswick, A., & Rittmann, B. (2018). Using the membrane biofilm reactor (MBfR)
to recover platinum group metals (PGMs) as nanoparticles from wastewater. TechConnect Briefs, 2,

134-137.

60



Mack, C. L., Wilhelmi, B., Duncan, J. R., & Burgess, J. E. (2011). Biosorptive recovery of platinum from
platinum group metal refining wastewaters by immobilised Saccharomyces cerevisiae. Water Science

and Technology, 63(1), 149-155.

Magu, M. M., Govender, P. P., & Ngila, J. C. (2016). Geochemical modelling and speciation studies of
metal pollutants present in selected water systems in South Africa. Physics and Chemistry of the

Earth, Parts A/B/C, 92, 44-51.

Makvandi, S., Pagé, P., Tremblay, J., & Girard, R. (2021). Exploration for platinum-group minerals in
till: A new approach to the recovery, counting, mineral identification and chemical

characterization. Minerals, 11(3), 264.

Marinho, R. S., Afonso, J. C., & da Cunha, J. W. S. D. (2010). Recovery of platinum from spent
catalysts by liquid—liquid extraction in chloride medium. Journal of hazardous materials, 179(1-3),

488-494.

Masakorala, K., Turner, A., & Brown, M. T. (2008). Influence of synthetic surfactants on the uptake of

Pd, Cd and Pb by the marine macroalga, Ulva lactuca. Environmental Pollution, 156(3), 897-904.

Matthey, J. (2021). PGM market report May 2020. Johnson Matthey.

Méndez, A., Nogueira, C. A., & Paiva, A. P. (2021). Recovery of platinum from a spent automotive

catalyst through chloride leaching and solvent extraction. Recycling, 6(2), 27.

Menegazzo, F., Fantinel, T., Signoretto, M., & Pinna, F. (2007). Metal dispersion and distribution in

Pd-based PTA catalysts. Catalysis Communications, 8(6), 876-879.

Mercer, K. L., & Tobiason, J. E. (2008). Removal of arsenic from high ionic strength solutions: effects
of ionic strength, pH, and preformed versus in situ formed HFO. Environmental science &

technology, 42(10), 3797-3802.

61



Merker, J., Lupton, D., Topfer, M., & Knake, H. (2001). High temperature mechanical properties of

the platinum group metals. Platinum Metals Review, 45(2), 74-82.

Mokhodoeva, 0., Shkinev, V., Maksimova, V., Dzhenloda, R., & Spivakov, B. (2020). Recovery of
platinum group metals using magnetic nanoparticles modified with ionic liquids. Separation and

Purification Technology, 248, 117049.

Monroy-Barreto, M., Bautista-Flores, A. N., Munguia Acevedo, N. M., de San Miguel, E. R., & de
Gyves, J. (2021). Selective palladium (ii) recovery using a polymer inclusion membrane with tris (2-
ethylhexyl) phosphate (TEHP). experimental and theoretical study. Industrial & Engineering

Chemistry Research, 60(8), 3385-3396.

Morcali, M. H. (2020). A new approach to recover platinum-group metals from spent catalytic

converters via iron matte. Resources, Conservation and Recycling, 159, 104891.

Mosai, A. K., Chimuka, L., Cukrowska, E. M., Kotzé, I. A., & Tutu, H. (2020). Recovery of Pd (ll), Ir (111}
and Rh (lll) from aqueous solutions with Brewer’s Yeast-functionalised bentonite. Minerals

Engineering, 145, 106101.

Mosai, A. K., Johnson, R. H., & Tutu, H. (2021). Modelling of palladium (ll) adsorption onto amine-
functionalised zeolite using a generalised surface complexation approach. Journal of Environmental

Management, 277, 111416.

Mosai, A. K., & Tutu, H. (2022). Adsorption of platinum group elements (Pd (II), Ir (1) and Rh (Il1))
from aqueous solutions using 3-aminopropyl (diethoxy) methylsilane (APDEMS) functionalised

bentonite. Minerals Engineering, 176, 107342.

Mpinga, C. N., Eksteen, J. J., Aldrich, C., & Dyer, L. (2018). A conceptual hybrid process flowsheet for
platinum group metals (PGMs) recovery from a chromite-rich Cu-Ni PGM bearing ore in oxidized
mineralization through a single-stage leach and adsorption onto ion exchange

resin. Hydrometallurgy, 178, 88-96.

62



Mwase, J. M., Petersen, J., & Eksteen, J. J. (2012). A conceptual flowsheet for heap leaching of

platinum group metals (PGMs) from a low-grade ore concentrate. Hydrometallurgy, 111, 129-135.

Newkirk, C. E., Gagnon, Z. E., & Pavel Sizemore, I. E. (2014). Comparative study of hematological
responses to platinum group metals, antimony and silver nanoparticles in animal models. Journal of

Environmental Science and Health, Part A, 49(3), 269-280.

Nguyen, V. T., Riafio, S., Aktan, E., Deferm, C., Fransaer, J., & Binnemans, K. (2020).
Solvometallurgical recovery of platinum group metals from spent automotive catalysts. ACS

Sustainable Chemistry & Engineering, 9(1), 337-350.

Nikoloski, A. N., Ang, K. L., & Li, D. (2015). Recovery of platinum, palladium and rhodium from acidic

chloride leach solution using ion exchange resins. Hydrometallurgy, 152, 20-32.

Odularu, A. T., Ajibade, P. A., Mbese, J. Z., & Oyedeji, 0. 0. (2019). Developments in platinum-group

metals as dual antibacterial and anticancer agents. Journal of Chemistry, 2019.

Oke, D., Ndlovu, S., & Sibanda, V. (2014). Removal of platinum group metals from dilute process
streams: Identification of influential factors using DOE approach. Journal of Environmental Chemical

Engineering, 2(2), 1061-1069.

Padmesh, T. V. N., Vijayaraghavan, K., Sekaran, G., & Velan, M. (2006). Application of two-and three-
parameter isotherm models: biosorption of acid red 88 onto Azolla microphylla. Bioremediation

Journal, 10(1-2), 37-44.

Paiva, A. P., Piedras, F. V., Rodrigues, P. G., & Nogueira, C. A. (2022). Hydrometallurgical recovery of
platinum-group metals from spent auto-catalysts—focus on leaching and solvent

extraction. Separation and purification technology, 286, 120474.

Parkhurst, D. L., & Appelo, C. A. J. (1999). User's guide to PHREEQC (Version 2): A computer program
for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations (No.

99-4259). US Geological Survey.

63



Parkhurst, D. L., & Appelo, C. A. J. (2013). Description of input and examples for PHREEQC version
3—a computer program for speciation, batch-reaction, one-dimensional transport, and inverse

geochemical calculations. US geological survey techniques and methods, 6(A43), 497.

Peng, J., & Wan, A. (1998). Effect of ionic strength on Henry's constants of volatile organic

compound. Chemosphere, 36(13), 2731-2740.

Peng, Z., Li, Z,, Lin, X., Tang, H., Ye, L, Ma, Y., ... & Jiang, T. (2017). Pyrometallurgical recovery of

platinum group metals from spent catalysts. Jom, 69, 1553-1562.

Pianowska, K., Kluczka, J., Benke, G., Goc, K., Malarz, J., Ochmanski, M., & Leszczyriska-Sejda, K.
(2023). Solvent extraction as a method of recovery and separation of platinum group

metals. Materials, 16(13), 4681.

Radzyminska-Lenarcik, E., Pyszka, |., & Urbaniak, W. (2021). New polymer inclusion membranes in

the separation of palladium, zinc and nickel ions from aqueous solutions. Polymers, 13(9), 1424.

Radzyminska-Lenarcika, E., Ulewiczb, M., & Kosciuszkoc, A. (2022). Separation of Pd (1) and Pt (IV)
ions using polymer inclusion membranes doped with alkylimidazoles. Desalination and Water

Treatment, 265, 94-102.

Ramesh, A., Hasegawa, H., Sugimoto, W., Maki, T., & Ueda, K. (2008). Adsorption of gold (ll1),
platinum (IV) and palladium (Il) onto glycine modified crosslinked chitosan resin. Bioresource

technology, 99(9), 3801-3809.

Rao, C. R. M., & Reddi, G. S. (2000). Platinum group metals (PGM); occurrence, use and recent trends

in their determination. TrAC Trends in Analytical Chemistry, 19(9), 565-586.

Redlich, 0. J. D. L., & Peterson, D. L. (1959). A useful adsorption isotherm. Journal of physical

chemistry, 63(6), 1024-1024.

64



Rosner, G., Konig, H. P., Koch, W., Kock, H., Hertel, R. F., & Windt, H. (1991). Engine test stand
experiments for assessing platinum uptake by plants. Angewandte Botanik, Vol. 65, No. 1-2, 127-132

ref. 7

Rzelewska-Piekut, M., & Regel-Rosocka, M. (2019). Separation of Pt (IV), Pd (l1), Ru (Ill) and Rh (lIl)
from model chloride solutions by liquid-liquid extraction with phosphonium ionic liquids. Separation

and Purification Technology, 212, 791-801.

Rzelewska-Piekut, M., Paukszta, D., & Regel-Rosocka, M. (2021). Hydrometallurgical recovery of
platinum group metals from spent automotive converters. Physicochemical Problems of Mineral

Processing, 57.

Sahu, P., Dash, P., Jena, M. S., & Mandre, N. R. (2023). Flotation of Platinum Group Elements Ores: A

Review. Mineral Processing and Extractive Metallurgy Review, 44(2), 102-124.

Sako, A., Lopes, L., & Roychoudhury, A. N. (2009). Adsorption and surface complexation modeling of
palladium, rhodium and platinum in surficial semi-arid soils and sediment. Applied

Geochemistry, 24(1), 86-95.

Saurat, M., & Bringezu, S. (2008). Platinum group metal flows of Europe, part 1: Global supply, use in

industry, and shifting of environmental impacts. Journal of Industrial Ecology, 12(5-6), 754-767.

Savignan, L., Faucher, S., Chéry, P., & Lespes, G. (2021). Platinum group elements contamination in

soils: Review of the current state. Chemosphere, 271, 129517.

Schecher, W. D., & McAvoy, D. C. (1992). MINEQL+: a software environment for chemical equilibrium

modeling. Computers, Environment and Urban Systems, 16(1), 65-76.

Serbin, R., Bazel, Y., & Ruzickova, S. (2017). Speciation of platinum by GFAAS using various

possibilities of analytical signal enhancement. Talanta, 175, 46-52.

65



Serkiz, S. M., Allison, J. D., Perdue, E. M., Allen, H. E., & Brown, D. S. (1996). Correcting errors in the
thermodynamic database for the equilibrium speciation model MINTEQA2. Water Research, 30(8),

1930-1933.

Shaffer, C. (2015), What Are the Platinum Group Metals and Why Do They Matter?

https://www.thermofisher.com/blog/metals/what-are-the-platinum-group-metals-and-why-do-

they-matter/, Thermofisher Scientific

Sigg, L., Black, F., Buffle, J., Cao, J., Cleven, R., Davison, W.,, ... & Zhang, H. (2006). Comparison of
analytical techniques for dynamic trace metal speciation in natural freshwaters. Environmental

science & technology, 40(6), 1934-1941.

Sobrova, P., Zehnalek, J., Adam, V., Beklova, M., & Kizek, R. (2012). The effects on
soil/water/plant/animal systems by platinum group elements. Central European Journal of

Chemistry, 10, 1369-1382.

Steefel, C. I., Appelo, C. A. J., Arora, B., Jacques, D., Kalbacher, T., Kolditz, O., ... & Yeh, G. T. (2015).
Reactive transport codes for subsurface environmental simulation. Computational Geosciences, 19,

445-478.

Suoranta, T., Zugazua, O., Niemeld, M., & Peramaki, P. (2015). Recovery of palladium, platinum,
rhodium and ruthenium from catalyst materials using microwave-assisted leaching and cloud point

extraction. Hydrometallurgy, 154, 56-62.

Suska, F., Svensson, S., Johansson, A., Emanuelsson, L., Karlholm, H., Ohrlander, M., & Thomsen, P.
(2010). In vivo evaluation of noble metal coatings. Journal of Biomedical Materials Research Part B:
Applied Biomaterials: An Official Journal of The Society for Biomaterials, The Japanese Society for
Biomaterials, and The Australian Society for Biomaterials and the Korean Society for

Biomaterials, 92(1), 86-94.

66



Sutherland, R. A., Pearson, D. G., & Ottley, C. J. (2008). Grain size partitioning of platinum-group
elements in road-deposited sediments: Implications for anthropogenic flux estimates from

autocatalysts. Environmental Pollution, 151(3), 503-515.

Sverjensky, D. A., & Fukushi, K. (2006). A predictive model (ETLM) for As (lll) adsorption and surface
speciation on oxides consistent with spectroscopic data. Geochimica et cosmochimica acta, 70(15),

3778-3802.

Thompson, S. T., James, B. D., Huya-Kouadio, J. M., Houchins, C., DeSantis, D. A., Ahluwalia, R., ... &
Papageorgopoulos, D. (2018). Direct hydrogen fuel cell electric vehicle cost analysis: System and
high-volume manufacturing description, validation, and outlook. Journal of Power Sources, 399, 304-

313.

Tipping, E. (1994). WHAMC—A chemical equilibrium model and computer code for waters,
sediments, and soils incorporating a discrete site/electrostatic model of ion-binding by humic

substances. Computers & Geosciences, 20(6), 973-1023.

Tipping, E. (1998). Humic ion-binding model VI: an improved description of the interactions of

protons and metal ions with humic substances. Aquatic geochemistry, 4, 3-47.

Tipping, E., Lofts, S., & Sonke, J. E. (2011). Humic lon-Binding Model VII: a revised parameterisation

of cation-binding by humic substances. Environmental Chemistry, 8(3), 225-235.

Truesdell, A. H. (1968). The advantage of using pe rather than Eh in redox equilibrium

calculations. Journal of Geological Education, 16(1), 17-20.

Turner, A, Lewis, M. S., Shams, L., & Brown, M. T. (2007). Uptake of platinum group elements by the

marine macroalga, Ulva lactuca. Marine Chemistry, 105(3-4), 271-280.

Uheida, A, Iglesias, M., Fontas, C., Hidalgo, M., Salvado, V., Zhang, Y., & Muhammed, M. (2006).
Sorption of palladium (l1), rhodium (l11), and platinum (V) on Fe304 nanoparticles. Journal of colloid
and interface science, 301(2), 402-408.

67



United States Environmental Protection Agency, 2006. MINTEQA?2 Equilibrium Speciation Model,

https://www.epa.gov/hydrowg/mintega2-equilibrium-speciation-model [accessed: 04 July 2024]

VanBriesen, J. M., Small, M., Weber, C., & Wilson, J. (2010). Modelling chemical speciation:
thermodynamics, kinetics and uncertainty. Modelling of pollutants in complex environmental

systems, 2(1), 133-149.

Van Schalkwyk, R. F., Eksteen, J. J., Petersen, J., Thyse, E. L., & Akdogan, G. (2011). An experimental
evaluation of the leaching kinetics of PGM-containing Ni—Cu—Fe—S Peirce Smith converter matte,

under atmospheric leach conditions. Minerals Engineering, 24(6), 524-534.

Verma, S., Mohanty, B. P., Singh, K. P., Behera, B. R., & Kumar, A. (2018). Dependence of
precipitation of trace elements on pH in standard water. Nuclear Instruments and Methods in

Physics Research Section B: Beam Interactions with Materials and Atoms, 420, 18-22.

Vidal Treber, J., Gonzalez, P., Gil, R., Robledo, S., & Almeida, C. (2024). Platinum group metals

removal using expanded vermiculite. Chemical Engineering Communications, 211(7), 1015-1029.

Wang, J., & Guo, X. (2020). Adsorption isotherm models: Classification, physical meaning, application

and solving method. Chemosphere, 258, 127279.

Wang, P., Ding, Y., Liu, M., Liang, Y., & Shi, Z. (2019). Modeling kinetics of Ni dissociation from humic

substances based on WHAM 7. Chemosphere, 221, 254-262.

Welter, D. E., White, J. T., Hunt, R. J., & Doherty, J. E. (2015). Approaches in highly parameterized
inversion—PEST++ Version 3, a Parameter ESTimation and uncertainty analysis software suite

optimized for large environmental models (No. 7-C12). US Geological Survey.

Wiecka, Z., Rzelewska-Piekut, M., & Regel-Rosocka, M. (2022). Recovery of platinum group metals
from spent automotive converters by leaching with organic and inorganic acids and extraction with

quaternary phosphonium salts. Separation and Purification Technology, 280, 119933.

68



Won, S. W., Mao, J., Kwak, I. S., Sathishkumar, M., & Yun, Y. S. (2010). Platinum recovery from ICP
wastewater by a combined method of biosorption and incineration. Bioresource technology, 101(4),

1135-1140.

Xu, X., Gao, B., Wang, W., Yue, Q., Wang, Y., & Ni, S. (2009). Adsorption of phosphate from aqueous
solutions onto modified wheat residue: characteristics, kinetic and column studies. Colloids and

Surfaces B: Biointerfaces, 70(1), 46-52.

Yabe, M. J. S., & de Oliveira, E. (2003). Heavy metals removal in industrial effluents by sequential

adsorbent treatment. Advances in environmental research, 7(2), 263-272.

Yakoumis, I., Moschovi, A., Panou, M., & Panias, D. (2020). Single-step hydrometallurgical method
for the platinum group metals leaching from commercial spent automotive catalysts. Journal of

Sustainable Metallurgy, 6, 259-268.

Yang, D., Yang, Q., Ma, W., Ma, X., Wang, S., & Lei, Y. (2023). Characteristics of spent automotive
catalytic converters and their effects on recycling platinum-group-metals and rare-earth-

elements. Separation and Purification Technology, 308, 122977.

Yang, J., Liang, T., Pan, B., Xu, X., Guo, Y., Shi, W., ... & Wang, Z. (2024). A spherical adsorbent
produced from a bagasse biochar chitosan assembly for selective adsorption of platinum-group

metals from wastewater. International Journal of Biological Macromolecules, 266, 131142.

Yousif, A. M. (2019). Recovery and then individual separation of platinum, palladium, and rhodium
from spent car catalytic converters using hydrometallurgical technique followed by successive

precipitation methods. Journal of Chemistry, 2019(1), 2318157.

Zhang, W. Y., Dy, F., He, M., Bai, L., Gu, Y. Y., Yang, L. L., & Liu, Y. J. (2019). Studies of anticancer
activity in vitro and in vivo of iridium (lll) polypyridyl complexes-loaded liposomes as drug delivery

system. European journal of medicinal chemistry, 178, 390-400.

69



Zhang, L., Shang, K., Li, X., Shen, M., Lu, S., Tang, D., ... & Yu, Y. (2022). Reduction Sensitive Polymers
Delivering Cationic Platinum Drugs as STING Agonists for Enhanced Chemo-

Immunotherapy. Advanced Functional Materials, 32(43), 2204589.

Zhang, Y., Zhang, S., Huang, Y., Yang, Y., & Kou, X. (2023). Selective and Efficient Platinum Group
Metal Adsorption from Wastewater by Localized Triethylamine-Based Poly (lonic Liquid). ACS ES&T

Water, 3(11), 3602-3613.

Zhou, L., Liu, J., & Liu, Z. (2009). Adsorption of platinum (V) and palladium (1) from aqueous solution

by thiourea-modified chitosan microspheres. Journal of hazardous materials, 172(1), 439-446.

Zhou, L., Xu, J., Liang, X., & Liu, Z. (2010). Adsorption of platinum (IV) and palladium (II) from
aqueous solution by magnetic cross-linking chitosan nanoparticles modified with

ethylenediamine. Journal of hazardous materials, 182(1-3), 518-524.

Zientek, M. L., & Loferski, P. J. (2014). Platinum-Group Elements—So Many Excellent Properties. US

Geological Survey Fact Sheet, 3064.

70



