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Abstract

The biohydrometallurgical approach (bioleaching) continues to emerge as the promising
option in comparison to pyrometallurgy and hydrometallurgy, in terms of both economic and
environmental advantages as well as recovery efficiency, for the extraction of base metals
from printed circuit boards (PCBs). The biohydrometallurgical route typically presents less
corrosive reagents and lower energy demands as operating temperatures are typically low,
thus lower investment is required, distributed systems have potential and the technology may
be profitable even for the treatment of low-grade PCBs. Of much benefit to bioleaching is the
continuous in-situ regeneration of the ferric (Fe3*) ion reagent by the iron oxidising
microorganisms within the system, further lowering operating costs and minimising the
disposal of toxic effluent to the environment. Bioleaching of PCBs has thus been explored
since the early 2000s, with emphasis on the operating factors affecting the rate and extent of
metal extraction, such as choice of microbial consortia, Fe3* and/or FeZ* concentrations and
ratios, pH of the system, temperature, particle size of the PCBs, and solid loadings. High metal
extractions are reported, especially for Cu (i.e. >90% Cu). Despite such progress, one of the
major challenges in further development and commercialisation of bioleaching is the limited
rate of microbial regeneration of the Fe3* oxidant relative to the Fe3* reduction rate as a
function of metal dissolution, resulting in low leaching rate and extent of metal leached. The
low Fe3* regeneration rate is further exacerbated by the inhibition of microbial culture by
accumulating metal ions and/or other non-metallic components of PCBs within the system,
thus limiting the benefits of microorganisms in the system.

This study thus evaluated chemical leaching (Fe3*reduction) and microbial Fe?* oxidation (Fe3*
regeneration) kinetics during the extraction of base metals from PCBs and used such
fundamental understanding to inform reactor set-up for the bioleaching of PCBs. Hence, the
project was apportioned into three parts: (1) developing chemical leaching kinetics, (2)
enhancing microbial Fe2*oxidation kinetic rates through minimising inhibition and maximising
volumetric oxidation rates through maximising the volumetric oxidation rate through biomass
retention, and (3) bioleaching of PCBs in a bioreactor in which the balance on rates of ferric
leaching of base metals from PCBs with microbial ferric regeneration is sought.

The chemical leaching kinetics were evaluated through the leaching of four typical
predominant base metals of interest in PCBs, i.e., Cu, Zn, Ni, and Sn, as elementary metal
powder. To best evaluate relative metal leaching behavior and associated kinetics, the four
metals were leached as individual metals and as mixed metals. The kinetic data obtained for
ferric and acid leaching were compared to that of leaching of complex PCBs. Leaching of
elementary metals prior to complex PCBs provided useful fundamental leaching kinetics,
which remains scarce in the literature. Such data is critical in informing the modeling and
design of process flowsheets for the leaching of PCBs. For example, understanding relative
metal leaching rates can help in determining residence time and number of leaching tanks
required. As metal leaching is also through the attack by proton (H*), all leaching experiments
were alsocarried out with H* oxidant only by using acidified water, in addition to Fe3* leaching.
Across all leaching experiments, the Fe3* oxidant exhibited faster leaching rates than H,
suggesting that Fe3*was a dominant oxidant. Amongst individual elementary metal leaching,



the relative Fe3* leaching rates were in the order of Zn > Sn > Cu > Ni and were the same as
that of Fe3*leaching of mixed metals. For acid leaching systems, the relative leaching for both
individual and mixed metals was in the order of Zn > Cu > Ni > Sn. This suggested that the
difference in the relative leaching rates between Fe3* and H* leaching systems was on Sn. This
was attributed to the low solubility of Sn in the sulfuric acid (H2504) medium. Similar order in
relative leaching rates between individual and mixed metals was critical as it meant that the
kinetic leaching data for individual metals can be useful in understanding mixed metal leaching
systems. The Fe3* leaching of individual Cu and Sn was 2" order with respect to Fe3*
concentration and approximately 5t and 15t order for Zn and Ni, respectively. Our estimated
leaching kinetics showed no dependence on Fe?* concentration across all four metals.
Leaching kinetics for mixed metals were assumed to be dominantly controlled by Cu leaching
and the leaching order remained 2" order with respect to Fe3*. The apparent activation
energy for the Fe3* leaching of Cu, Zn, Ni, and Sn was, respectively, 32.7, 24.3, 84.5, and 18.6
kJ.mol?, suggesting that the mechanism for leaching of Cu and Zn was mixed-controlled, Ni
was chemically controlled, and Sn was diffusion-controlled. The apparent activation energy
for the leaching of mixed metal was 16.3 kJ.mol", implying a diffusion-limited mechanism.

More than 75% Cu, 85% Zn, 49% Ni, and 4% Sn were successfully leached over 40 min from
PCBs by the Fe3* oxidant, but at a lower leaching rate compared to fully liberated elementary
metal powders. The relative metal leaching rate was comparable with that of elementary
metals, i.e., Zn > Cu > Ni > Sn. The apparent low leaching rate of Sn may have been due to its
precipitation. As with the leaching of the elementary metals, Fe3* leaching of PCBs was 2™
order with respect to Fe3*and showed no dependency on Fe?*. The leaching mechanism was
mixed-controlled with an apparent activation energy of 26.8 kl.mol™. Acid leaching of PCBs
was also successfully achieved with 72% Cu, 99% Zn, 73% Ni, 9% Sn solubilised over 1440 min
and a leaching order of Zn>Ni>Cu>Sn. This first part of this PhD thesis provided critical
fundamental data on the leaching of base metals from PCBs and importantly, demonstrated
that the kinetic data for leaching of individual metals can be useful in understanding the
leaching of complex multi-metal systems.

In the second part of this PhD thesis, microbial Fe2* oxidation kinetics is investigated, mainly
focusing on Fe2* oxidation rates in the presence of potential inhibitory metal ions during the
bioleaching of PCBs. Microbial Fe?* oxidation rates were evaluated in the presence of the four
metals of interest, Cu, Zn, Ni, and Sn, as individual and in combination, and PCB leachates.
Metal concentrations tested, added as metal ions, were informed by the expected
concentration of each metal per PCB solid loading (0 — 20% w/v, weight PCB per volume of
solution) determined from the characterisation of PCBs carried out and were in the range of
0-50g/L Cu?*and 0 - 10 g/L for Zn?*, Ni?*, and Sn?*. PCB leachates tested were prepared by
chemically (Fe3*) leaching the custom-made PCB samples and filtering through a 0.45 um filter
to obtain a metal ion-rich (including liberated non-metallic components) solution. The effect
of varying concentrations of PCB leachates, 0 — 50% v/v (volume PCB leachate to volume of
medium with inoculum), on microbial Fe2* oxidation rate was then studied. Owing to the Fe3*
reduction rate exceeding the microbial Fe3* regeneration rate in bioleaching systems, this
study explored both the use of microbial adaptation and microbial immobilisation to improve
the Fe3*regeneration rate while minimising inhibition of microbial culture. A mixed mesophilic



culture consisting of Leptospirillum (L.) ferriphilum (38%), Acidibacillus (At.) caldus (45%) and
Acidiplasma (Ap.) cupricumulans (15%), with additional other species present at <1%
abundance, was adapted to 6 g/L Cu?* and immobilised on polyurethane foam (PUFs) as a
biomass support structure. Microbial immobilisation was achieved by repeated sub-culturing
of the microbial culture, in the presence of PUFs over a period of at least two months.
Adaptation was achieved by incrementally adding Cu?* (in increments of 0.5 g/L Cu?* at every
subculturing cycle up to 6g/L Cu?*). Microbial colonisation on PUFs was successfully confirmed
by visual analysis of the surface of the PUFs using scanning electron microscopy (SEM). The
immobilised cells were then exposed to increasing concentrations of inhibitory metalions and
their performance was compared to that of immobilised and Cu-adapted cells. Control
experiments for both these sets of inocula were that of typically used planktonic cells, such
that four sets of inocula were studied: 1) non-adapted planktonic cells (NA-PC), 2) Cu-adapted
planktonic cells (A-PC), 3) non-adapted immobilised cells (NA-IC), and 4) Cu-adapted
immobilised cells (A-IC). Exploring the four sets of inocula allowed screening of the best
performing in terms of tolerance to toxic metal ions and microbial Fe2* oxidation rates, and
the best was used in Part 3 (reactor studies) of this thesis.

Across all inhibitory metal ions tested, Cu-adapted planktonic cells exhibited better tolerance
than non-adapted planktonic cells. This suggested that adapting to Cu?* not only improved
their tolerance to Cu?* but also to other individual metal ions (Zn2*, Ni2*, and Sn2*), mixed
metals, and PCB leachates. Further, immobilised cells exhibited better metal tolerance than
both NA-PC and A-PC. Of much interest was the high metal tolerance exhibited by Cu-adapted
immobilised cells compared to all inocula studied. This was attributed to the synergistic
benefits of prior adaptation to Cu?*, biofilm formation, and high cell density achievable in
immobilised systems. A-IC not only exhibited better tolerance but also maintained their Fe?*
oxidation rates better, even at increasing metal concentration. When the culture was
subjected to individual metals, microbial Fe?* oxidation was impeded from 3 g metal ions/L
and severity increased with anincrease in metal ion concentration. Considering the individual
inhibitory metalions, inhibition was in the order of Sn2*>Ni2*>Cu?*>Zn?*. In comparison, mixed
metal ions were more inhibitory, attributed to a synergistic inhibitory effect with respect to
individual metal ions. Even at low metal ion concentrations, PCB leachates were more
inhibitory than both individual and mixed metal ions, postulated to be due to synergistic
action with the dissolved non-metallic component of the PCBs and/or the other dissolved
metal ions (Cr, Co.). Nevertheless, complete Fe?* oxidation was achieved over 600 h at up to
40% v/v PCB leachates by Cu-adapted immobilised cells. The improved metal ion tolerance
and higher microbial Fe2* oxidation rates observed by A-IC validated the novel approach of
exploring the compounded benefits of microbial adaptation and immobilisation. As such, Cu-
adapted immobilised cells were used as an inoculum in the bioleaching of PCBs in the

bioreactor system (Part 3).

The third and final part of this PhD thesis explored a one- and two-stage bioleaching reactor
system for the bioleaching of PCBs. The two-stage reactor system was set up by coupling a
stirred tank reactor for the chemical leaching of PCBs to a series of packed-bed column
reactors for microbial regeneration of the Fe3* leaching agent. The column bioreactor was
packed with PUFs immobilised with Cu-adapted cells. The two-stage reactor system was



operated as a continuously re-circulating closed system such that the Fe?*-rich stream
(including leached metal ions) generated on Fe3* leaching of PCBs in the stirred tank reactor
was circulated through the packed-bed bioreactor for the microbial regeneration of the Fe3*
oxidant. While the focus was on the two-stage reactor system, a one-stage reactor system
where both Fe3* leaching and microbial Fe?* oxidation occurred in one pot was run
concurrently. In both reactor systems, PCBs solid loading was increased incrementally from
3% to 18% w/v in 3% increments while the rate and extent of metal leaching and the microbial
Fe3* regeneration rate were studied. Comparably, high metal bioleaching efficiency was
achieved in both reactor systems across PCBs loadings tested, shown by the average efficiency
achieved across 3 —18% w/v PCBs in the two-stage reactor system as follows: 98% Al, 58% Ca,
93% Cr, 96% Cu, >100% Mg, 79% Ni, 80% Pb, >100% Sn, >100% Zn, and low efficiency of 7%
Co and 11% Sr. Of particular interest was the ability of the Cu-adapted immobilised cells to
maintain their activity at increasing PCB solid loading in both reactor systems, with the two-
stage system exhibiting faster volumetric Fe2* oxidation rates. The Fe3* reduction rate as a
function of metal dissolution (0.211 g Fe3*.L'L.hr!) was 8.71 times the microbial Fe3*
regeneration rate (0.0242 Fe3*.L1.hr!) in the one-stage reactor system, while in the two-stage
system, the Fe3* reduction rate of 0.206 g Fe3*.L'1.hr'l was 3.46 times faster than the Fe3*
regeneration rate (0.0594 g Fe3*.L ™ .hrt). This suggested an improvement of about 60% in the
matching of the Fe3* reduction to Fe3* regeneration rates in the two-stage reactor system.

Overall, this study contributed to the understanding of the bioleaching of PCBs by providing
fundamental data for both sub-processes, i.e., the chemical leaching and the microbial Fe2*
oxidation, involved in bioleaching. It demonstrated that study of the two sub-processes
independently can be insightful to the complex integrated system. This is important as the
data can be useful in process modelling to aid both system design and improvement of the
overall bioleaching performance of PCBs. This study provided as yet unreported data on the
kinetics of ferric and acid leaching of elemental base metals and their mixtures. It successfully
demonstrated that the inhibitory effect of accumulated metal ions and other dissolved non-
metallic components of the PCBs on the microbial culture can be minimised using microbial
adaptation and immobilisation systems. In addition to the mitigated inhibition, the microbial
Fe?* oxidation rate can be improved through biomass retention, bridging the discrepancy
between the high Fe3* reduction rate and slow microbial Fe3* regeneration rate. These results
present a novel and promising approach to maximising metal recovery while maintaining and
improving microbial activity in the bioleaching of PCBs. In particular, the improved Fe3*
regeneration in the two-stage reactor systems presents a promising result for its application
in the commercialisation of PCB bioleaching. Further investigation of the reactor
configurations, through their modelling to further balance rates of oxidation and reduction,
optimisation of operating parameters such as residence time and the number of packed-bed
column bioreactors, and conversion of the system to a continuous open system for ongoing
metal recovery, amongst others, are recommended to contribute to the refinement of the
bioleaching system for base metal recovery from PCBs, prior to recovery of platinum group
metals (PGMs).

Vi
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CHAPTER 1

1 Introduction

1.1 Rapid generation of Waste Electrical and Electronic Equipment
(WEEE)

According to the Solving the E-Waste Problem (Step) white paper, “Waste Electrical and
Electronic Equipment, WEEE, widely known as E-Waste, is a term used to cover items of all
types of electrical and electronic equipment (EEE) and its parts that have been discarded by
the owner as waste without the intention of reuse” (Step Initiative, 2014). E-waste includes a
vast variety of EEE products, household and/or business, which have a power or battery
supply. These include equipment and devices such as refrigerators, air conditioners,
televisions, laptops, mobile phones, fluorescent lamps, electric kettles, game consoles,
electrical cables, printers, washing machines, microwaves. E-waste constitutes one of the
fastest growing solid municipal wastes globally. Global generation of E-waste increased from
44.4 million tonnes, Mt (average of 6.4 kg per capita) in 2014 to 62 Mt (7.8 kg per capita) in
2022, valued at $91 billion USD (Baldé et al. 2024). It is forecast to increase to 74.7 Mt by the
year 2030 (Forti et al. 2020) and to as high as 110 Mt in 2050 (Parajuly et al. 2019). Of the 62
Mt E-waste generated in 2022, Asia contributed 48.4% (30 Mt), America, 22.6% (14 Mt),
Europe, 21.0% (13 Mt), Africa, 5.7% (3.5 Mt) and the least being Oceania at 1.1% (0.707)
(Figure 1-1). Of the greatest concern is the low amount of E-waste formally collected and
recycled annually against the annual generated. Depending on the legislation set up in the
handling of E-waste, recycling channels (collections) and resources (capital investment) for E-
waste treatment, the amount of E-waste recycled differs per continent. In 2022, only 43%,
41%, 30%, 12%, and 0.7% of the annually generated was formally collected and recycled in
Europe, Oceania, the Americas, Asia, and Africa, respectively (Baldé et al. 2022). Globally, only
22.3.4% was recycled and the remaining 77.6% (valued at$71 billion USD) was undocumented
— most likely ending up dumped in landfills, or informally recycled using non-environmentally

compliant practices (Baldé et al. 2024).
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Figure 1-1 Total annual amount of E-waste generated (), E-waste generated per capita (1),
and amount of E-waste recycled (=+) at various continents in the year 2022 (Baldé et
al. 2024).

The main driving force for this continuous rapid global generation of E-waste is the rapid
growth in technological innovations, especially in the information and communication
technology sector, and the decrease in the lifespan of electronic products (typically less than
3 years), driving ongoing replacement of electronic products with improved ones, resulting in
burgeoning electronic waste (e-waste). Proper recycling of E-waste is complex as E-waste
contains a wide range of material compositions (i.e., plastics, nonferrous metals, ferrous
metals, wood, glass, as shown in Figure 1-2 (Robinson 2009; Garlapati 2016; Kaya 2019a;
Adetunji et al. 2023); and E-waste has traditionally been manufactured with no intent for
reuse. As such, E-waste has typically been incinerated or sent to landfills; however, such
improper E-waste treatment methods are of serious concern to both the environment and
public health (Cao et al. 2020; Abubakar et al. 2022; Jiet al. 2022a). This is owing to the organic
and inorganic hazardous substances such as brominated flame retardants (BFRs),
polybrominated diphenyl ethers (PBDEs), chlorofluorocarbon (CFCs), polyvinylchloride (PVC),
heavy metals (Pb, Hg, Cr®*, Ba, In,), polybrominated dibenzo-p-dioxins and furans (PBDDs/Fs),
polychlorinated dibenzo-p-dioxins and furans (PCDDs/Fs), contained in E-waste (Morf et al.
2007; Robinson 2009; Tsydenova and Bengtsson 2011; Cao et al. 2020). In landfilling, these
hazardous substances can leach into and pollute the surrounding soil and water streams.
Incineration pollutes the surrounding air as toxic gases and fumes, such as dioxins are emitted.
Sepulveda et al. (2010) reviewed the impact of E-waste on the environment surrounding
recycling sites in India and China. Soil, air, water, dust, and sediments around the recycling
sites were found to contain high levels of PBDDs/Fs, Pb, PCDDs/Fs, and PBDEs. Concentrations
of some of these contaminants were higher than the standard thresholds, posing high risks to
the environment and human health (Sepulveda et al. 2010). Similarly, Oloruntoba et al. (2022)
reported high levels of PBDEs in soil (0-45 cm depth) and rainwater ponds around E-waste
dumping sites in Lagos, Nigeria. Gases such as CFCs, which are known to be ozone depleting,
can escape from air conditioners and refrigerators when these items are dumped on landfills



(Scheutz et al. 2004). This highlights the urgent need for an alternative E-waste handling
approaches which are environmentally sound and allow for effective metal recovery and re-
use.
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Figure 1-2 Typical composition of various materials (%) in E-waste (adapted from (Kaya
2019a))

1.2 WEEE in circular economy

Despite the human health and environmental concerns associated with E-waste, E-waste hold
great potential economic value, derived from their high metal content which can be as high
as 50% by weight. E-waste contains up to 69 elements from the periodic table, these vary from
rare earth elements, REE (tantalum, indium, and neodymium), critical raw materials, CRMs,
and platinum group metals, PMGs (osmium, palladium, platinum, iridium, cobalt, ruthenium,
and rhodium), base metals, BMs (copper, iron, zinc, nickel, tin, and aluminium), precious
metals, PMs (gold and silver), and other metals (cadmium, chromium, mercury, lead, and
silicone) (Tan et al. 2014; Chauhan et al. 2018; Kaya 2019a; Islam et al. 2020). Depending on
the type of E-waste, metals such as Cu and Au can be 17 times or more concentrated and
purer than found in their respective virgin ores (Davis and Herat 2008; Forti et al. 2020; Kaya
2019a; van Yken et al. 2021; Adetunji et al. 2023). Typical respective copper-bearing virgin
ores currently mined contain about 0.3-1% Cu, and that of Au is about 1-10 g/ton, while in E-
waste, these metalscanbe as high as 20% Cu and 250 g/ton Au (Akcil et al. 2015c). This centres
E-waste as one of the best secondary sources for metals, mitigating the continuous traditional
mining of the already depleting materials and ore grades, in addition to alleviating
environmental burden. Furthermore, their high, and mixed, metal content necessitates
development of appropriate E-waste recycling methods and environmentally friendly
technologies to recover such metals selectively. Such practices can avail critical materials to
re-enter the manufacturing process and aid in bridging the increasing deficit between the
supply of materials from virgin ores and the high demand for metals to support rapid

3



advancement in technology, especially for the low carbon economy. This will encourage a
circular economy and contribute toward sustainable goals.

Printed circuit boards (PCBs) are the core component of almost all EEE products. Although
they constitute about 3-6% by mass of E-waste (Bizzo et al. 2014), they represent the most
economical value owing to their high metal content. PCBs are heterogeneous in composition
and are typically about 30% metallic and 70% non-metallic. The non-metallic composition
includes plastics, glass fiber reinforced epoxy resins, and ceramics, while the metal fraction
includes base metals and precious metals. The composition varies across manufacturers and
depends on the intended purpose of the EEE. The metal fraction of PCBs is mostly dominated
by base metals, with Cu being the predominant metal by mass (Yamane et al. 2011; Bizzo et
al. 2014) while Au, Ag, and the PGMs are of the highest value. PCBs are typically categorised
based on their Au content. PCBs with less than 100 g/ton Au are classified as low grade,
between 100 — 400 g/ton are medium grade, while with more than 400 g/L Au are high grade
(Oguchi et al. 2011). The presence of copper typically interferes with the recovery of the high
value metals, especially Au, necessitating recovery of base metals prior to the recovery of PMs
and PGMs (Pham and Ting 2009; lIsildar et al. 2016). PCBs are by far the most studied
secondary source of metals from E-waste (Brandl et al. 2001; Tuncuk et al. 2012a; Ghosh et al.
2015; van Yken et al. 2021; Adetun;ji et al. 2023). Although metal recovery from PCBs can be
challenging due to their complex heterogeneous composition, various methods, including
pyrometallurgical (Khalig et al. 2014; Cayumil et al. 2016), hydrometallurgy (Behnamfardet al.
2013; Akcil et al. 2015c), and biohydrometallurgy (Awasthi et al. 2016; Ji et al. 2022a) have
been explored and well documented through review articles.

1.3 Current recycling practices

Pyrometallurgy, where metal extraction is carried out by smelting, is currently the preferred
route for the extraction of metals from PCBs by industry and is economically profitable. In
state-of-the-art smelters, metal extraction, and refining are rapidly achieved with minimal
environmental impact as they are fitted with off-gas treatment units and analysers (Khaliq et
al. 2014). Copper or lead smelters such as Ronnskar and Umicore are typically best for the
extraction of PMs, Cu, and Pb from E-waste (including PCBs) (Cui and Zhang 2008; Khalig et al.
2014). Metal recovery is then carried out through hydrometallurgy (i.e., cementation or
precipitation) and/or electrometallurgy (i.e., electrowinning). Umicore (located in Hoboken,
Belgium) is the world's largest integrated metal smelter and refinery with an annual capacity
of about 250 000 tons of waste (including E-waste) treated for the recovery of PMs (annual
production of >3400 tons), PGMs (>50 tons), BMs, and other metals (i.e., selenium, bismuth,
tellurium, and antimony) (van Heukelem et al. 2004b; Hageliken 2006). Although
pyrometallurgical methods are rapid with high metal recovery efficiency and high economical
returns, installation and running a smelter requires high investment as smelters are highly
energy intensive and special off-gas treatment is required. Toxic gases such as dioxins emitted
during the incineration can escape and result in secondary pollution (Cui and Zhang 2008;
Cayumil et al. 2016). Moreover, high grade PCBs are typically required for the process to be
economically profitable.



An alternative to pyrometallurgy is hydrometallurgy, where metal extraction is carried out
through strong oxidant lixiviants such as hydrogen peroxides (H203), sulfuric acids (H2S0a4),
aqua-regia, thiosulfates, cyanide, and halides, either as isolated oxidant or in their
combinations (Kotodzziej and Adamski 1984; Tuncuk et al. 2012a; Behnamfard et al. 2013;
Akcil et al. 2015c; Isildar et al. 2016). Contrary to pyrometallurgy, metal extraction through
hydrometallurgical approaches is selective depending on the choice of lixiviant used. Precious
metals are generally targeted by using lixiviants such as cyanides, thiourea, and aqua-regia
(Park and Fray 2009; Rocchetti et al. 2013), while base metals are targeted by using oxidants
such as H,02, ferricion (Fe3*) solutions, and H2SO4 (Quinet et al. 2005; Yazici and Deveci 2014).
Relatively low investment is required as the operating temperatures are low and the process
can be profitable even with the low-grade PCBs as a feedstock. As such, hydrometallurgical
processes are suitable for small-scale operations. Factors influencing metal extractions and
recovery, such as temperature and solution pH, are well established. High extraction of PMs
(>95% Au and 100% Ag) can be achieved from PCBs using thiosulfate lixiviant (Oh et al. 2003;
Ha et al.2010). Industrially, metal-rich bullions from the Umicore smelters are refined through
hydrometallurgy for the recovery of PMs and BMs (Hageliiken 2006). Despite the wide
industrial application of hydrometallurgical routes for the treatment of mineral ores, their
industrial and pilot-scale application for the treatment of PCBs remains minimal. Amongst
other reasons, this is due to (i) highly intensive mechanical pre-treatment (i.e., physical
separation and size reduction) required, which is associated with up to 20% loss of PMs (Cui
and Zhang 2008; Khalig et al. 2014); and (ii) the use of strong corrosive acids, and some highly
flammable reagents, which can result in the degradation of equipment and release of toxic
effluents (Tuncuk et al. 2012a; Kiddee et al. 2013; Akcil et al. 2015c). The need to treat the
effluent before discharging to minimise environmental impact, continuous feed of lixiviant,
and special equipment (such as stainless steel) required to minimise degradation increase the
operation cost.

Of late, biohydrometallurgical processes (bioleaching in particular) have been promoted over
the convectional pyrometallurgical and hydrometallurgical processes as providing improved
environmental performance (Tuncuk et al. 2012; Priya and Hait 2017). This technology is based
on the use of ferrous iron and/or reduced sulfur oxidising bacteria such as Leptospirillum (L.)
ferrooxidans, Acidithiobacillus (At.) ferrooxidans, At. caldus and L. ferriphilum, and archaea
such as Metallosphaera (M.) hakonensis (Rawlings and Johnson 2007; Watling 2006; Tupikina
et al. 2013) to generate the ferric iron and acid lixiviants, respectively. Elemental metal
dissolution occurs through the oxidation of metal embedded on PCBs by dissolved ferric iron
as a primary oxidising agent, in the presence of oxygen under acidic conditions, producing the
soluble metal ion and ferrous iron. The ferrous iron undergoes microbial oxidation back to
ferriciron and the microorganisms use the resulting electron released as an energy source. As
the primary oxidant is continuously regenerated in-situ, reagent costs are minimized with
considerably lower effluent disposal, thereby reducing the environmental burden incurred.
This also allows the treatment of low-grade PCBs with potential profits. Similar to
hydrometallurgy, bioleaching also requires low investment as the operating temperature can
be as low as the ambient temperature and can be suitable for small-scale operations.
However, in contrast to hydrometallurgy, operational conditions are less hazardous as the



reagents used are less corrosive and toxic. Moreover, the provision of acid to maintain the
required acidic condition (pH <2) can be added chemically (adding H2S04) or can be generated
in-situ when S° or sulfide source (i.e., pyrite) is supplemented in the presence of sulfur-
oxidising microorganisms (llyas et al. 2013). Similarly, the ferric iron lixiviant is regenerated
through microbial metabolism from ferrous iron formed on leaching.

Bioleaching has successfully been demonstrated for the leaching of base and precious metals
from E-waste since the early 2000s (Brandl et al. 2001; Tuncuk et al. 2012a; Adetunji et al.
2023). Bioleaching of base metals must precede the leaching of precious metals as they
adversely interfere with the leaching efficiency of precious metals (Birloaga et al. 2013; Isildar
et al. 2016). As such, the application of bioleaching has mainly been on the extraction of base
metals, with a focus on Cu as the abundant metal. More than 90% Cu (and other base metals)
have been extracted from various types of E-wastes (including PCBs) and factors affecting
bioleaching rates and efficiency, such as solution pH, type of microbial consortia, PCB solid
loading, particle size of PCBs, and initial concentration of Fe (either as Fe2* or Fe3*) continue
to be studied. These studies continue to contribute to the fundamental understanding of
bioleaching of PCBs. However, to date, there are no commercial nor pilot-scale processes of
bioleaching of PCBs despite wide successful commercialised bioleaching processes for the
leaching of metals from mineral sulfides. Inhibition of microbial culture by metal ions and/or
non-metallic components remains one of the major challenges in bioleaching of E-waste.
During the bioleaching process, metal ions and non-metallic components (which may be
solubilised) accumulate within the system and adversely impede microbial regeneration of the
primary Fe3* oxidants. Microbial Fe2* oxidation is the rate-determining step in bioleaching and
enhancing tolerance of the microbial culture to the toxic environment is thus key to improving
bioleaching efficiency. While the focus may be on the rate-determining step, the Fe3*
reduction rate as a function of metal leaching is as critical in improving overall bioleaching
efficiency, owing to the two sub-processes being interdependent. Chemical leaching of PCBs
by Fe3* and H*, and associated leaching kinetics is reported (Yazici and Deveci 2014; Becci et
al. 2019); however, there is limited data on the leaching rates of the individual metals or their
mixtures, limiting integrated process design and optimisation. This gap in fundamental
knowledge of individual metal leaching kinetics is key in modeling of bioleaching and in
informing the metal recovery flowsheet (number of recovery tanks and residence time).
Moreover, on understanding relative metal leaching rates, metal accumulation and associated
concentrations can be modeled, which can aid in minimising metal ion exposure and
subsequent inhibition of microbial culture.

1.4 Scope and overall objectives

This study focuses on evaluating ferric iron and acid leaching kinetics of base metals found in
PCBs and microbial ferrous iron oxidation kinetics for regeneration of the ferriclixiviant during
metal extraction from PCBs. It seeks to use the chemical and microbial oxidation kinetics
determined to inform the appropriate staged reactor configurations to enable matched ferric
iron-mediated chemical leaching rates with microbial Fe3* regeneration. To this effect, this
project can be divided into 3 parts: (1) evaluation of ferriciron-mediated chemical leaching
kinetics of both individual metals in elemental form and metal mixtures, (2) microbial Fe2*



oxidation kinetics for Fe3* regeneration with a view to minimising inhibitory impact of the
metals in solution and maximising volumetric Fe?* oxidation rates, and (3) integrated reactor
studies.

Chemical leaching kinetics were evaluated through the leaching of elementary metals, as
individual metals and in their combinations, and lastly, through the leaching of PCBs. Four
base metals of interest (i.e., Cu, Zn, Ni, and Sn) were considered as they are typically the most
dominant metals across various PCBs. Leaching of individual elementary metals allowed
evaluation of metal leaching kinetics, mixed metals (combination of individual metals) allowed
evaluating the effect of other metals on relative leaching kinetics, such as potential
cementation, while PCB leaching allowed the impact of other metals (other than the four
metal of interest) and components liberated from the PCBs on the relative leaching behaviour
and kinetics to be studied. All leaching studies were carried out through two oxidants: acidic-
ferric iron (H*-Fe3*) and acid-only (H*), to evaluate the relative rate of metal oxidation. Each
leaching experiment was carried out at five temperatures (i.e., 25, 37, 45, 65, and 75 °C) to
evaluate kinetic parameters as a function of temperature as well as activationenergy. The rate
law governing metal leaching was proposed based on Fe3* reduction rate and experimental
data fitted through non-linear regression to estimate the reaction order, n, and rate constant,
k. The leaching mechanism governing the leaching, i.e., diffusion- or surface-controlled
mechanism, was inferred from the value of the estimated activation energy.

In order to enhance microbial Fe?* oxidation rates to match the high Fe3* reduction rates, high
volumetric ferrous iron oxidation rates are required. These can be achieved by both
maintaining a high specific ferrous iron oxidation rate and enhancing the active microbial
concentration of iron oxidisers. The former is achieved by minimising metal inhibition through
microbial adaptation to high metal ion concentrations. The latter is achieved through biomass
retention in the reactor through microbial immobilisation and microbial protection through
biofilm formation. Microbial Fe?* oxidation rates of adapted and immobilised cells were
evaluated in the presence of an increasing concentration of the four metals of interest (Cu,
Zn, Ni, and Sn), as individual metal ions and in their combination, and PCB leachates. This
enabled the study of the relative inhibitory effect of (1) each metal ion (when exposed to
individual metal ions), (2) mixed metal ions (mimicking metal proportions in PCBs leachates),
and (3) other metals and liberated substances in PCBs leachates, on microbial Fe2* oxidation
rates. Culture performance, in terms of metal tolerance and microbial Fe?* oxidation rates,
was compared to that of non-adapted immobilised and planktonic cells. The best performing
inoculum was used in the reactor studies. Two reactor set-ups were studied: a one-stage
reactor system where both microbial Fe2* oxidation and PCBs occurred in one-pot, and two-
stage reactor systems consisting of a stirred tank reactor for Fe3* leaching of PCBs connected
to a packed-bed column reactor for microbial Fe?* oxidation. PCB solid loading (% w/v) was
increased incrementally in both reactor systems and extent of metal leaching and microbial
Fe3* regeneration studied.

1.5 Thesis layout

In Chapter 2, the relevant literature pertaining to the overarching scope of the thesis is
critically reviewed. The increasing deficit in metals from virgin ore as a result of high demand



to support the advancement in technology is addressed, with a focus on base metals such as
Cuand centering PCBs as a secondary resource of such metals. An overview of current studies
and industrial approaches, such as pyrometallurgy, hydrometallurgy, and biohydrometallurgy,
for metal extraction and recovery from PCBs is provided with an emphasis on bioleaching as
a preferred option. The factors influencing the bioleaching of PCBs such as pH, microbial
consortia, and challenges in bioleaching are presented, with a focus on the role of the
microbial culture in enhancing overall bioleaching efficiency. Recent studies on bioleaching of
PCBs at a reactor level are reviewed to assess the current state of development of this process
towards pilot and commercialisation scale. This chapter closes by setting out research gaps
and opportunities in bioleaching of PCBs and the specific aims and objectives of the project,
hypotheses, and key research questions. This is followed by Chapter 3, detailing research
approach, materials, and methodologies, including experimental plans, used in this study.

Chapter 4 addresses the research findings related to chemical leaching kinetics as Part 1 of
the PhD thesis. These include the leaching rates of elemental metals typical in PCBs, how the
leaching behaviour and associated kinetics of individual metals compare to those of mixed
metals and finally to that of PCBs. It is preceded by a brief background and rationale for this
part of the study to narrow down the specific aims whilst contextualising it to the entire PhD
thesis. This is presented as a typical thesis chapter rather than a publication.

Chapter 5 and 6 provide Part 2 of the thesis, addressing microbial oxidation kinetics. These
are presented as two published journal papers. Each of these chapters is preceded by a
preamble to contextualise the research findings with regard to the overarching aims and
objectives of the PhD project. Chapter 5 provides experimental results confirming the
establishment of the immobilised cell system (microbial colonisation on polyurethane foams,
PUFs) and then compares the oxidation kinetics of immobilised cells to that of planktonic cells
in the presence of increasing Cu?* concentrations, as an individual metal. Chapter 6 further
expands the evaluation of the microbial oxidation kinetics of immobilised cells to other
individual metals (Zn, Sn, and Ni), mixed metals, and PCBs leachates.

Chapter 7 provides and discusses the reactor studies, forming Part 3 of the PhD thesis. It too
is presented as a journal paper (manuscript under review). With insight into the chemical
leaching (Chapter 4) and microbial oxidation kinetics (Chapter 5-6), this chapter explores one-
and two-stage bioleaching reactor systems for the leaching of base metals from PCBs.

Chapter 8 provides overall conclusions with respect to the overarching aims and objectives of
the PhD project. It presents a brief integrated discussion of research findings from Chapters
4-7, highlighting the main results, to bind together the PhD thesis. It closes by providing
recommendations for key aspects of focus in future research.

It must be noted that as this thesis is structured as a series of separate journal papers,
duplication of information in sections such as introductions and methodologies was
unavoidable.
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CHAPTER 2

2 Literature review

2.1 Metal composition of PCBs

As mentioned earlier, printed circuit boards (PCBs) represent the most economically valuable
component of E-waste owing to their high metal content. Metals in PCBs can be classified as
precious metals (PMs), base metals (BMs), platinum group metals (PGMs), and rare earth
elements (REEs). PCBs are highly heterogeneous and thus metal composition and
concentrations vary depending on the manufacturer, the age of the PCBs, and their intended
purpose. A PCB of a mobile phone can contain about 13% wt Cuand 350 g Au/ton, compared
to approximately 20% wt Cu and 250 g/ton Au in a PCB of a personal computer (Akcil et al.
2015c). Table 2-1 presents the various metal contents and their relative abundances across
different types of PCBs reported in the literature. Cu represents the majority of the metals
across various PCB types, followed by Al, Fe, Sn, Ni, and Zn. Although PMs constitute the
lowest metal fraction by weight of PCBs relative to BMs, they remain the most valuable and
industrially targeted metals for recycling. This is due to the high Au content, which can be
more than ten times higher than in the primary virgin ores currently mined (Robinson 2009;
Akcil et al. 2015c). Moreover, an astounding amount of 320 tons of Au (constituting about 11%
of annual global production) and more than 7.500 tons of Ag are incorporated into electrical
and electronic equipment (EEEs) products (in PCBs) annually (Kaya 2019a). To this effect, PCBs
are classified as high, medium, and low grade, depending on the content of Au (Hageliken
2006). However, it must be noted that the content of precious metals, especially Au, has been
decreasing since the early 2000s due to the high cost associated with manufacturing of PCBs,
particularly highgrade PCBs. Before the year 2000, the typical content of Auin PCBs was >1000
ppm (Menetti and Tendrio 1995), while in recent years, the Au content is in the range of 100
—500 ppm (Bizzo et al. 2014). Similarly, Widmer et al. (2005) has reported a decrease in Au in
PCBs of personal computers, from 4 g to 1 g. Despite this decrease in Au content, PCBs
remained richer in precious metal compared to primary ores. This is due to high precious
metal that remains in legacy PCBs (mostly already disposed to landfills), and the continuous
depletion in the metal grade in virgin ores (Schipper et al. 2018). Moreover, the content and
grade of BMs, particularly that of Cu, remain high (see Table 2-1). Thus, this high content of
BMs adds to the economic value of the recycling of metals from PCBs and to contribution to
supply of increasing metal demand.
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Table 2-1 Metal grades of PCBs as reported by various authors (adapted and modified from
Bizzo et al. (2014))

Metal grade (%wt or ppm)
Reference Cu Zn Sn Ni Fe Al Au Ag Pd

(%) (%) (%) (%) (%) (%) (ppm) (ppm)  (ppm)

Menetti and
o 20 0.8 1.1 0.8 3.6 4.1 1000 2000 50
Tendrio (1995)
Kim et al.
156 0.16 3.24 0.28 1.4 - 420 1240 -
(2004)
Creamer et al.
28.7 - 3.8 - 0.6 1.7 68 79 33
(2006)
Ogunniyi and
Vermaak 20 - - 1.0 7.0 5.0 250 100 110
(2007)
Yoo et al.
19.2 0.7 2.0 5.4 3.6 7.1 100 70 -
(2009)
Park and Fray
16.0 1.0 3.0 1.0 5.0 5.0 250 1000 100
(2009)
Oliveira et al.
23.5 1.5 1.5 2.4 1.2 1.3 570 3301 294
(2010)
Guo et al.
2750 286 3.43 040 160 1.32 66 29 -
(2011)
Birloaga et al.
30.6 1.9 7.4 1.6 15.2 11.7 240 690 -
(2013)
Yazici and
. 18.5 - 491 043 2.05 1.33 94.6 763 106.7
Deveci (2014)
Tapia et al.
10.63 0.131 0.899 0.400 0932 >1 99 737 -
(2022)

Owing to the continuous rapid increase in the demand for base metals such as Cu to support
the rapid advancement in technology (i.e., demands for advanced electronics, electric
vehicles, and for growth in global constructions), there has been a continuous growth in the
mining of base metal-bearing ores (Deetman et al. 2018; The Future of Copper). The demand
and global production of Cu was less than 500 thousand tonnes per annum since 1900 and
has grown at 3.15% per annum to about 22 milliontonnes in 2022 (International Copper Study
Group 2024). The current Cudemand is forecast to double by 2035 (to 44 million tonnes) and
even further increase by 300% from the current demand by the year 2050 (The Future of
Copper). Although running out of Cu from primary sources may be improbable (Copper
Alliance 2024; International Copper Study Group 2024; Mudd and Jowitt 2018), there is a
continuous degradation in the grade of available ores (Schipper et al. 2018). Cu ore grades
were approximately 5 —10% about 150 years ago, while recently, typical Cu ore grades are less
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than 1% (Ruth 1995; Mudd 2010; Crowson 2012; Northey et al. 2014), with grades of 0.2 to
0.5% undergoing heap leaching (Harrison 2016a). Consequently, there is a tremendous
increase in mining operation costs and the generation of mine waste, largely as tailings
(Norgate and Jahanshahi 2010; Mudd and Jowitt 2018; Hu et al. 2017). The latter is associated
with an increase in the release of potentially hazardous chemicals like arsenic and acid rock
drainage, the undesirable land use and tailing dam failures due to constrained waste storage,
all of these resulting in environmental burden (Azam and Li 2010; Hu et al. 2017). All these
necessitate the need for the circular use of copper and other critical metals of value from
secondary sources. Further, greener methods for the extraction and recovery of such valuable
metals from these secondary sources is desirable. One such secondary source of Cu, Ni, Sn,
Zn, Al and Co is PCBs, with Cu being by far the most abundant metal and has fairly remained
so across various sources of PCBs and over the years (Table 2-1). Setting up appropriate
collections for PCBs, and other WEEEs, and developing effective and greener methods for
recovery of valuable metals could contribute to readily availing such metals to re-enter the
manufacturing sector. Such practices would not only support a circular economy but also
contribute to alleviating the environmental burden associated with both an increase in the
mining of primary metal sources and rapid generation of WEEE.

2.2 Recycling of PCBs

2.2.1 General pre-treatment of PCBs

Despite the wide variety of types of PCBs, the fundamental compositional structures and
design layouts are typically the same, thus enabling a general mechanical processing approach
prior to the preferred route(s) for metal extraction and recovery. Figure 2-1 illustrates such
general mechanical processing routes currently followed during the industrial recycling of E-
waste, including PCBs (Tuncuk et al. 2012a). Although bioleaching of PCBs is not yet
commercialised, this pretreatment processing is also adopted during laboratory studies.
Regardless of the preferred route of recycling, various components of E-waste are first
dismantled and separated. This includes separating metal-rich components of E-waste such
as PCBs and electric cables, from non-metallic fractions such as plastics, paper, wood,
batteries, and ceramics. For PCBs, this stage allows the manual removal of all extraneous
devices such as capacitors, random-access memory (RAMs), peripheral component
interconnect (PCls), diodes, resistors, sensors, inductors, transistors. In addition to sorting out
non-metallic and metallic fractions, this pretreatment stage allows the separation of
hazardous components and the sorting of reusable components. While the majority of PCBs
undergo size reduction to liberate embedded metals post manual dismantling, some PCB
particles can readily be fed into the smelters (Khaliq et al. 2014). Various tools used in both
industry and research (laboratory and pilot-scale) to target PCB particle size desired include a
grab shredder, ball mill, jaw crusher, cutting mill, pulveriser, hammer mill (Yoo et al. 2009;
Birloaga et al. 2013; Dutta et al. 2018; Hubau et al. 2019). Though mechanical PCB size
reduction is rapid and effective in liberating metals, they are high cost and energy intensive
owing to communition and can also result in the loss of valuable metals (Tuncuk et al. 2012b;
Jadhav and Hocheng 2015a; Touze et al. 2020; Yamane et al. 2011). Recently,
hydrometallurgical processes have been developed to liberate metals from PCBs with no to
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minimal mechanical size reduction required. Adhapure et al. (2014) and Jadhav and Hocheng
(2015b) successfully removed the chemical coating on large PCB pieces by chemical treatment
with 10% sodium hydroxide to liberate metals. To date, this method remains in the
development stage at the laboratory scale, however, the method has potential for industrial
application as the use of large PCB pieces is desirable to minimise complications in
downstream processing (separating of non-metallic fractions) post leaching of pulverised
PCBs.
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Figure 2-1 Typical flowsheet followed for pretreatment of WEEE (adapted from Tuncuk et al.
(2012a))

Nevertheless, fine (typically <2 mm) PCB particles are currently required for
hydrometallurgical routes (Zhang and Forssberg 1997; Oliveira et al. 2010), while coarse PCB
particles can readily be fed into a smelter (Khaliq et al. 2014; Park et al. 2019). Alternatively,
crushed PCB particles are subjected to physical separation (Ruan and Xu 2016; Zhang and Xu
2016) in which physical properties of PCBs such as electric conductivity, specific gravity, and
magnetic susceptibility are used to separate non-metallic and metal fractions (Ruan and Xu
2016). Screens such as vibratory, rotating, and trammels screens may be used to sort PCB
particles on size into fairly uniform sizes (Kaya 2019a). The physical separation stage can be
used to concentrate the metal-rich fractions of the PCBs, increasing the potential economic
profit of PCB recycling. In the developing biohydrometallurgical routes, the crushed PCBs are
typically screened into uniform sizes and limited studies have reported on the attempt to
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separate the non-metallic fractions prior to metal extraction. llyas et al. (2007) separated and
concentrated their metallic fraction by suspending their finely ground PCBs in saturated
sodium chloride solution and stirring the mixture for 10 minutes before allowing it to stand
until all heavier particles (metal-rich) settle. Thereafter, the floating particles were decanted
while the settled particles were further washed and dried, and used in the bioleaching
experiments (llyas et al. 2007).

Nonetheless, on the final stage of WEEE recycling, the extracted metals are therefore
recovered and refined often through electrometallurgy such as electrowinning (Cui and Zhang
2008; Tuncuk et al. 2012a; Zhang and Xu 2016). Below is the review of pyrometallurgy,
hydrometallurgy, and with more focus on the biohydrometallurgy process for the recycling of
PCBs.

2.2.2 Pyrometallurgy

Pyrometallurgy is currently the most industrially utilised technique for the recycling of E-waste
as nearly any type of E-waste can be processed (Kaya 2019a). In this method, metal extraction
is typically through pyrolysis, incineration, combustion, and smelting of the E-waste to
produce a copper- and/or lead-metal-rich bullion (Cui and Zhang 2008; Khaliq et al. 2014).
High purity Cu is then recovered from the bullions through electrowinning, while PMs are
recovered by further electrorefining of the collected slimes (Anindya et al. 2013). There are
therefore two types of smelters used globally for the recycling of E-waste, i.e., copper- and
lead smelters. Copper smelters are preferred over lead smelters as they produce less
hazardous off-gases and fumes, making them suitable to set up and operate near human
settlements (Anindya et al. 2013). This has the potential to reduce operational costs
associated with the transportation of E-waste and maximise profit during E-waste recycling.
The various smelters around Europe currently used for the recycling of E-waste are presented

in Table 2-2.
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Table 2-2 Current industrial pyrometallurgical processes applied for the recovery of metals

from E-waste.

Reference

Company and
location

Targeted metals

Feed materials and
E-waste annual
capacity

Veldhuizen and
Sippel (1994); Khalig
et al. (2014)

L. Theo (1998); Cui
and Zhang (2008)

van Heukelem et al.
(2004a); Hageliken
(2006)

Khalig et al. (2014);
Kaya (2019b)

Alvear Flores et al.
(2014); Kandalam et
al. (2023a)
Regel-Rosocka
(2018); Recycling
towards a circular
economy (2022)

Wood et al. (2011);
Kandalam et al.
(2023b)

Noranda process at
Noranda, Quebec,
Canada
Ronnskar smelter
(Boliden Ltd) at
Skelleftehamn,
Sweden
Umicore integrated
metal smelters and
refinery at Hoboken,
Belgium
DOWA group
(Kosaka smelter) at
Kosaka, Japan
Aurubis recycling
center at Lunen,
Germany

Glencore (Horne
smelter) at Rouyn-
Noranda, Canada

Global Resources
and Materials (GRM
Co.) at Danyang,
Korea

Au, Cu, Pt, Ag, Se,
Te, Ni, Pd

Pb, Cu, Au, Ni, Ag,
Se, Zn

Au, Ag, Pt, Se, Te,
Sn, Cu, Pb, Ni, As, In,
Bi, Ru, Rh, Ir

Cu, Au, Ag

Au, Ag, Pd, Pt, Cu,
Pb, Zn, Sn

Cu, Ag, Au

Cu, Zn, Ni, Au, Ag,
Pd, Pt

Cu concentrates and
E-waste (100
kt/year)

Pb concentrates and
E-waste (100
kt/year)

Waste from non-
ferrous industry, PM
residues, and PCBs
(250 kt/year)

E-waste (110
kt/year)

Cu-bearing residues,
including E-waste
(150 kt/year)
Cu- and PMs-
bearing materials,
including E-waste
(118 kt/year)

Cu-bearing residues,
and E-waste (110
kt/year)

One of the driving forces for pyrometallurgy as a method of choice for recycling of E-waste is
that metal extraction is rapid and recovery efficiency of PMs can be as high as 92 — 98%
(Goosey and Kellner 2003). Less mechanical pretreatment is required as some EEEs such as
mobile phones can readily be fed into the smelters (Khaliq et al. 2014). In addition, the organic
component of E-waste, plastics in particular, can supplement as both an energy source and
reducing agent to the traditionally used coke, minimising operation cost. However,
pyrometallurgy processes are associated with many limitations, including (Hageliken 2006;
Cui and Zhang 2008; Khaliq et al. 2014):

e The use of plastics as coke limits their recycling practices, post combustion.

e Thermaltreatment of materialscontaining halogenated flame retardants results in the
emission of hazardous gases and fumes such as dioxins.

e Only high grade E-waste is suitable as a feedstock for the process to be economically
profitable
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e Installation and handling of smelters can be challenging and, as such, requires a high
level of expertise and large investments.

It must be noted that the latest developed smelters are integrated with off gas systems to
isolate emitted hazardous gases and minimise environmental burden. However, such systems
add to both installation and running costs.

2.2.3 Hydrometallurgy

Hydrometallurgy is currently an alternative route to pyrometallurgy for metal extraction and
recovery from PCBs. Relatively low capital investment is required to set up and operate
hydrometallurgy processes compared to pyrometallurgy. As such, the process is suitable even
for small scale applications (Cui and Zhang 2008; Dhawan et al. 2009; Kaya 2016b). Moreover,
the environmental burden is reduced as there are no emissions of hazardous gases and dust
(Khalig et al.2014; Zhang and Xu 2016). As metalsin PCBsare typically present asalloys, strong
oxidants are required for metal extraction (Quinet et al. 2005; Cui and Zhang 2008; Tuncuk et
al. 2012a). Contrary to pyrometallurgy, intense mechanical pretreatment is required to
liberate metals and improve metal extraction efficiency (Zhang and Forssberg 1997; Khaliqg et
al. 2014). Nonetheless, another convenience for hydrometallurgical routes is that metals can
be targeted selectively based on the choice of leaching lixiviant used. Extraction of precious
metalsis achieved through the use of strong acidssuch aqua regia (combination of H2SO4, HC|,
and HNO3s), cyanide (CN/SCN-), halide (I//Br/Cl), thiourea (CS(NH2)2), ammonium (NH3—
(NH4)25205) or thiosulfate (CuSOs—NH4sOH—(NH4)2S203) based lixiviants (Quinet et al. 2005; Cui
and Zhang 2008; Sethurajan et al.2019; Islam et al. 2020; Akcil et al. 2021). On the other hand,
base metalscan be extracted through acidleaching (i.e., H2504, HCIl, and HNO3) in combination
with strong oxidants such as O3z, H202, or Fe3* (Kumar et al. 2014; Yazici and Deveci 2014;
Cortes and Patifo 2016; Bilczuk et al. 2016; van Yken et al. 2020). Owing to this selectivity in
leaching based on the lixiviant used, Birloaga et al. (2013) developed a two-step leaching
system to leach both PMs and BMs. The first step involved the leaching of Cu (90% Cu) by
H2S04 in the presence of H202 oxidant as Cu negatively interferes with the leaching of Au. At
the second step, Au was then leached (69% Au) through thiourea and Fe3* oxidant in an H2S04
medium (Birloaga et al. 2013). Although metal extraction may not be as rapid as in
pyrometallurgy, high metal extraction efficiency can be achieved, i.e., >90% PMs and BMs (Oh
et al. 2003; Rabah 2008; Park and Fray 2009; Yazici and Deveci 2014; Sethurajan et al. 2019).
Table 2-3 summarises the various PMs and BMs extraction efficiencies achieved through
hydrometallurgical leaching of E-wastes using various leaching lixiviants.
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Table 2-3 Various reported hydrometallurgical routes for the leaching of valuable metalsfrom
different types of E-wastes

Reference

Type of E-waste

Lixiviant used and
conditions

Metal targeted and
leaching efficiency

Huang et al. (2014)

Lambert et al.
(2015)

Ficeriova et al.

PCBs

Electric cables

80% (v/v) 1-Butyl-3-
methylimidazolium
hydrogen sulfate
(ionic liquid), 30%
H202, solid/liquid:
1/25,70°C,2 h
Fe3* in H2S04
medium, 50 °C, 24 h
CuS04.5H20, NHs3,

Cu (99.92%)

Cu (90%)

Au (98%), Ag (93%),

PCB NH 40°C, 4
(2011) > ( 4)2520;' 0°C, 48 Pd (90%)
NH40H, CuSOg,
Oh et al. (2003) PCBs (NH4)25203,40°C, 48  Au (95%), Ag (100%)
h
Aqua regia

Rabah (2008) Fluorescent lamps (HNO3:H2S04), 125
°C,5MPa, 4 h
Agua regia (HCI:
HNO3), solid liquid:
1/20,20°C,3 h
H2S04, CuSQO4, NaCl,
80°C,2h

Two-step leaching
Step 1: H2S04, H202
(30%), 30 °C, 3 h.
Step 2: CS(HN2)y,
Fe3*, H2S04, 40 °C,

3.5h

Y (96%), Eu (93%)

Au (97%), Ag (98%),

PCBs Pd (93%)

Park and Fray (2009)

Yazici and Deveci
(2013)

Ag (92%), Fe (>90%,

PCB
> Ni (>90%), Pd (58%)

Birloaga etal. (2013) PCBs Cu (90%), Au (69%)

Following metal extraction, metal recovery from the pregnant leachates can achieved by
cementation, ion exchange, solvent extraction, and/or electrowinning (Veglio et al. 2003; Veit
et al. 2006; Lewis 2010; Yang et al. 2013; Jha et al. 2016). Notwithstanding the advantages of
hydrometallurgy over pyrometallurgy, the process is no exception to drawbacks which limit its
application at the industrial scale, including (Cui and Zhang 2008; Tuncuk et al. 2012a; Khaliq
et al. 2014; Sethurajan et al. 2019):

e Hydrometallurgical processes are typically slow and the long operation times add to
the overall capital cost of the process.

e The required intense mechanical pretreatment to liberate embedded metals is
reported to result in up to 20% loss of precious metals, lowering the economic value
of recycling.
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e Leaching lixiviants such as cyanides are highly toxic and pose environmental risks to
the surrounding rivers and groundwater if released. Halide-based leaching lixiviants
are highly corrosive and result in equipment degradation. Specialised stainless steel or
rubber-based equipment is required, which increases capital cost. Moreover, proper
handling of the effluent is required.

2.3 Biohydrometallurgy for treatment of PCBs

Biohydrometallurgy (biomining or bioleaching) involves leaching of metals through a
hydrometallurgical process catalysed by microorganisms present within the system. This
process continues to receive attention as a promising technology over both pyrometallurgy
and hydrometallurgy for the recycling of E-waste. Amongst other factors, this is because the
process requires less energy as operating temperatures are typically low, reagents used are
less corrosive, and lixiviants are continuously regenerated by the microorganisms present,
with minimal requirements for continuous addition of lixiviant and effluent (Chauhan et al.
2018; Habibi et al. 2020). Thus, the technology is more environmentally friendly than the
traditional routes. Moreover, setting up/installation of bioleaching technology requires less
investment and is suitable for small-scale application and recycling of even low-grade PCBs
(Priya and Hait 2017). Below is a review of the mechanism of metal leaching, the role of
microorganisms, challenges, and opportunities for bioleaching of E-waste.

2.3.1 Mechanism of metal dissolution

Bioleaching is applicable for the leaching of both base and precious metals (Isildar et al. 2016;
Kumar et al. 2018; Srichandan et al. 2019; van Yken et al. 2020). In the leaching of base metals,
metal dissolution through bioleaching is generally accepted to occur via the indirect
mechanism involving two sub-processes: (i) acidophilic chemolithotrophs, including iron
and/or sulfur oxidising bacteria and/or archaea such as Acidithiobacillus (At.) ferrooxidans,
Leptospirillum (L.) ferrooxidans, and Metallosphaera (M.) hakonensis oxidise already
solubilised ferrous iron (Fe%*) under acidic conditions to generate ferriciron (Fe3*) asin Eq. 2-1
and/or reduced sulfur compounds such as sulfide or elementary sulfur to generate sulfuric
acidasin Eq. 2-2 and Eq. 2-3 (llyas et al. 2013; Bryan et al. 2015); (ii) The resultant Fe3*and H*
are powerful oxidants which can readily oxidise base metals in PCBs, leading to their
dissolution as metal ions as presented in Eqg. 2-4 and Eq. 2-5 (Srichandan et al. 2019; Adetuniji
et al. 2023).

2Fe?t + %02 4 oou+ DO oRedt 4 HLO Eq. 21

4FeS, + 150, + 2H,0 —— "5 2Fe,(S0,)x + 2H,S0, Eq.2-2

25°+ 30, + 2H,0 —""S9H,50, Eq. 2-3
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1 ]
2M° + 2Fe™ + 20, + ZH* — 2M* + 2Fe* + H,0 kg -4

1
M° + 502+ 2H* - M** + H,0 Eq. 2-5

While the leaching of metalssuch as Zn by H* and O3 is thermodynamically more spontaneous
than Fe3* leaching, their experimental leaching kinetics have been reported to be slower
(Lambert et al. 2015). Xiang et al. (2010) reported dissolution of copper by acid (H*) action
during bioleaching of PCB. In their study, the control test was inoculated with microorganisms
enriched from natural acid mine drainage, and maintained at pH 2.0, in the absence of ferrous
iron. The authors observed that Cu was dissolved into solution, according to Eq. 2-5, but at
much slower leaching rates than when in the presence of ferriciron in an acidified solution.
Similar results have been reported by Hubau et al. (2020) and van Yken et al. (2020).

On the other hand, leaching of precious metals is achieved by employing organotrophs such
as cyanogenic microorganisms (i.e., Pseudomonas aeruginosa, Pseudomonas chlorophis,
Chromobacterium violaceum, Pseudomonas fluorescens) and fungal species (i.e., Polysporus
sp. and Marasmius oreades) (Natarajan and Ting 2014; Srichandan et al. 2019; Wang et al.
2021). These bioleaching microorganisms solubilise precious metals by producing strong
oxidants such as hydrogen cyanide (HCN) through the cyanogenesis process from the organic
carbon source (Chi et al. 2011; Wang et al. 2021). The HCN (metabolites) complexes with
precious metals from E-wastes to form soluble metal-cyanide complexes, thereby leading to
metal extraction Eq. 2-6 (Liang et al. 2014). Cyanogenesis occurs in the presence of glycine as
it is the metabolic precursor for the production of HCN. Kumar et al. (2018) reported
bioleaching efficiencies of Au (69%) and Ag (34%) from PCBs at optimised conditions of
glycine: 5 g/L, temperature: 30 °C, solid loading: 1% w/v, pH: 9.0, and leaching time of 3 h, in
the presence of Pseudomonas balearica SAEL. Similarly, Isildar et al. (2016) achieved 44% Au
extraction during bioleaching of PCBs by Pseudomonas putida at optimum conditions of
glycine: 10 g/L, solid loading: 1% w/v, temperature: 30 °C, pH range: 7.3 — 8.6, and leaching
time of 2 days. Precious metals are also reported to have been successfully solubilised from
different types of E-waste, using various cyanogenic microorganisms (Chi et al. 2011;
Motaghed et al. 2014; Li et al. 2020; Golzar-Ahmadi and Mousavi 2021).

1 -

It must be noted that the bioleaching of precious metals must be preceded by the bioleaching
of base metalsas high concentrations of base metals negatively affect the leaching of precious
metals by complexing with the metabolites produced (lsildar et al. 2016). Moreover,
bioleaching efficiencies of precious metals are typically low, as low yields of in-situ microbial
production of cyanide are typically achieved and E-waste can be toxic to the cyanogenic

22



microorganisms, further impeding cyanide production and subsequent metal leaching (Wang
et al. 2021). As such, studies on the application of bioleaching of E-waste have mostly been
on the leaching of base metals by acidophilic chemolithotrophs. It is expected that the
subsequent chemicalleaching of the precious metals may yield improved performance (Wang
et al. 2021). As this PhD study also focuses on the bioleaching of base metals, this literature
review is mainly limited to the bioleaching of base metals by chemolithotrophic
microorganisms.

2.3.2 Role of microorganisms in bioleaching

Acidophilic chemolithotrophs (also known as chemolithoautotrophs), the common
microorganisms (bacteria and archaea) implicated in bioleaching of base metals, obtain
energy for growth from the oxidation of inorganic elements and compounds such as Fe?* to
Fe3* and elemental sulfur or reduced sulfur (i.e., Ss, $203%", H2S, and/or polysulfide) to H2SO4
(Schippers and Sand 1999; Valdés et al. 2008; Srichandan et al. 2019). In contrast to the
traditional bioleaching of mineral sulfides, these microorganisms mainly draw growth energy
from the oxidation of Fe2* formed during bioleaching of E-waste in which metals exist in native
form or as alloys or both, with no to minimal sulfur elements and compounds present (Tuncuk
etal. 2012a). The absolute mechanisms of Fe?* oxidation systems or order of electron transfer
in a microbial cell remain a subject of research. Currently, the proposed models are based on
three electron carriers as illustrated in Figure 2-2 (Ingledew 1982; Hazra et al. 1992; Giudici-
Orticoni et al. 1999; Li et al. 2015). Briefly, electrons are thought to be transferred through the
outer-membrane cytochrome into the periplasmic (Yarzabal et al. 2002). The periplasmic is
composed of an acid tolerant (outer pH of <2.0) type | blue Cu protein known as rusticyanin
(Cobley and Haddock 1975; Blake and Shute 1994). Electrons are further transferred from the
rusticyanin via cytochrome aj by unknown enzymes to molecular oxygen at the cytoplasm and
subsequently result in the production of water and maintainthe alkaline (pH at approximately
6.5) nature of the inside of the cell (Gai et al. 1992; Sugio et al. 2010).

Cell wgll .
«— Periplasm

2Fe3*
Cytoplasm
0.50, + 2H*

2Fe?* ATP

ADP

2H*

Figure 2-2 Proposed electron pathways during Fe?* oxidation by bacterium, adapted from
(Nemati et al. 1998)

Chemolithotrophic bioleaching microorganisms are classified into three categories based on
their optimum temperature range for microbial growth. Mesophilic cultures grow at an
optimum temperature range of 28 —37 °C (Rawlings 2005). These are primarily bacteria such
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as L. ferrooxidans, At. ferroxidans, At. thiooxidans and some strains of L. ferriphilum (Coram
and Rawlings2002). Moderate thermophiles are characterised by a growth temperature range
of 40— 60 °C (Franzmann et al. 2005). These also primarily include bacteria such as At. caldus,
Acidimicrobium sp., Acidithiomicrobium sp., and Sulfobacillus sp.; but also include archaea
such as Acidiplasma (A.) cupricumulans (Dew et al. 2011; Brierley 2001). The last category is
thermophiles (sometimes referred to as extreme thermophiles) which thrive at a temperature
range of 60 — 80 °C. Examples of extreme thermophiles include archaea such as
Metallosphaera (M.) hakonensis, Sulfolobus (S.) metallicus, Acidianus brierley, and S.
ambioalous (Kurosawa et al. 2003; Rawlings and Johnson 2007b). Based on these various
optimum temperature ranges for microbial growth and activity, specific microbial cultures can
be targeted. In addition to the temperature, other physiochemical parameters such as the
composition of the growth medium, solution pH, and redox potential can be exploited in
isolating the targeted microbial strains in a bioleaching system. L. ferriphilum thrives at pH 1.4
—1.8 and is tolerant to higher redox potential (>650 mV) compared to At. ferrooxidans, with a
pH range of 1.7 — 2.5, and thrive at relatively low redox potential (<650 mV) (Pronk and
Johnson 1992; Govender et al. 2015). Ngoma et al.(2015) investigated the effect of acid stress
(pH) on the microbial community structure of a mesophilic culture initially composed of 90%
L. ferriphilum, 3% Ferroplasma (F.) acidophilum, 5% A. cupricumulans and 1% At. ferrooxidans.
L. ferriphilum was observed to increase in dominance to 97, 98, and 100% when the culture
was subjected to 0.34, 0.51, and 0.68 mol.L™ H2S04, respectively, while the other species were
below the detection limit at above 0.51 mol.L™? acid ( Ngoma et al. 2015).

Mesophiles and moderate thermophiles, particularly At. ferrooxidans, L. ferrooxidans, L.
ferriphilum, and At. thiooxidans are by far the most exploited cultures in the bioleaching of E-
waste. This is mainly due to their low operating temperatures, high metal ion tolerance, and
high Fe affinity relative to thermophiles (Awasthi et al. 2016; Baniasadi et al. 2019; Castro et
al. 2019; Hubau and Bryan 2023). These microbial cultures have successfully been employed,
either as pure or mixed cultures, for the leaching of base metals, especially for Cu, from
different types of E-waste as summarised in Table 2-4.
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Table 2-4 Summary of reported bioleaching efficiencies achieved during leaching of metals

from PCBs.

Characteriz-

ation of Dominant .. Metal extracted Reactor Referen
. . . . Conditions
microorgani microorganisms (%) type ce
sms
H1.0,30°C ticl Arshadi
.0, , particle .
) p_ P 100% Cu and Ni, Shake and
At. ferrooxidans size 114.02 um, and
in 55 days flask Mousavi
0.85% w/v PCBs.
(2015)
1.6% w/v PCBs, 30 °C, Kadivar
. ) ] 98% Cu and 82% Shake
At. thiooxidans and 1.6 g/L biochar as o etal.
Ni, in 72 h flask
catalyst. (2021)
96% Cu, 65% Ni,
. pH 2.0, 20 - 35 °C, and 94% Al, 95% Sn, Stirred Fu etal.
At. ferrooxidans ]
. 5% w/v PCBs and 93% Zn in 80 tank (2021)
Mesophilic
. days
bacteria
At. ferrooxidans, 79% Cu, 73% Ni, ) Van Yken
pH 1.4, 35 °C, and 5% Stirred
and 85% Al, and 91% etal.
w/v PCB . thank
At. caldus Znin 50 h (2023)
At. ferrivorans Isildar et
f pH1.0-1.6,23°C, and Shake ?
and 98% Cu in 7 days al.
. 1% w/v PCBs flask
At. thiooxidans (2016)
At. ferrooxidans, 97% Cu, 56% Al, stirred Erust et
irre
ferrooxidans, and pH 1.8, 10% w/v PCBs 79% Ni, and 67% tank al.
At. thiooxidans Zn over 8 days (2020)
Iglesias-
L. ferrooxidans . . ¢ .
and At pH 1.0, 60 °C, and 1% 99% Cu in 165 Stirred Gonzalez
’ PCB days tank etal.
ferrooxidans
(2024)
Sulfobacillus Rotating  Rodrigue
. . pH 1.75, 50 °C and 25 . .
Moderate thermosulfidooxi ¢/L PCB 85% Cu in 8 days -drum setal.
thermophilic dans reactor (2015)
bacteria
L. ferriphilum and 45 °C, pH 2.0, and 8% 77% Cu, 85% Zn, Stirred Xia et al.
At. caldus w/v PCBs. 70% Al in 7 days tank (2017)
L. ferriphilum and
Sulfobacillus pH 0.9, 42 °C and 10% 93.4%Cuin9 Shake Wu etal.
thermosulfidooxi w/v PCBs days flask (2018)
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2.3.3 Factors affecting bioleaching of PCBs

With the proof of concept of bioleaching successfully adopted from traditional leaching of
metals from mineral sulfides to leaching of metals from E-waste since the early 2000s, there
has been research interest in factors affecting leaching rates and extent of metal leaching.
These factors include solution pH, solid loading, microbial consortium, temperature as
reviewed below.

2.3.3.1 Solution pH

Solution pH is one of the crucial parameters in a bioleaching system as it affects: (i) solubility
of the primary Fe3* oxidant and formation of jarosite precipitates, (ii) microbial Fe2* oxidation
as per Eq. 2-1, (iii) microbial community structure, and (iv) extent of metal extraction as per
Eq. 2-5. As such, there have been extensive studies on the effect of solution pH on the
bioleaching of PCBs, and the optimum pH range is recommended to be 1.0 to 2.0 (Yang et al.
2009; van Yken et al. 2020). Higher pHs negatively impact maintaining the Fe3* oxidant in
solution (Yang et al. 2009; Xiang et al. 2010; Zhu et al. 2011; van Yken et al. 2020), while lower
pHs impact the performance of some key microorganisms (Ngoma et al. 2015). Due to the
alkaline nature of PCBs (Arshadi et al. 2018), solution pH can increase above 2.0 during metal
leaching. At this high pH, precipitation of Fe3*, typically as jarosite, is promoted (Rodrigues et
al. 2015; Baniasadi et al. 2019). This adversely affects metal leaching rates as the primary
oxidant is reduced in solution. Further, metal leaching can be limited as jarosite can deposit
on the surface of the metal-rich PCBs, creating a mass transfer barrier (Niu et al. 2015; Priya
and Hait 2018). Solution pH is maintained below 2.0 by continuous addition of H2S0s
whenever necessary during metal leaching and also by the addition of combined Fe and S
sources such as pyrite (FeS) or elementarysulfur (Xia et al.2017; Hubau et al. 2020). The latter
has been explored as an energy source for microbial culture growth while also compensating
for the required H* to maintain acidity and provide the Fe3*oxidant, according to Eq. 2-2 and
Eqg. 2-3 (llyas et al. 2013; Bryan et al. 2015).

2.3.3.2 Effect of initial concentration of ferrous iron

Based on the bioleaching reactions presented in Eq. 2-1 and Eq. 2-4, the dissolution of metals
from PCBs is dependent, amongst other factors, on the availability of ferrous iron and the rate
of regeneration of ferriciron. Yang et al. (2009) investigated the effect of varying the initial
concentration of ferrous iron (3 to 9 g/L) on the leaching efficiency of Cu from PCBs using At.
ferrooxidans at pH 2.0. Copper dissolution was completed atinitial ferrous iron concentrations
of 3, 5, 7, and 9 g/L, at 96, 60, 48, and 36 h, respectively; indicating that metal leaching
efficiency is dependent on initial ferrous iron concentration. Similar results were reported by
Bas et al. (2013) in the bioleaching of copper from PCBs, using a mixed culture of mesophilic
bacteria dominated by At. ferrooxidans, At. thiooxidans and L. ferrooxidans. Copper extraction
was observed to improve with an increase ininitial ferrous iron concentration, from 35% at O
g/L to 89% at 8 g/L ferrous iron. Improvement in metal leaching efficiency with anincrease in
initial concentration of ferrous iron was attributed to the microbial generation of the Fe3*
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product. In the absence of microbial inhibition, a high concentration of the Fe3* oxidant can
be availed from a high initial concentration of Fe2*, which promotes faster facilitation of metal
leaching. Conversely, similar high metal leaching rates can be achieved by the direct addition
of Fe3*rather than Fe?* at the beginning of the bioleaching (Kinnunen and Puhakka 2005; van
Yken et al. 2020). In such an approach, microbial growth follows from the resultant Fe?* post-
metal leaching. In either approach, the concentration of Fe in the solution is critical as it may
result in substrate (Fe?*) and/or product (Fe3*) inhibition (Kinnunen and Puhakka 2005; Ozkaya
et al. 2007; Khachatryan et al. 2021). Lastly, the ratio of Fe3*/Fe?* influences the redox
potential, which is critical in microbial growth and activity (Smith and Johnson 2018; Erust et
al. 2020).

2.3.33 Microbial consortia

The type of microbial consortia employed in the bioleaching system affects the leaching
efficiency as various microbial communities exhibit different tolerance to accumulated metal
ions and have different Fe?* affinity. For example, Leptospirillum sp. are reported to have
higher Fe2* affinity than At. ferrooxidans (Pronk and Johnson 1992; Bryan et al. 2012).
Mesophiles exhibit higher metal ions tolerance than thermophiles (Castro et al. 2019). In
addition to the type of microbial consortia employed, the use of mixed or pure cultures results
in different leaching efficiencies. Liang et al. (2010) investigated bioleaching of PCBs by pure
and mixed cultures of At. thiooxidans and At. ferrooxidans. Bioleaching efficiencies of Cu, Ni,
Zn, and Pb were 78, 73, 75, and 71%, respectively by At. thiooxidans. These were slightly
improved to 80, 73, 76, and 72%, respectively when leached by At. ferrooxidans. Further
improvements to 94 Cu, 89 Ni, 90 Zn, and 86% Pb for Cu, Ni, and Pb, respectively, were
reported when a mixed culture was employed (Liang et al. 2010). Similar results are reported
by Mrazikova et al. (2013) — 60% Cu was leached from PCBs by mixed culture of At. thiooxidans
and At. ferrooxidans over 14 days, while only 22% Cu was mobilised by pure cultures over the
same leaching period. In both these studies, improvements associated with mixed cultures
can be attributed to synergistic effects with respect to individual pure cultures.

Another factor associated with microbial consortia is the effect of initial inoculum
concentration. Bas et al. (2013) further studied the effect of microbial population size on the
rate and extent of copper extraction from PCBs. By keeping the concentration of PCBs at 1%
w/v, adding 1% w/v pyrite, maintaining pH at 1.7, and temperature at 35 °C, they varied the
initial microbial concentration from 10% v/v to 50% v/v. The rate and extent of copper
extraction was observed to increase with an increase in the microbial population size. At the
maximum inoculum size tested (50% v/v), 67% copper was extracted after 37 h compared to
15% copper extracted at 10% v/v over the same duration. The authors attributed the
improvement of copper extraction to the rapid conversion of ferrous iron to ferric iron at a
higher initial microbial population size.

2.3.34 The effect of temperature

As mentioned earlier (Section 2.3.2), the operating temperature can be associated with the
choice of the microbial consortia. While the chemical leaching of metals by Fe3* oxidant may
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be improved with anincrease in temperature, thermophiles may be more susceptible to metal
ions inhibition than mesophiles. Therefore, a trade-off between high rates of metal leaching
and sustaining microbial activity may be necessary. Nevertheless, several studies have
evaluated the effect of temperature on the bioleaching of E-waste (Hong and Valix 2014;
Kumar et al. 2018; Fu et al. 2021). Lambert et al. (2015) studied the effect of temperature in
the bioleaching of Cu from waste electric cables using At. ferrooxidans, across the range of 21
to 50 °C. The copper leaching kinetics were reported to increase with an increase in
temperature. The time needed to dissolve 90% copper was found to be 77, 36, and 19 h at
temperatures of 21, 35, and 50 °C, respectively. The authors concluded that the rate of Cu
leaching in the presence of microorganisms increased with an increase in temperature.

2.3.3.5 Other factors

Other factors affecting the bioleaching of metals from E-waste include (i) the effect of particle
size distribution and PCB sample preparation and (ii) solid loading (pulp density). The latter is
reviewed in the next section below. The effect of particle size has been highlighted in section
2.2.1. Briefly, fine particle sizes (<2 mm) increase reaction surface area and maximise metal
liberation, and high metal extractions can be achieved. High metal leaching efficiencies can
also be achieved from coarse to large particles but require prior chemical treatment of the

PCB samples to remove the coat and liberate the metal of interest (Adhapure et al. 2014).

2.3.4 Limitation of bioleaching

The research in understanding the factors affecting the bioleaching of PCBs continues to
contribute to better understanding and improvement of the process. Although some of these
studies, particularly the shake flask experiments, may have limited contribution towards
process optimisation as there are limitations in understanding mass transfer, the increased
interest in the use of bench-top reactor systems is essential towards pilot-scaling and
subsequent commercialisation. In both shake flasks and bench-top reactor systems, one of
the major challenges is the discrepancy in rates of Fe3* reduction as a function of metal
leaching and the microbial regeneration of Fe3* from the resultant Fe?*. The Fe3* reduction
rates has been reported to be 11 times faster than the microbial Fe2* oxidation rates (Wu et
al.2018). As such, microbial Fe?* oxidation is the rate-determining step in bioleaching systems.
The slow rates in the microbial Fe?* oxidation result in longer operating duration and to an
extent, render no benefits of microbial culture bioleaching systems. In addition to the natural
slow growth of microbial culture, the observed slow microbial Fe?* oxidation rate is
exacerbated by the inhibition of microbial culture by accumulated metal ions as reviewed
below.

2.3.4.1 Microbial inhibition

The toxicity of E-waste to microbial culture remains one of the main challenges in bioleaching
systems. As metals leach, they accumulate within the bioleaching system. Metal ions are
essential in the metabolism of microorganisms for their growth and activity. Metals such as
Cu, Mg, Fe, K, Zn, Mn, Cr, Co, Ca, Mg, and Ni are micronutrients as they serve as co-factors to
various enzymes, catalyze some of the biochemical reactions, regulate osmotic pressure, and
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act as a stabiliser for protein structures (Nies 1992; Bruins et al. 2000). However, metals such
as Au, Ag, Al, Hg, and Pb are nonessential and add no nutritional value (Bruins et al. 2000).
Thus, depending on the type of metal ion and its concentration, the accumulated metal ions
in the bioleaching system can exert an inhibitory effect on the microbial culture. It is therefore
important to evaluate the relative potential inhibitory effect with respect to each metal ion
within the bioleaching system. At inhibitory concentrations, these metal ions adversely affect
cell functionality by altering enzyme activity, and even damaging deoxyribonucleic acid (DNA)
structures (Nies 1992; Bruins et al. 2000; Zhang et al. 2023). Overall microbial activity is
therefore impeded and more often results in cell death. Microbial inhibition by metal ions is
well documented even on traditional bioleaching of mineral sulfides (De et al. 1997; Sampson
and Phillips 2001; Xia et al. 2008; Sajjad et al. 2019). On bioleaching of E-waste, the observed
microbial inhibition is thought to be exacerbated by the non-metallic components of E-waste
such as organic compounds and plastics which may be liberated during metal leaching
(Lambert et al. 2015; Bryan et al. 2015).

In PCB bioleaching systems, potential microbial inhibition is mainly studied by varying PCB
solid loading (w/v). The amount of PCBs added per working volume of the reactor system isa
critical parameter as it affects concentrations of metal ions in the leachates. While it may be
economically desirable to process high solid loading, microbial performance is reduced with
an increase in PCB solid loading. Brandl et al. (2001) investigated the effect of varying PCB
solid loading (from 0.5 — 10% w/v PCBs) on microbial growth and metal solubilisation by At.
thiooxidans and At. ferrooxidans. Microbial growth was inhibited from 1% loading and above.
The inhibition was speculated to be a result of accumulated metal ions such as Al. Zhu et al.
(2011) reported a maximum Cu dissolution of 98% at 0.4% w/v PCBs, compared to 93 — 94%
Cu at 0.8 — 1.2% w/v PCBs, and 73% Cu at 1.6% PCBs during bioleaching of PCBs by mixed
culture of acidophilic bacteria (consisting of genera Acidithiobacillus, Gallionella, and
Leptospirillum sp.) isolated from acid mine drainage solution collected from Guangdong,
China. The authors attributed reduced metal leaching efficiency with an increase in PCB
loading to limited O2 oxygen mass transfer and elevated metal ions concentrations athigh PCB
loading and recommended 1.2% w/v PCB as optimum loading (Zhu et al. 2011). Erust et al.
(2020) explored higher PCB loading, i.e., 2.5 — 15% w/v PCB, during metal bioleaching by mixed
culture of At. ferrooxidans DSMZ 583, L. ferrooxidans DSM 2705, and At. thiooxidans DSMZ
9463. Similarly, the authors observed a decrease in metal leaching with an increase in PCB
loading and they recommended an optimum loading of <10% w/v PCBs.

Evaluating the potential inhibition of microbial culture at various PCB solid loading provides
crucial insight into the optimum PCB loading at which microbial culture performance is
maintained with high metal extracted. However, in such systems, there are limitations in
understanding the inhibitory effect of each metal ion or in their combination, and that of non-
metallic components. Studying potential inhibitory effects by synthetic metal ion solutions,
either asindividuals or in their combinations, could contribute to the decoupling inhibition by
metal ions and that of non-metallic components. As PCBs contain up to 50 metals, priority
should be on the dominant metalsacross different PCBs as those will be in high concentrations
in leachates. There are limited studies on the effect of metal ions on microbial activity and
subsequent metal leaching in the context of PCB bioleaching systems (Bryan et al. 2015;
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Hubau et al. 2020). However, there are several studies on metal ion inhibition in the context
of bioleaching of mineral sulfides (Das et al. 1997; De et al. 1997; Sampson and Phillips 2001;
Nurmi et al. 2009; Edward et al. 2018). As microbial consortia used in the bioleaching of PCBs
and metals of interest (but with different expected metal concentrations in leachates) are
generally the same as in the bioleaching of mineral sulfides, knowledge of inhibition by pure
metals can be shared to a certain degree. As mentioned earlier, the severity of microbial
inhibition is subject to the type of metal ion and its concentration, and the type of microbial
consortia used. Sampson and Phillips (2001) investigated and compared the effect of Cu?*,
Co?*, and Ni?* on the microbial Fe?* oxidation rates during bioleaching of pyritic-gold
concentrate by mixed mesophiles (At. ferrooxidans and L. ferroxidans) and moderate
thermophiles (S. thermosulphidoxidans and S. acidophilus). At 2.54 and 5.08 g/L Cu?*, the Fe?*
oxidation rate was reduced by 30% and 50%, respectively, while the same concentrations of
Ni2* and Co?* had no notable inhibitory effect. Microbial Fe?* oxidation rate by moderate
thermophiles was reduced between 20 — 30% at the addition of about 0.50 — 5.0 g/L of each
metal ion, respectively (Sampson and Phillips 2001). Nurmi et al. (2009) showed that various
binary combinations of Fe3*, Zn?*, and Ni?* at 0 — 60 g/L of each metal, had a more severe
inhibitory effect on the Fe?* oxidation rate by L. ferriphilum dominated culture than individual
metal ions.

2.3.5 Strategies to minimise microbial inhibition

Minimising inhibition of the microbial culture so that continued microbial growth and activity
is sustained is key to improving bioleaching efficiency. Such can be achieved through the
natural tendency of microorganisms to resist metal ion inhibition to a certain degree. Some
cells achieve this by self-regulating their physiological functions and/to maintaining their
growth and activity in the presence of metal ion stress (Zhang et al. 2023). There are five
known mechanisms for microbial resistance to toxic metal ions as reviewed by Bruins et al.
(2000) and Dopson et al. (2003). These include, (i) metal exclusion by permeability barrier:
prevention of inhibitory metalions from entering cells by formation of permeable barrier such
as extracellular polymeric substances (EPS). (ii) Intra- and extra-cellular sequestration by
protein binding: metals that eventually/inevitably permeateinto the cell undergo intracellular
chelation and are converted to low/non-toxic forms. (iii) Enzymatic detoxification of metal to
less toxic forms: certain microorganisms lessen the toxicity of metal ions through enzymatic
reactions, a common example is mercury reductase. (iv) Reduction in metal sensitivity of
cellular targets: microorganisms adapt to metal stress by mutation, though without altering
their basic cell functions, to reduce sensitivity. (v) Active transport of the metal away from the
microorganisms: microorganisms can efflux toxic metal ions from their cytoplasm through
active transport mechanisms such as plasmid-encoded or chromosomal. These natural metal
ions resistance mechanisms can be enhanced by techniques such as adaptation of microbial
culture to high metal ions prior to bioleaching and immobilisation of microbial culture on
biomass support particles to promote biofilm formation.

2.3.5.1 Microbial adaptation

Microbial adaptation to potential metal ions toxicity is achieved by gradually acclimatising
microbial culture to increasing concentrations of target metal ion(s). This method is by far the
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most exploited in minimising the inhibition of microbial culture in the bioleaching of both
mineral sulfides (Govender et al.2015; Nkuna et al. 2022; Africa et al. 2013) and PCBs (Arshadi
and Mousavi 2015; Fu et al. 2021; Tapia et al. 2022; Lambert et al. 2015). Xia et al. (2008)
adapted At. ferrooxidans to 5% w/v chalcopyrite and compared their bioleaching performance
to that of non-adapted culture. Adapted culture rapidly leached higher Cu?* (48%) from 5%
w/v chalcopyrite than non-adapted culture (40% Cu?*). Edward et al. (2018) showed that a
pure culture of L. ferriphilum adapted to 0.5 mg.L? thiocyanate (SCN’) maintained a high
specific Fe2* oxidation rate at increasing SCN-stress (0 — 2 mg/L). While non-adapted culture
was compromised from 0.5 mg/L SCN- and completely inhibited at SCN- concentration
exceeding 1.75 mg/L. Prior adaptation has also been demonstrated to benefit more
physiological characteristics of microbial culture beyond metal tolerance (Xia et al. 2008).
Africa et al. (2013) observed an improvement in the attachment of At. ferrooxidans on pyrite
and chalcopyrite concentrate post their prior adaptation to pyrite.

llyas et al. (2010) studied the inhibitory effect of mixed metal ions of Ag*, Al3*, Cu?*, Fe3*, Ni%*,
Pb%*, Sn?* and Zn?* on the growth of adapted and non-adapted mixed culture of S.
thermosulfidooxidans and Thermoplasma acidophilum. Microbial growth of non-adapted
culture was completely inhibited at 12 g/L mixed metal and above. Culture adapted to 20 g/L
mixed metal ions tolerated up to 16 g/L mixed metals. High bioleaching efficiency of 80% Zn,
64% Al, 86% Cu, and 74% Ni from bioleaching of PCBs in a column bioreactor was further
achieved using the adapted culture (llyas et al. 2010). As inhibition of microbial culture is also
due to non-metallic components of PCBs, Xia et al. (2017) gradually adapted a mixed culture
of L. ferriphilum and At. caldus up to 8% w/v PCBs. Post adaptation, the culture grew at 8%
PCBs and 85% Zn, 77% Cu and 70% Al was successfully leached in 7 days. Improvement in
metal tolerance post microbial adaptation to either metalions or PCBs has also been reported
elsewhere (Arshadi and Mousavi 2015; Xia et al. 2017; Fu et al. 2021). Despite the observed
improvements, other researchers continue to observe inhibition of the adapted culture,
especially at increased solid loadings (Lambert et al. 2015; Tapia et al. 2022). Thus, this
necessitates the need for continued research in techniques of mitigating inhibition of the
microbial culture, in addition to the prior adaptation.

2.3.5.2 Immobilisation of microbial culture

The immobilisation of microbial culture is achieved by growing and maintaining a microbial
culture in the presence of biomass support particles (BSPs). Due to the natural tendency of
some microorganisms to attach to surfaces, the microbial culture immobilises on BSPs by
attachment and/or entrapment. Microbial attachment on BSP is proposed to progress through
four steps, i.e., microbial transport, initial adhesion, firm attachment, and finally microbial
colonisation as shown in Figure 2-3 (Zobell 1943a; van Loosdrecht et al. 1990). Microbial
transport to the vicinity of the BSPs is through various known transport mechanisms such as
diffusion, convection, active movement, and chemotaxis (van Loosdrecht et al. 1990).
Thereafter, cells adhere onto the BSPs reversible or irreversible. On reversible adhesion, cells
deposit onto the surface of the BSPs but can easily be removed back into the bulk solution by
either its mobility or even by a mild shear stress. In contrast, irreversible adhesion is
characterised by cells with no Brownian motion and thus firmly attached to the BSPs through
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the production of EPS (Rohwerder et al. 2003; Sand and Gehrke 2006). The excreted EPS
polymer layer is postulated to be highly conducive for microbial proliferation and subsequent
microbial colonisation and biofilm formation (van Loosdrecht et al. 1990; Rohwerder et al.
2003; Sand and Gehrke 2006; Gonzalez et al. 2013). Biofilm may thus be defined as a
consortium of sessile microbial communities encapsulated by polymeric/polysaccharide
substances (Watnick and Kolter 2000). The rate of microbial colonisation and the nature of
biofilm is dependent on the type of microorganisms involved.
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Figure 2-3 Representation of the four steps involved in microbial colonisation on a biomass
support particle.Step 1: transport of microbes to the surface; Step 2: initial adhesion
either as reversible or irreversible; Step 3: firm attachment facilitated by excretion
of extracellular-polymeric substances (EPS); and Step 4: final microbial colonisation
and formation of biofilm (adapted from van Loosdrecht et al. (1990)).

Amongst other factors, itis the proliferation of the microorganisms within the biofilm and the
subsequent high biomass achievable which encourages the application of microbial
immobilised systems in improving bioleaching. The high cell density facilitates faster microbial
Fe2* oxidation rates (Nemati et al. 1998). Various methods of cell immobilisation have been
developed; these include encapsulation, covalent bonding, adsorption, gel entrapment, cross-
linking, and adsorption/attachment (Elakkiya et al. 2016). A variety of biomass support
particles such as glass beads, activated carbon, ceramic saddles and rings, sand, wood chips,
plastic composition support, and polyurethane foam have been explored (Kinnunen and
Puhakka 2005; Gémez et al. 2000; Guogiang et al. 1992; Halfmeier 1993). Halfmeier et al.
(1993) reported a volumetric Fe?* oxidation rate of 3.60 g.Lt.h? by immobilised At.
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ferrooxidans, which was an improvement of 5-fold compared to free suspended cells. The
culture was immobilised on siran rings and packed in a fixed bed bioreactor. Grishin and
Tuovinen (1988) compared volumetric Fe3* productivity rates by At. ferrooxidans immobolised
on activated carbon, glass bead (particle size of 710 — 1180 um and 425 — 600 um), and ion-
exchange resins. The colonised BSPs were packed in a packed-bed bioreactor. The highest
rates were 15.6, 10.0, 3.24, and 1.40 g.L"1.h in activated carbon, ion-exchange resins, 425 —
600 um glass bead, and 710 — 1180 um glass bead, respectively. Jensen and Webb (1994)
reported a Fe3* productivity rate of 4.40 g.L1.h" in a trickle-bed bioreactor consisting of
polyurethane foam (PUF) immobilised with At. ferrooxidans. Similarly, high volumetric Fe?*
oxidation of 34.5 g.L1.hl was achieved in a packed-bed bioreactor, packed with At.
ferrooxidans immobilised on PUF . It must be noted that maximum cell retention on a BSP is
subject to its total surface area. The higher Fe?* oxidation rates observed on PUF-BSPs may be
attributed to its high surface area.

In addition to improved Fe?* oxidation rates, biofilm produced can act as a protective layer
against inhibitory metal ions. The typical composition of EPS excreted in bioleaching systems
mainly includes a mixture of macromolecules such as lipids, proteins, polysaccharides, nucleic
acids, and carbohydrates (Sand and Gehrke 1999; Michel et al. 2009). The latter constitute the
majority of EPS alongside with proteins (Xu et al. 2009; Ozturk et al. 2014). The relative
composition of these macromolecules is dependent on the type of microbial consortia and
physicochemical parameters such as growth medium and pH. Functional groups such as
amide, amino, carboxyl, and hydroxyl groups in these macromolecules provide binding sites
for chelating (bioadsorb) with metal ions, thereby preventing them from entering the cells.
This extracellular metal exclusion is one of the common metal resistance mechanisms as
already highlighted (Bruins et al. 2000; Dopson et al. 2003). High heavy metal ions content in
EPS composition is also evident of metal adsorption. Lietal. (2022) observed higher Cu?*, Ni?*,
Cd?*, and Zn?* adsoption by EPS of At. ferrooxidans, S. themosulfidooxidans, and Acidianus (A.)
manzaensis compared to their planktonic cells (EPS-free). They further observed that A.
manzaensis exhibited higher adsorption, followed by S. themosulfidooxidans and At.
ferrooxidans being the least.

Despite the compounded benefits of cell immobilisation systems and their wide application
in the bioleaching of mineral sulfides, their adoption in bioleaching of E-waste is limited.
Hubau et al. (2020) have explored the use of immobilised systems by immobilising mixed
culture of L. ferriphilum and S. benefaciens on activated carbon in a bubble (semi-fluidised)
bioreactor. While recently, Van Yken et al. (2023) immobilised a culture dominated by At.
caldus and At. ferroxidans dominated cultures on Mutag BioChip™ in two separate stirred
tank reactors for the biogeneration of H* and Fe3* lixiviants from waste sulfur pastilles and
Fe?*, respectively. The leaching lixiviants generated from these two reactors were used in the
bioleaching of PCBs in a stirred tank reactor. Another benefit of immobilised cell systems is
that they can be introduced in various reactors, including stirred tanks, fluidised, trickle-bed,
and packed-bed bioreactors, subject to minimal shear stress exerted by mixing mechanism,
i.e. agitation speed in stirred tanks and flow-rate (dilution rate) in packed-bed bioreactors.
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2.3.5.3  Two-step bioleaching

Another technique of minimising inhibition of microbial culture in bioleaching of PCBs is the
two-step approach. In this approach, microbial growth and generation of the Fe3* oxidant is
first carried in the absence of PCBs but with only Fe?* source to eliminate potential
impediments on the microbial Fe* oxidation. In the second step, PCBs are then added and
metal leaching is facilitated by the microbial generated Fe3* oxidant. Wu et al. (2018) studied
the volumetric rate of Fe?* oxidation by mixed culture of S. themosulfidooxidans and L.
ferriphilum in the absence and presence of 1.5% w/v PCBs. Complete Fe2* oxidation was
achieved within 24 h in the absence of PCB at a rate of 0.583 g.L1.h, while at 1.5% PCBs, the
rate was decreased to 0.158 g.L1.h"l. The authors mobilised 100% Cu from 1.5% PCBsin 2 h
using the microbial generated Fe3* solution (free-cell solution after sterile filtration) and
recommended a two-step bioleaching. In a similar approach, Benzal et al. (2020) solubilised
95-100% Cu in 48 h from 0.75% PCBs by free-cell Fe3* solution generated by At. ferrooxidans.
Recently, Tapia et al. (2022) generated Fe3* from Fe?* by Tissierella, Acidiphilium, and
Leptospirillum sp. in a stirred tank reactor. PCBs (1% w/v) were thereafter added and 69% Cu
and 91% Zn were successfully leached in 18 days.

2.4 Problem statement

Bioleaching of PCBsis best suitable asa pretreatment process for the extraction of base metals
prior to the extraction of precious metals, typically through hydrometallurgy. Bioleaching of
PCBs has been studied since the early 2000s at the laboratory scale, mostly in batch shake
flask experiments (Brandl et al. 2001; Bas et al. 2013; Benzal et al. 2020) with limited reactor
studies (llyas et al. 2010; Hong and Valix 2014; Hubau et al. 2020). High bioleaching efficiency,
with emphasis on extraction of Cu (>90% Cu), has been achieved in the presence of iron
oxidising fungal species (Brandl et al. 2001), bacteria (Zhu et al. 2011), and archaea (Isildar et
al. 2016). Factors influencing bioleaching rates and extent of metal leaching, such as solution
pH, choice of microbial consortia, operating temperature, PCB solid loading (weight PCB per
volume of solution, w/v), initial ferric and ferrous iron concentrations, and particle size of the
PCBs, have been widely explored (Yang et al. 2009; Bryan et al. 2015; van Yken et al. 2020).
These contribute to the understanding and demonstration of the feasibility of bioleaching of
PCBs but are limited in optimisation of the process, especially for studies carried out in shake
flasks, as an understanding of mass transfer can be limited. Despite bioleaching emerging as
a promising technology, there is currently limited kinetic data available for process design.
Further, no pilot-scale nor commercialised processes are reported in the open literature.

In bioleaching of PCBs and other E-waste, Fe3* reduction as a function of metal dissolution is
typically much faster than its regeneration, thus, microbial oxidation of Fe2* is the rate
determining step (Lambert et al. 2015; Wu et al. 2018). This slow delivery of the Fe3* oxidant
can result in longer leaching time, lower leaching efficiency and, to an extent, limit the
significance of the presence of microorganisms. One of the major challenges in maintaining
or improving the microbial regeneration rate of the Fe3*is microbial inhibition by metals
accumulated and other constituents of PCBs within the system (Bryanetal. 2015; Lambert et
al. 2015; Hubau et al. 2020). As such, there is a growing interest in the use of a two-step
bioleaching approach, where Fe3* is first generated from Fe?* in the presence of
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microorganisms, allowing microbial Fe2* oxidation to proceed without any potential inhibitory
metalions and non-metalliccomponent. Thereafter, the Fe3* richstream is contacted with the
PCBs for metal leaching (Wu et al. 2018; Tapia et al. 2022). While Fe?* oxidation rate and metal
leaching can be improved compared to the one-step (i.e., onset microbial Fe?* oxidation in the
presence of PCBs), microbial activity post metal leaching is usually not reported. Where
reported, microbial activity is not reported following leaching of PCBs at concentrations of 2%
w/v and above (Bryan et al. 2015; Hubau et al. 2020). This information is a critical aspect of
bioleaching as the continuous regeneration of the Fe3* oxidant is key to the sustainability of
the process and is one of the major advantages over hydrometallurgy. This also presents an
opportunity as sustaining and improving the volumetric rates of microbial regeneration of
Fe3*, amongst other aspects, is critical in improving bioleaching efficiency. One of the
strategies towards achieving high volumetric microbial activity is through maintaining the
specific Fe2* oxidation rate following leaching through minimising microbial inhibition. To date,
the most explored method in the mitigation of microbial inhibition is the prior adaptation of
the microbial culture to the potential inhibitory metal ions (Lambert et al. 2015; llyas et al.
2010; Tapia et al. 2022). This method has been widely adopted in both traditional bioleaching
of mineral sulfides ores (Govender et al. 2015; Ngoma et al. 2018) and bioleaching of PCBs
(Arshadi and Mousavi 2015; Xia et al. 2017). Another strategy is the enhancement of the
amount of the microbial phase present through the use of microbial immobilised systems,
where microbial culture is colonised onto a biomass support structure. High cell numbers
achievable through microbial colonisation of the biomass support particles (BSPs) can
facilitate faster volumetric Fe?* oxidation rates, while retention of biomass within the support
particle and the biofilm formed to facilitate immobilisation can minimise microbial inhibition
through restricting ease of diffusion and acting as a barrier against the toxic environment
(Sand and Gehrke 2006; Luo et al. 2021). Microbial immobilised systems have been proposed
in the bioleaching of mineral sulfide ores (Vu et al. 2009; Africa et al. 2010; Nematiet al. 1998);
however, their application in the bioleaching of PCBs remains limited. Hubau et al. (2020)
immobilised their culture on activated chalk coal and used the immobilised system in a two-
stage reactor system in the bioleaching of PCBs. Van Yken et al. (2023) immobilised At. caldus
and At. ferrooxidans dominated cultures on a Mutag Biochip™ to generate H2S04 (H* lixiviant)
from waste sulfur pastilles and Fe3* lixiviant from Fe?* (FeS0Oa.7H,0). The biogenerated
lixiviants were used in the bioleaching of PCBs.

Moreover, as metal leaching through bioleaching of PCBs is governed by two sub-processes:
microbial Fe?* oxidation to Fe3* and metal oxidation by the Fe3* oxidant, a fundamental
understanding of both processes is crucial towards improving the overall bioleaching
efficiency. The two sub-processes are interdependent as the Fe3* available for metal leaching
is dependent on the microbial Fe?* oxidation rate. Conversely, in a continuous bioleaching
process, the availability of the Fe?* needed for microbial growth is dependent on the metal
leaching rate. While knowledge of the metal leaching kinetics can be drawn from
hydrometallurgical processes, this interdependency should be considered. This said, rigorous
kinetic studies of the ferricleaching of metals in elemental form has not been published in the
open literature to date. Chemical (Fe3* and H*) leach kinetics of PCBs continue to receive
attention, with emphasis on leaching of Cu. These studies provide useful data in
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understanding the leaching behaviour of Cu and its associated kinetics. However, there are
limited data on the fundamental understanding of the leaching behaviour and associated
kinetics of individual metals embedded in PCBs. Such data is critical to the fundamental
understanding of relative metal leaching and modeling of PCBs leaching. Information such as
residence time and the number of tanks needed may be modelled from such data. Such data
can best be obtained from leaching studies of individual metals prior to study of more complex
systems (leaching of PCBs).

2.5 Research scope

Owing to the microbial oxidation of ferrous iron being the rate-determining step in the
bioleaching of PCBs, this study seeks to explore a two-stage bioleaching system to minimise
inhibition of microbial culture and improve microbial oxidation kinetics. To achieve this, the
study aim to evaluate chemical leach kinetics and microbial oxidation kinetics during metal
extraction from PCBs. It seeks to use the chemical and microbial oxidation kinetics determined
to inform the appropriate staged reactor configurations to enable matched chemical leaching
rates with microbial lixiviants regeneration. Chemical leach kinetics are evaluated by studying
the leaching behaviour of elementary metals, as individual metals and in combination, and
compared to that of complex PCBs. Furthermore, to enhance microbial oxidation rates and
minimize microbial inhibition, microbial adaptation to Cu?* and microbial immobilisation on
polyurethane foam as biomass support will be exploited.

This study can thus be divided into three major parts:

e The evaluation of chemical leaching kinetics. These include the leaching kinetics of
four predominant metals in PCBs (i.e., Cu, Zn, Ni, and Sn), as individual elementary
metals and in their combinations before that of actual PCB samples.

e The evaluation of microbial oxidation kinetics. These include the oxidation kinetics of
Cu-adapted and immobilised cells compared to the typically used planktonic cells in
the presence of increasing concentrations of the four individual metals of interest, in
their combinations, and finally PCBs.

e Finally, study of staged reactor configurations through the integration of insights
generated from chemical leaching and microbial oxidation kinetics.

2.5.1 Hypothesis and research questions

The chemical leaching studies were directed through research questions rather than being
hypothesis-driven. The following research key questions were formulated:

e How does the volumetric leaching rates of base metals by ferric iron compare to that
by acid leaching?

e What are the relative metal leaching rates amongst the four metals of interest?

e Are there secondary reactions such as cementation in multi-metal leaching systems?
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e How does the relative metal leaching behaviour and associated leaching kinetics
compare during individual metal, mixed metals and complex PCB leaching systems?

To direct the investigation of the benefits of the immobilised microbial system and prior
adaptation, the following two hypotheses were formulated:

Hypothesis 1

Owing to the ferric leaching rate exceeding the microbial ferrous iron oxidation rate in
planktonic culture, immobilisation of the microbial cells to achieve high cell concentrations
without loss in rate of specific ferrous iron oxidation rate will contribute to the matching of
the volumetric chemical leaching and microbial oxidation rates.

Key question

Will microbial cellimmobilisation allow an increased volumetric rate of ferric iron regeneration
to match the required regeneration rates to sustain ferric leaching in a continuous flow
reactor?

Will immobilisation of the microbial phase reduce the effective metal ion inhibition of the
oxidation process and maintain specific ferrous iron oxidation rates?

Hypothesis 2

Microbialimmobilisation will reduce the inhibitory effect of metal ions on the microorganisms
which may also be further reduced by their prior adaptation to higher metal ion
concentrations.

Key question

Will prior adaption of the microbial culture to predominant Cu?* enhance their tolerance to
other individual inhibitory metal ions beyond Cu?* and mixed metal ions representing metal
content in PCBs?

Will microbial cell immobilisation of already adapted microbial cultures further enhance their
tolerance to inhibitory metal ions?

Overall, this PhD study was centered on the following overarching hypothesis:

Hypothesis 3

Microbial ferrous iron oxidation, required for the regeneration of ferriciron for the bioleaching
of metal-rich printed circuit boards, is inhibited by the accumulation of metal ions released
into solution by ferriciron leaching of the PCBs. Microbial inhibition can be partially overcome
by the separation of the process into its two sub-processes: chemical leaching and microbial
ferrous iron oxidation, through using a two-stage reactor system, i.e. a chemical leaching
reactor coupled to a microbial ferrous iron oxidation bioreactor.

Key question
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How does the overall leaching performance (metal extraction and overall leaching kinetics) of
a two-stage reactor system compare to that of a one-stage reactor system?
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CHAPTER 3

3 Material and methods

This chapter seeks to detail the overview of the general experimental design, procedures,
materials, and analytical protocols followed in this study. A description of the source and type
of the printed circuit boards (PCBs) used, the comminution techniques used for size reduction
and analysis of PCB particle size distribution together with metal content characterisation are
provided. The research approaches adopted for collection of data for chemical leaching
kinetics, microbial oxidation kinetics, and bioleaching kinetics of PCBs in a novel two-stage
reactor system are then presented in detail. These experimental procedures are also included
in the respective chapters, i.e., Chapter 4 to 7. In addition, all analytical techniques used in
this study are described in detail; these include pH and redox potential measurement
protocols, the ferric chloride assay for calorimetric measurements of ferric iron, ferrous iron
and total iron, and scanning electron microscopy (SEM) analysis for visual assessment of the
immobilised polyurethane form as biomass support particle (PUF-BSPs).

3.1 PCB sample preparation and pre-treatment

3.1.1 Printed circuit boards used

The heterogeneity of PCBs interms of size, and metallic and non-metallic contents remains a
challenge in the handling and treatment of waste PCBs. As such, to ensure experimental
reproducibility and confidence in experimental outputs, all printed circuit boards used in this
study were custom-made and manufactured by Trax Interconnect (Pty) Ltd, Cape Town, South
Africa. The PCBs were representative of each other in terms of design, quality, and material
composition. Although the PCBs had no extraneous parts (i.e., random-access memory
(RAMs), peripheral component interconnect (PCl), and chip slots) soldered on, these PCBs
represent the typical base design that the company's clients most frequently request. The
boards were 105 mm in height, 142 mm in length, and thickness of 1.45 mm; and on average,
the PCBs weighed approximately 52.94 g. Images of the front and back view of the PCBs are

provided in, Figure 3-1.

A

(

| ———— wwgor ——

f——--- 122mm —8 |

Figure 3-1 Custom-made printed circuitboards used in this study; A—Top side and B — Bottom
side.
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3.1.2 Size reduction of the PCBs

The size of the custom-made PCBs was first reduced by shredding the whole board using a
bench Industrial Grab Shredder (length: 170 mm, width: 140 mm, and 14 circular blades)
supplied by Filamaker Gmbh, Germany (Figure 3-2A, B and C) The shredder had a 1.1 kW
motor which runs at 50 Hz frequency, operated by Siemen inverter with Sinamatic version 20
software (Figure 3E). A single board was shredded by repeatedly passing it through the
shredder six times (6x). The number of passes through the shredder was informed by the
study carried out by (Prestele 2020b), which suggested no further size reduction above 6
passes. The shredded boards, referred to as PCB chips, were further reduced into finer
particles (<1180 um) by pulverisation for one minute using a ring mill pulveriser obtained from
the Ferguson industrial equipment group in Johannesburg, South Africa (Figure 3-2C). To
obtain a representative sample, the pulverised boards were split into 10 equivalent samples
of approximately 5 g each using a Dickie and Stockler rotary splitter (Figure 3-2F).

——— > Whole PCB

ﬁ—' Funnel

— Shredder Blades

h

— Shredder chamber

——— PCB Chips

Figure 3-2 Equipments used for size reduction of the whole PCBs. Bench Industrial Grab
Shredder used to shred a whole PCB into PCB chips: A —Schematic representation of
the shredder, B — Front (full) view of the shredder. C - Ring mill pulveriser, D — Top
view of shredder without the safety cover (funnel), E - Siemen inverter, and F - Dickie
and Stockler rotary splitter.

Unless stated otherwise, the finer PCB particles (<1180 um) were used in all PCB chemical
leaching experiments. This approach addresses the impact of surface area on the overall
leaching kinetics, thereby facilitating a more relevant comparison of the chemical leaching
kinetics determined from the leaching of the elementary metals to that from PCB leaching
(Chapter 4).

In the experiments for PCBs bioleaching (Chapter 7) however, PCB chips were used rather
than the finer particles (<1180 um). Instead of pulverising the shredded PCBs for one minute,
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PCB chips were prepared by pulverising for only 20 seconds. Pulverising for 20 seconds
liberated metals by mechanical disruption of the outer layers of the PCBs and allowed further
size reduction after shredding but not into finer particles. The particle size distribution (PSD)
of these PCB chips was determined by the dry sieve analysis method (lyasara et al. 2023). The
PCB chips were sieved into 5 fractions (<1180 um, 1180 um, 1700 pum, 3350 um, and 4750
pm) using a Filtra FTLO200 sieve shaker (Figure 3-3C), operated for 10 minutes. The cumulative
particle size distribution (%) is shown in Figure 3-4.

+4750 ym

+3350 pm

+1700 pm
+1180 pm

<1180 pm

Figure 3-3 Screening of pulverised PCB into different size fraction; A — Shredded PCB chips, B
— 20 sec Pulverised PCBs, C — Sieve shaker, and D — different size fractions of PCBs.
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Figure 3-4 Particle size distribution of the PCB pulverised for 20 sec.
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3.1.3 Analysis of metals in PCBs

In preparing the PCB templates for metal analysis, a whole PCB was cut into three equivalent
sections. Each section was weighed, shredded, pulverised, and split into equal mass using the
same procedure as presented in section 3.1.2 above. Metal extraction from these pulverised
boards was achieved using the aqua regia approach. Aqua regia was prepared by mixing 6 mL
of 15.7 M ultra-pure Nitric acid (HNOs, Merck with 2 mL of 12.1 M ultra-pure Hydrochloric
acid (HCl, Merck), (i.e. 3 parts HNO3 to 1 part HCI on a volume to volume basis).

A representative PCB sample of 0.1 g from each section was added into the separately
prepared shake flasks containing aqua regia solution and digested using MARS microwave
digester vessels at 300 °C and 800 psi, for atotal of 35 min (Ramp time — 25 min and Hold time
— 10 min). The digested liquid sample was then cooled and diluted to a final volume of 50 mL
using deionised water. Thereafter, the samples were filtered with a 0.2 um filter, and the metal
concentrations in the filtrates were determined using Inductively Coupled Plasma Mass
Spectroscopy (ICP-MS, Agilent 7900). The digestates were air-dried and analysed for metal
content using X-ray Fluorescence (XRF). The total metal content inthe whole PCB was reported
as the sum of the content determined from the 3 sections (Table 3-1).

Table 3-1 Metal composition (in g/100g, % mass) in the custom-made PCBs.

Element Content (%) Element Content (%) (x1073)
Cu 11.0 Sn 1.01
Fe 0.150 Cr 3.81
Zn 0.040 Pb 0.860
Ni 0.180 Mg 7.98
Al 0.090 \Y% 2.71
Co 0.020 Mo 0.180
Ba 0.110 Zr 431
Sr 0.040 La 0.670
Ca 0.230 Ce 1.42
Si 0.280 *Au (x107) 1.41

*Note the concentration of Au is 1.41 x 10-> g/100g and deviates from the column heading.

3.2 Chemical leaching

An evaluation of relative metal leach kinetic rates for Cu, Zn, Ni, and Sn, typically predominant
in PCBs was achieved through chemical attack by Fe3* and H* as the oxidants. The leaching
experiments for each metal, were carried out separately in acidic-ferric (Fe3*) and acid-only
(H*) oxidation environments. Metals were added as elementary metal powder. The four
selected elementary metals were leached separately, to evaluate the leaching rate of each
individual metal. In addition, a combination of metals mimicking the composition of the
leachate as noted during the PCB leaching was also designed. Metal leaching in combination
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also allowed for the evaluation of potential secondary reactions such as cementation
reactions and subsequent precipitation reactions.

Ferric leaching was carried out in a 500 mL jacketed glass reactor as a batch study, with an
initial concentration of 20 g/L Fe3*at pH 1.1. The mass of metal added, in both individual and
mixed metal leaching systems, was calculated such that the required stoichiometric molar
ratio of 2 mol Fe3*: 1 mol M (metal) was achieved. The acid leaching experiments were carried
out using acidified deionised water (adjusted to pH 1.1 by H2S04) and the metal added met a
stoichiometric molar ratio of 1 mol H*: 1 mol M. For the leaching of mixed metals, the
proportion (% weight of each metal per total weight of the four metals) of each metal added
was informed by the metal content of the PCB sample used in this study.

In both the ferric and acid leaching systems, the temperature was varied across the setpoints
25, 37, 45, 65, and 75 °C to establish the dependence of the metal leaching rates on
temperature. Varying the temperature also enabled the evaluation of relative activation
energies through the Arrhenius plot to deduce the governing reaction mechanism.

To facilitate appropriate comparison between experiments, PCB leaching in the presence of
both acidic-ferricand acid oxidant, were performed at the same leaching conditions, i.e. initial
Fe3* concentration of 20 g/L, pH 1.1, and temperature range of 25 — 75 °C, as in the leaching
of elementary metal powder. PCB metal characterisation was used to determine the mass of
PCB required such that the stoichiometry is met in both acidic-ferric and acid-leaching
systems.

Across all leaching systems studied, the progress of metal extraction was monitored by
sampling the leachate at various time intervals (every 1 minute for the initial 5 min, 2 min for
20 min, 5 minfor 30 min, 10 minfor 30 min, 20 min for 1 hour, 30 min for 1 hour, then every
hour) over a total of five (5) hours leaching time, unless stated otherwise. A 500 uL solution
sample was withdrawn at each sampling interval to ensure that the total volume of liquid
sampled by the end of the experiment remained less than 10% of the total working volume.
Samples were passed through a 0.45 um filter and the filtrates were analysed for ferric ion
(Fe3*), ferrous ion (Fe?*), total iron (Fet°t) and other specified dissolved metal ion
concentrations. Changes in pH and redox potential were continuously monitored by
maintaining the pH and redox probes in the leaching solution throughout the leaching period.

3.3 Microbial inhibition studies

The second part of this experimental study focused on understanding microbial inhibition in
PCB bioleaching systems as a result of metal ions accumulation and/or other components of
the PCBs within the bioleaching system. The aim was to assess and manage the extent of
microbial inhibition. Prior to microbial inhibition studies, microbial culture was immobilised
onto a PUF-BSPs to increase biomass concentration and minimise inhibition through biofilm
protection and diffusion resistance. Metal tolerance was further enhanced by adaptation of
the culture to inhibitory Cu?*. In all studies, changes to the microbial ferrous iron oxidation
rate as a result of inhibition of the microbial culture by accumulation of metal ions was
investigated.
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3.3.1 Microbial culture

A mixed mesophilic culture consisting of Leptospirrilum (L.) ferriphilum, Acidithiobacillus (At.)
ferrooxidans, Acidiplasma (Ap.) cupricumulans as the dominant species was first grown and
colonised onto polyurethane foams used as a biomass support particle (PUF-BSPs). The
immobilised microbial system was gradually adapted up to 6 g/L Cu?*. The culture was
maintained over two months by replacing the spent medium whenever the substrate was
depleted, with fresh Autotrophic basal salts (ABS) medium (Johnson et al. 2008a) containing
ferrous iron substrate. Microbial immobilisation on PUF-BSPs was confirmed by scanning
electron microscopy (Chapter 5, Section 5.3.1).Four sets of inocula of the same strain, namely
non-adapted planktonic cells (NA-PC), immobilised cells (NA-IC), Cu-adapted planktonic cells
(A-PC) and Cu-adapted immobilised cells (A-IC), were considered.

3.3.2 Metal ion solutions

Four metals, namely Cu, Zn, Ni, and Sn were considered as potential inhibitory metalsas these
metals are generally found in significant concentrations in PCB leachates (Yamane et al. 2011;
Zhang et al. 2012; Akcil et al. 2015b) These were added as metal ions in the form of their
respective metal sulfate salts, i.e., copper sulfate heptahydrate (CuS04.7H20), zinc sulfate
heptahydrate (ZnS04.7H20), nickel sulfate heptahydrate (NiSO4.7H»0), and tin sulfate
heptahydrate (SnSO4.7H20). In addition, the effect of the leachate from PCB leaching on
microbial activity was also investigated.

The inhibitory effect of Cu?* (Chapter 5), Sn?*, Ni2*, and Zn?* ions (Chapter 6) on the microbial
ferrous iron oxidation rates of the immobilised and Cu-adapted microbial cultures was then
studied. Individual metal ion solutions (Cu?*: 0 — 50 g/L, Zn?*, Ni?*, and Sn?*: 0 — 10 g/L), a
mixed metal ion solution (0 —20% weight/volume, w/v, PCB solid loading mimicked) and the
PCB leachates (0 — 50% volume of PCB leachates/total volume of growth medium) was used
in this study. The impact of inhibitory metal ion on the performance of the immobilised and
Cu-adapted microbial cultures was assessed by monitoring substrate (Fe2* ions) utilisation
rates in the presence of increasing concentrations of metal ions of interest. In investigating
the effect of the PCB leachates on microbial performance (Chapter 6), the PCBs were first
chemically leached using ferric ion, filtered, and the leachates were added in different
proportions (0 - 50%v/v).

3.4 Bioleaching of PCBs and reactor studies

Having achieved insight into the chemical leaching rates and microbial oxidation rates in the
presence of inhibitory metal ions, bioleaching of PCBs was then performed in two reactor
systems (Chapter 7). The first reactor system was a single-stage bioleaching reactor within
which chemical leaching of PCBs and in-situ microbial regeneration of the ferric iron occurred.
In the second, the two-stage bioleaching reactor set-up compromised of a PCB chemical
leaching reactor separate from the reactor within which microbial regeneration of ferriciron
occurred; with the reactors coupled by a leachate re-circulating system.

The two reactor systems were operated at the same conditions in terms of temperature,
Fe3*/Fe?* concentrations, inoculum type, total working volume, and PCB solid loaded (% w/v).
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Both reactor systems were inoculated with Cu-adapted immobilised cells as they exhibited
higher Fe?* oxidation rates and improved metal ion tolerance against NA-PC, A-PC, and NA-IC.

In the one-stage reactor system, two custom-made stainless steel baskets were fitted intoa 1
L stirred tank reactor (STR). One basket housed PUF-BSPs (as A-IC) as an inoculum, while the
other was for the added PCB chips. In the two-stage reactor system, one basket was fitted into
a stirred tank reactor to house PCB chips, and the PUF-BSPs were packed into six column
bioreactors connected in series, such that on Fe3* leaching of PCBs in the STR, the metal-rich
stream is recirculated through the packed-bed column bioreactors for microbial generation of
Fe3*.

In both reactors, PCBs were added at increments of 3% w/v, up to an accumulative 18% w/v.
With the addition of each increment of 3% PCB, the volumetric rate of Fe3* reduction as a
function of metal leaching, the rate of microbial oxidation of the resultant Fe?*, and the extent
of metal leaching was measured and evaluated.

3.5 Analytical techniques

3.5.1 pH and redox potential

All regular pH measurements were performed using a pH electrode (Model: iConnect 854),
connected to a Metrohm 867 meter. The electrode was calibrated at pH 1.0 and 4.0 prior to
any measurement using Merck instrumental standard buffer solutions. Redox potential
measurements were carried out using a glass electrode with a built-in platinum ring (Ag/AgCl
reference, 3 M KCl, Model 6.0451.100), which was connected to pH/Eh 867 Metrohm meter.
Precision of all readings was ensured by testing the electrode against the standard solution
(650 mV at 25 °C) prior to routine measurements. Both pH and redox potential meters were
connected to a desktop computer equipped with Metrohm Tiamo version 2.5 software to
control and display any measurement.

3.5.2Iron analysis

All dissolved iron concentrations (Fe2*, Fe3*, Fetotal) were determined spectrophotometrically
using the ferric chloride assay (Govender et al. 2012). The assay is based on the formation of
a yellow ferric chloride complex formed when 2 M hydrochloric acid is added to a solution
containing Fe3*ions. The 2 mL sample (with necessary dilutions) of unknown concentration
and 2 M HCl solution (1:1 volumetric ratio) were thoroughly mixed by vortexing at 3200 rpm.
Thereafter, the absorbance was measured at 340 nm wavelength using a Genesys 10S UV-
Visible spectrophotometer (Thermo Scientific, Visionlite, version 5.2 software). A scoop of
potassium persulfate crystals (in excess) was then added into the mixed solution to oxidise all
Fe2*ions into Fe3* ions, vortexed and left for 5 minutes. Absorbance was measured again and
considered as absorbance for total Fe. Measured absorbances were converted into
corresponding Fe concentrations using a standard calibration curve (Appendix Al). The
concentration of Fe2*ions is deduced by subtracting the concentration of Fet°t? jon from Fe3*.
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3.5.3 Direct microbial cell counts

The concentration of planktonic microbial cells was determined by direct microscopic cell
count on the Thoma counting chamber (Depth of chamber: 0.02 mm and Area: 0.0025 mm?)
using an Olympus BX40 phase contract microscope at 1000x magnification. The counting
chamber was provided by HAWSLEY (Helber Bacteria, 1 Cell Thoma, CAT No Z30000, LOT
15632). The sample was diluted using acidified deionised water (pH 1.4) and a 1 pL sample
was then pipetted into the centre of the chamber and covered with a glass slide coverslip.
Microbial cells were then directly counted using an oil immersion phase contrast. Microbial
cell concentration in the sample was determined using Eq. 3-1:

C X -

Cell concentration (cell. mL™") = —xL X — X 103 Eq. 3-1

Where: C = Number of cells counted
Nt = Total number of large squares (16)
NL = Number of large squares counted (4)
A = Area of the chamber
D = Depth of the chamber (0.02 um)

d = Dilution factor

3.5.4 Scanning Electron Microscopy (SEM)

The surface of the colonised PUF-BSPs was assessed visually for attached cells and EPS
(biofilm) using a scanning electron microscopy (SEM). In this method, the biomass support
particles were first cut into smaller pieces with a sterile scissors and fixed in 2.5% (v/v)
glutaraldehyde for at least 8 h to 24 h at 4°C. The samples were then gently rinsed three times
(3x) with sterile deionised water and dehydrated through a succession of alcohol, 30, 50, 90,
95, and 100% (v/v) analytical grade ethanol (Merck), by keeping the sample in alcohol for 10
minutes at each step. Samples were then dried to critical point using analytical grade
hexamethyldisilane (HDMS, Sigma) and mounted on a stub covered with carbon glue. The stub
was sputter-coated with carbon and assessed visually at various magnifications using the SEM
(FEI NOVA NANOSEM 230 with a field emission gun or Tescan MIRA3 with a Confocal Raman

Imaging Extension).
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CHAPTER 4

4 Chemical leaching of elementary metals

4.1 Introduction

The leaching of base metals, generally undertaken as the first stage of leaching to liberate
precious metals, is selectively undertaken using mineral acid in combination with oxidants
(i.e., H2S0a/Fe3*, H2504/02, HCIO4, HNO3/H202, and HCI/O2). Subsequent extraction of
precious metals proceeds using strong acids such as aqua regia (HNO3/HCI), ammonia-based
reagents (NHs3-(NH4)2S20g) and organic-based oxidative reagents such as thiourea-ferric
sulfate, amongst others (Akcil et al. 2015; Wu et al. 2017; Udayakumar et al. 2022). Hydrogen
peroxide, H203, is a strong oxidant and is commonly used in combination with acid suliate
solutions, for the extraction of base metals, particularly, copper. Although H20; is a more
effective oxidant compared to Oz and Fe?*, it is relatively costly to produce, and it is more
prone to catalytic decomposition at high temperatures and in the presence of metal ions
(Quinet et al. 2005; Tuncuk et al. 2012; Bas et al. 2012; Yazici and Deveci2014). In comparison,
ferriciron can be produced at a relatively low cost and is known to be a strong oxidiser which
can oxidise most of the base metals to their respective metal ions (Eq. 4-1). Ferric iron can
easily be regenerated in-situ using suitable iron-oxidising acidophilic microorganisms
(bioleaching systems), or chemically at a slower rate by an oxidant such as O5».

1
2M° + 2Fe3t + EOZ-I_ 2HY - 2M?** + 2Fe*' + H,0 Eq. 4-1

Metal dissolution by Fe3* has been successfully employed in metal leaching from virgin ores
at a pilot and industrial level (Du Plessis et al. 2007; Domic 2007; Bryan et al. 2011; Nicolle et
al. 2015). While ferric iron leaching of metals from printed circuit boards (PCBs) has been
demonstrated on a laboratory scale, this is not yet commercialised. In leaching with the Fe3*
oxidant, metal solubility is driven by the difference in the standard hydrogen reduction
potential between Fe3* (0.77 V) and metal of interest, i.e., Cu (0.34 V), Zn (-0.76 V). From an
electrochemistry point of view, the higher the standard potential difference, the more
plausibly and rapidly the metal is leached. A key requirement in Fe3* leaching systems is
maintaining pH below 2 to prevent Fe3* precipitation, which can reduce accessible lixiviant
and limit mass transfer as its deposits on the surface of the metal or mineral grain, resulting
in slower metal leaching rates and low metal extractions. At the required acidic conditions (pH
<2), the kinetics of metal leaching depends on the concentration of Fe3* and the operating
temperature, amongst other factors. Lambert et al. (2015) reported an improvement in Cu
leaching rates from waste electric cables from 19 mg.L™1.h"1 to 65 mg.L'2.h', then 750 mg.LL.h-
1 when initial Fe3* concentration was increased from 0 to 2 and 6 g/L, respectively. This
resulted in the leaching time reducing from 7 days through 3 days to 1 day (Lambert et al.
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2015). A similar dependence of reaction rate on the concentration of Fe3* has been reported
elsewhere (Yang et al. 2009; Yazici and Deveci 2014).

As ferric leaching takes place under acidic conditions, proton (H*) attack contributes to metal
leaching, but at a relatively slower leaching rate (Xiang et al. 2010; Lambert et al. 2015). The
rate of Fe3* and H* leaching is also affected by mass transfer and the type of metal being
leached (Casas et al. 2013; Yazici and Deveci 2014; Bilczuk et al. 2016), necessitating the
importance of insight into the leaching mechanism and metal relative leaching rate.

The interdependence of the two vital sub-processes involved in bioleaching, that is (i)
reduction of Fe3* through metal dissolution, and (ii) microbial regeneration of Fe3* from the
resultant Fe2*is recognised. The slower oxidation reaction is the rate-determining step in the
overall bioleaching rate. Thus, to optimize this process, it is critical to study the reaction
kinetics of both sub-processes. This chapter focuses on the kinetics of the chemical (Fe3*)
leaching sub-process. Specifically, it focuses on evaluating chemical leaching kinetics, with the
aim of (i) determining relative rates between the Fe3* and H* oxidant, (ii) evaluating the
relative metal leaching rates, particularly amongst the predominant metalsin PCBs (i.e., Cu,
Zn, Sn, Ni), and their relative leaching mechanisms, and lastly (iii) developing rate law
expressions to describe metal leaching. Notwithstanding the continuous progress in
understanding and improving metal recovery from PCBs through Fe3*leaching, the leaching
kinetics of individual metals present in PCBs, and other E-waste components, remain limited
in the literature. Here, the metal leaching kinetics of individual metals typical in PCBs (Cu, Zn,
Ni, Sn) are studied individually and as mixtures prior to exploring a complex PCB leaching
system to better understand the expected leaching behaviour of such metals during the
leaching of actual PCB samples. Relative kinetic data for metal leaching is critical in the
development of a flowsheet for biohydrometallurgical metal extraction and recovery.

4.2 Materials and methods

4.2.1 Leaching procedure
4.2.1.1 Reactor system for leaching study

All chemical leaching experiments were carried out in a jacketed glass reactor (height: 12.51
cm, outer diameter: 10.67 cm, inner diameter: 8.51, with a 500 mL working volume), with
warm water recirculated from a water bath to maintain the desired temperature. The reactor
was mixed by an 801 Metrohm magnetic stirrer (4.45 cm) at 120 rpm. A Perspex lid
(length:13.8 cm, width: 13.2 cm, and height: 0.5 cm) was used to minimise evaporation. The
lid had three (3) ports, two to house the pH and redox electrodes and the third for sampling.
Measurements from the pH and redox meters (Metrohm 867) were logged continuously and
displayed through a desktop computer installed with Tiamo software (Figure 4-1), along with
the stirrer speed.
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Figure 4-1 A photograph (A) and schematic diagram (B) of the apparatus and setup used in
this study for all chemical leaching (both ferric and acid-only leaching) experiments.

4.2.1.2 Materials leached

The four elementary metals of interest, i.e. Cu powder (purity: 299.9%, particle size
distribution: <63 um), Zn powder (298.9%, <10 um), Ni powder (299.5%, <10 um), and Sn
powder (299.8%, <45 um), were supplied by Merck South Africa. In all leaching experiments,
the elementary metals were used without any pretreatment. The type, source, and
pretreatment of the PCBs used in this study, unless stated otherwise, is discussed in Section
3.1.All leaching reagents used, including ferric sulfate hydrate (Fe2(SO4)3.4.5H20, 97%) and
sulfuric acid (H2S04, 96%), were supplied by Merck South Africa.

4.2.1.3 Ferric leaching of elementary metals and PCBs

To explore the leaching rate of selected elementary metal powders via ferriciron leaching, the
metal of interest was added into 250 mL of 20 g/L ferric sulfate hydrate solution (prepared
from Fe2(S0a4)3.4.5H,0). The pH of the Fe3* solution was adjusted to 1.1 using 96% H,S04 and
the solution equilibrated to the desired temperature. Thereafter, metal powder was added
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into the beaker at time zero. Samples were taken at a predetermined time interval (500 pL
every minute for the first 5 minutes, every 2 minutes for the next 20 minutes, every 5 minutes
for the next 30 minutes, every 10 minutes for 30 minutes, 30 minutes for 1 hour, and then
hourly over a period of the experiment) and analysed for Fe3* and Fet°t concentrations, and
dissolved metal ions concentration. The experiments were run in triplicate. This experimental
procedure was followed for individual and mixed metal powder studied, i.e., Cu, Zn, Sn, and
Ni; and PCBs at five (5) temperatures 25, 37, 45, 65, and 75 °C.

Owing to the slow rate of metal leaching by H* relative to Fe3* in the ferric leaching systems
(Yaziciand Deveci 2014), the ferric reduction rate can be assumed to be dominantly a function
of base metal dissolution. The mechanism presented in Eq. 4-1 can thus be reduced into Eq.
4-2 (Lambert et al. 2015; van Yken et al. 2020).

M° + 2Fe3* — M2?* 4 2Fe?* Eq. 4-2

Thus, the amount of each metal added was calculated to ensure that an appropriate
stoichiometric ratio of 2 moles Fe3* ions to 1 mole metal (M?) ion, or greater, is achieved. A
volume of 250 mL of 20.0 g/L Fe3* contains 0.0895 mol Fe3* ion, therefore for each individual
metal leached, 2.50 g of Cu (0.0393 mol Cu), 2.50 g Zn (0.0382 mol Zn), 2.50 g Ni (0.0426 mol
Ni), and 5.00 g Sn (0.0421 mol Sn) was added.

Proportions of the mixed metals (Cu, Zn, Sn, and Ni) required to achieve the required moles
were calculated based on the metal proportions (percent of each metal, as %w/v PCBs) as per
characterised PCB samples (Table 3-1). This approach was considered to mimic the expected
metal proportions in PCB leachates while maintaining the 2:1 ratio for Fe3*: M9, Therefore, the
mixed metals added contained 2.74 g Cu (0.0432 mol Cu), 9.70x103 g Zn (1.00x10* mol Zn),
2.00x10* g Sn (1.68 x 10® mol Sn), and 0.0448 g Ni (8.00x10* mol Ni), which added up to
0.0441 mol MO,

For the Fe3* leaching of PCBs, 12.5 g treated PCBs were added, which was equivalent to a total
of about 0.0441 moles of M? ions, creating a 2:1 ratio with the 0.0895 mol Fe3*ions in the 250
mL of 20.0 g/L Fe3* solution.

4.2.14  Acid leaching of elementary metals and PCBs

For acid leaching, an experimental approach similar to that for ferric leaching was adopted.
Instead of Fe3* ions as an oxidant, only protons (H* ions) were considered. This was achieved
by adjusting a pH of 250 mL deionised water to pH 1.1 using 96% H2S04. The acidified water
was then equilibrated to the desired temperature and metal powder was thereafter added.
Samples were aliquoted from time zero (when metal was added) and over the 24 h leaching
period. The aliquoted samples were analysed for the concentration of dissolved metal ions
over time. Redox potential and pH were also monitored over the same leaching period. In the
absence of Fe oxidant, acid leaching of base metal is through the following mechanism (van
Yken et al. 2020):

2M° + 2H,50, + 0, — 2M?* + 2502~ + 2H,0 Eq. 4-3
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The amount of each metal added was calculated based on the appropriate stoichiometry of 1
mole H* to 1 mole metal (Eq. 4-3). The number of moles of H* ions in 250 mL acidified water
at pH 1.1 was calculated to be 0.0199 mol H*. To achieve a 1:1 mole ratio, the amount of Cu
added was 1.27 g (0.0199 mol Cu), 1.30 g Zn (0.0198 mol Zn), 2.35 g Sn (0.0199 mol Sn), and
1.17 g Ni (0.0198 mol Ni).

To maintain the required 1 mol H* ions to 1 mol M? ions, mixed metals proportion was made
up of 1.22 g Cu (0.0192 mol Cu), 4.30x103 g Zn (6.56 x 10 mol Zn), 1.00x10* g Sn (9.27 x 10
7'mol Sn), and 0.0199 g Ni (3.00x10* mol Ni), to make up the total required moles of 0.0196
mol MC ions to 0.0199 mol H* ions. For PCBs, about 5.00 g of treated PCB was added, to
maintain the required stoichiometry.

4.2.2 Kinetic data analysis

In addressing reaction kinetics, the rate law for the extraction of base metal from its elemental
solid form by dissolved ferric iron in an acidic aqueous solution was determined across the
temperature range of 25 to 75 °C. Insight into the dissolution mechanism and associated
reaction kinetics is vital in designing and controlling the reactor configuration and operating
conditions to optimise the bioleaching process. Kinetic parameters such as rate constants,
reaction order, and activation energy, were determined from Fe3*, Fe?*, and Fe!
concentration as a function of time and dissolved metal concentration against time.

By considering the stoichiometry as per Eq. 4-2, the rate law for calculating a volumetric rate
of metal dissolution can be written as:

1
Ty = Erpngr Eq 4-4
where
d[M°]
it = —Ty Eq 4-5
d[Fe3*]
——— = —rper = —k[Fe ] M]" Eq. 4-6

where 13, is the rate of metal dissolution, 7,3+ is the reduction rate of Fe3*, k is the rate
constant (mint), and [M°] and [Fe3*] are metal and Fe3* concentrations, respectively, and are
in mol.L. It must be noted that this proposed rate law related to the concentration of Fe3*in
solution, requiring acidic conditions (pH <2). Assuming that at the beginning of the leaching
reaction, M? is considered to be in excess and the effect of the M? concentration can be
neglected over the initial reaction period. Therefore, two rate laws, rate law 1, R1 (Eq. 4-7),
and rate law 2, R2 (Eq. 4-8) are proposed to evaluate the volumetric rates as a function of Fe3*
and Fe?* over time:
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d[Fe3"]

—— = —k[Fe¥]" Eq. 4-7
d[Fe3*] , [Fe3+]"
a " [Fe2+]m ba. 48

Here, n and m are reaction orders with respect to Fe3*and Fe?*, respectively. Both Eq. 4-7 and
Eq. 4-8 are differential equations and can be solved using Euler’s numerical method to give
solutions as Eqg. 4-9 and Eq. 4-10. The latter solutions can be used to approximate
concentrations of Fe3*, [Fe3*], ,, at any giventime, t,_ ;, given that the initial concentration

of Fe3*, [Fe3*],, and initial time t; is known.

[Fe3+]i+1 == _k[Fe3+]n(ti+1 - tl) + [Fe3+]l' Eq. 4‘9
[ 3+]T'l
[Fe3*],, = _k’W(tm — t) + [Fe3*], Eq. 4-10

The kinetic parameters, k, n, and m were estimated by fitting the Fe3*and Fe?* data collected
into the proposed models (Eq. 4-9 and Eq. 4-10) using non-linear regression. The estimated
rate constants over the temperature range (25 — 75 °C) were then used to estimate the
activation energy using the Arrhenius equation (Eq. 4-11). Rearranging the Arrhenius equation

gives an equation of a straight line in a form of Eq. 4-10. Plotting 1/T against Ink gives a slope
_Ea

of , from which the activation energy can be deduced, and a y-intercept as In A. The rate-

controlling mechanism governing the leaching reaction was inferred from the value of the
estimated activation energy. Diffusion-controlled reaction is characterised by activation
energy less than 21.0 kl.mol™. An activationenergy greater than 41.81 kJ.mol ischaracteristic
of a chemically-controlled reaction mechanism, while a value in between is characteristic of a
mixed controlled reaction, i.e. combination of both diffusion through the fluid film and
chemical control on the surface of the unreacted particle (Rossi 2001; Abdel-Aal 2000; Luo et
al. 2010; Habashi 2017).

k= AeRE Eq. 4-11
I Eq. 4-12
nk = RT n q.

where E, is activation energy, kis rate constant, R is the universal gas constant (8.314 JK'! mol-
1), Ais the Arrhenius constant, and T is the absolute temperature (K).
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By considering the stoichiometry, Eq. 4-4 can be solved by Euler’s numerical approach to
model a concentration of metal in solution at a given time, t:

1
[M?*],, = Ek[Fe“]n(tm— t)+ [M*], Eq. 4-13
1 [Fe3+]n
[M**]41 = Ekm(tiﬂ— t)+ [M?**], Eq. 4-14

This study acknowledges that while metal leaching is dominantly through Fe3* attack, metal
leaching also occurs through H* attack. It is therefore important to determine the relative
contribution of H* relative to Fe3*leaching in acidic conditions. Thus acid-only leaching and its
leaching rates were evaluated by acid leaching of base metals in the absence of ferric iron.
The rate law was formulated by assuming that metal dissolution is solely a function of acid
(H*) attack (Eq. 4-3), thus leaching kinetics in acid-only leaching systems were evaluated using
the following rate law:

Ty = Ty+ Eq. 4-15
d[M°]
ey Eq. 4-16
d[H*
[dt ] = —Ty+ = —k[H+]n Eq 4-17
[M**],, = k[H*]"(t;y, — t) + [M*] Eq. 4-18

where the concentration of H* (mol.L?) was calculated from pH measurement. Similar to Fe3*
leaching systems, kinetic parameters were determined by fitting the H* utilisation data over
time using non-linear regression. Activation energy was estimated using the Arrhenius
relationship and the reaction mechanism was inferred thereafter.

4.3 Results and discussion

4.3.1 Leaching of individual elemental metals
For each individual metal leached, both ‘acid only’ leaching and Fe3* leaching under acidic

conditions were studied. These are presented in the sections below.

4.3.1.1 Leaching of copper

To understand the acid leaching of Cu, elementary Cu metal powder was leached by acid (H*)
in the absence of Fe3*. The acid lixiviant was prepared by adjusting the pH of deionised water
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to pH 1.1 with concentrated H;SOs4. Changes in solution pH and corresponding H*
concentrations (calculated from pH values), %Cu mobilised, and redox potentials throughout
the progressive acid leaching of Cu are presented in Figure 4-2. The H* leaching was slow as
characterised by a gentle slope in H* consumption with time across the different
temperatures. With increasing temperature, the proton consumption plateaued earlier,
indicative of higher reaction rates. At 25, 45, 65 and 75 °C, proton consumption plateaued at
approximately 800, 420, 200 and 200 min, respectively. Noteworthy was the final pH reached,
and the corresponding [H*] depletion at the end of leaching. The final pH peaked at 4.55, 3.33,
1.91,1.33,and 1.40 at 25, 37, 45, 65 and 75 °C, respectively. This difference could be attributed
to the effect of temperature on the concentration of dissolved Oz in the leaching solution.
Solubility of O2 in aqueous solution decreases with anincrease in temperature (Kaskiala 2002;
Tromans 1998; Battino 1981), thus there is limited dissolved O2 at high temperatures to
promote the formation of hydronium ions (water) by-product as per Eq. 4-3, which can
neutralise the pH. Kaskiala (2002) reported a decrease in solubility of oxygen in aqueous
solution of H2S04 from 1.2 to 0.8 mmol.L't when the temperature was increased from 25 to
55 °C. Despite the low pH observed and subsequent low calculated H* consumptions at higher
temperature, the progressive increase in the amount (%) of Cu mobilised over the leaching
time (Figure 4-2D) showed that Cu dissolution was successfully achieved across the
temperature range studied. The Cu dissolution rate was dependent on temperature, with 59,
73,79, 86, and 91% of Cu mobilised within 300 min at 25, 37, 45, 65, and 75 °C (Figure 4-2D).
Total Cu dissolution was achieved at 1400 min across all temperatures.
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Figure 4-2 Change in pH (A), proton concentration (B), redox potential (C) and extracted Cu
(%) (D) over time during the acid leaching of elementary Cu metal at molar ratio of
1:1 at 25 °C (O), 37 °C (A), 45 °C (*), 65 °C (€), and 75°C (©). Error bars represent
standard deviation, n = 3.

The redox potential sharply decreased from approximately 500 mV to 100 mV at the addition
of Cu metal powder (Figure 4-2C). Thereafter, the redox potential gradually increased as the
leaching progresses. The rate of increase in the redox potential and the final redox reached
was dependent on temperature. At low temperature range, 25 — 45 °C, the redox increased
noticeably between 200 and 300 min, reaching a final redox potential at 1200 min of
approximately 288, 373, and 425 mV at 25, 37, and 45 °C, respectively (Figure 4-2C). At high
temperatures, 65 and 75 °C, the redox plateaued at approximately 400 mV within 300 min,
indicative of the faster leaching rates. In the absence of Fe (Fe3*/Fe?*), we postulate that the
redox coupling here was of Cu?*/Cu* coupling as the standard reduction potential of Cu?*/Cu*
is 0.153 V (153 mV), which is equivalent to about 356 mV (0.153 + 0.204 V) against Ag/AgCl
electrode and was close to the redox observed at the end of the leaching.
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To determine the relative rates between the Fe3* and H* oxidant, elementary Cu was leached
through Fe3*in acidic conditions and the Fe3* leaching rates were compared to the H*-only
leaching. A full data set for ferric leaching of elementary Cu metal powder as a function of
temperature (25 — 75 °C) over time is presented in Figure 4-3. The data presented includes
changes in Fe3* and Fe?* concentrations, pH, and redox potential over the leaching time. The
ferric iron reduction rate was high over the first 5 min as observed by the steep slope (Figure
4-3C). The rate decreased between 10 — 40 min due to the gradual decrease in Fe3* oxidant in
solution and Cu metal powder. At the lowest temperature of 25 °C, the average Fe3* reduction
rate was 2.66 x 102 mol.L™2.min during the first 5 min, and it reduced to 3.61 x 103 mol.L"
L. mint between 10 — 40 min before its further reduction to 1.43 x 10° mol.L'Y.min? at40 —
120 min. At the highest temperature of 75 °C, the average rate was 2.97 x 102 mol.L"L.min?
between 0—5 min, reducing to 3.66 x 10 mol.L™2.min,and 2.90 x 10* mol.L".min!) between
10 —40 and 40 — 120 min, respectively. Consistent with the rapid reduction of Fe3*into Fe?*as
Cu is oxidised into solution, redox potential decreased from 650 mV and plateaued
approximately 380 mV (Figure 4-3B).

The change in H* concentration in solution was monitored through the change in pH. The
effect of temperature on the change in pH was marked (Figure 4-3A); the higher the
temperature, the faster the H* consumption. Within the temperature range of 25 —45 °C, the
final pH achieved at the end of the Cu dissolution was between 1.52 — 1.56, whereas at high
temperatures of 65 and 75 °C, the pH plateaued at 1.81 and 1.92, respectively. High acid
consumption as a function of temperature during Fe3* leaching of Cu was also reported by
Lambert et al. (2015). The authors studied the effect of temperature on the Fe3* leaching of
Cu from waste electric cables while maintaining the pH of the system below 2 by adding H2SOa.
Consistent with the findings in this study, high acid consumption at high temperatures was
observed, i.e. acid consumption increased from 1.81 to 2.76 H2S0as/mol Cu?* as the
temperature was increased from 21 to 50 °C, respectively (Lambert et al. 2015). The highest
final pH of 1.92 at 75 °C observed in this study was important as it is within the required pH
<2 limits to avoid Fe3* precipitation as a result of pH.
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The rapid Fe3* leaching relative to the gradual leaching rates observed in the H*-only leaching
systems suggested that Fe3* was a dominant leaching oxidant. This is consistent with literature
(Yazici and Deveci 2014; Lambert et al. 2015; van Yken et al. 2020). Moreover, it validates the
assumption that the H* leaching in the ferric leaching system is negligible, such that Fe3*
leaching is the dominant leaching mechanism as per Eq. 4-2, however, acidic conditions are
required to maintain Fe3* in solution. The stoichiometry in Eq. 4-2 (2 mol Fe3*: 1 mol Cu) was
also validated by evaluating and comparing the moles of Fe3* used up at 1:1 and 2:1 Fe3* to
metal mole ratio. The leaching was carried out at 37 °C, an initial pH of 1.1 and Fe3*
concentration varied from 10 g/L (0.0470 mol) to 20 g/L (0.0903 mol), whereas Cu added was
maintained at 2.50 g (0.0393 mol), corresponding to Fe3*:M° of 1.2 to 2.3. At 10 g/L Fe3*, a
significant amount of Cu powder remained at complete Fe3* depletion compared to complete
Cu dissolution at 20 g/L Fe3* (Appendix B1). As such, the proposed rate laws Eq. 4-7 and Eq.
4-8 were used to model Fe3* reduction rate as a function of base metal dissolution throughout
this study.
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In evaluating Fe3* leaching kinetics, the proposed rate laws, givenin Eq. 4-4 and Eq. 4-6, were
re-arranged into rate law equations Eq. 4-9 and Eq. 4-10, and fitted to the experimental data
of Fe3* and Fe?*. The kinetic parameters n, m, and k were estimated by the least squares
methods through non-linear regression analysis and are summarised in Table 4-1. These
results suggested that the order of reaction with respect to Fe3* was approximately 2, while it
was approximately 0.2 with respect to Fe?*, suggesting that the dissolution rate of Cu was not
strongly dependent on Fe?*. Attempts to determine the rate dependence on proton
concentrations during the ferric leaching of Cu were made by including the [H*] term in the
formulatedrate laws, either on the numerator or denominator. However, the change in proton
concentration could not be modelled. We postulate that this could have been due to the
reaction of H* and dissolved oxygen in the system (Eq. 4-3) which is unaccounted for in this
study as dissolved O2 was not measured. This needs to be investigated further by either
measuring dissolved Oz throughout the leaching experiment or running the leaching in the
absence of O; by continuous purging with nitrogen (Nz). In the absence of H* dependence, a
plot of the experimental Fe3* concentrations against the modelled concentrations yielded a
correlation coefficient (R?) of 20.978 (Table 4-1) across the temperature range tested (25— 75
°C), indicating that the Fe3* reduction rate could be modelled well with the proposed rate laws
(Eg. 4-7 and Eq. 4-8).

Table 4-1 Estimated kinetic parameters for the Fe3*leaching of elementary Cu metal obtained
by fitting Fe3* reduction data (Figure 4-3) into the proposed rate law R1 and R2.

Rate law  \netic 25 °C 37°C 45 °C 65 °C 75 °C
pa rameters

R1 n (Ave) 2.04
k(minl)  0.097 0.175 0.290 0.505 0.659
R2 0.978 0.992 0.992 0.986 0.983

n (Ave) 191

R2 m (Ave) 0.19
k(minl)  0.063 0.080 0.159 0.276 0.354
R2 0.986 0.995 0.992 0.986 0.983

Progressive Cu dissolution at a Fe3*:M ratio of 2.0 or greater is presented in Figure 4-4A. Within
the first 5 min of leaching, 44, 45, 49, 58, and 63% Cu had been mobilised at 25, 37, 45, 65,
and 75 °C, indicative of the rapid Fe3* leaching of Cu, with the dissolution rate increasing with
an increase in temperature. At 40 min leaching time, more than 90% Cu was mobilised across
all temperatures studied. Similar rapid Fe3* leaching of Cu from various electronic waste is
reported elsewhere (Casas et al. 2013; Yaziciand Deveci 2014; Lambert et al. 2015). To further
validate the proposed rate laws, the rate of Cu dissolution was related to the Fe3* reduction
rate by considering the mass balance and appropriate stoichiometry in Eq. 4-2. With the
leaching rate showing no dependency on Fe?* concentration, the concentration of dissolved
Cu atany given time, [Cu?"],, ,, was then modelled by a solution of the differential equation
Eqg. 4-7 only, obtained through the Euler’s numerical approach. Experimental Cu?*
concentrations were fitted into Eq. 4-13 and plotted against the modelled Cu?* concentrations
(Figure 4-4B). A regression coefficient of R2>0.992 across the considered temperature range
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was obtained, suggesting that the proposed rate law modelled the Cu dissolution rate well.
Thus, the volumetric rate law for Cu dissolution as a function of Fe3* reduction during Fe3*
leaching of elementary Cu metal powder can be expressed, within the experimental errors,

as:
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The estimated rate constants, k, increased from 0.0974 to 0.659 min? as temperature
increased from 25 °C to 75 °C (Table 4-1), indicating the expected increase of rate of reaction
with an increase in temperature. An Arrhenius plot of the estimated rate constants against
1/T for the estimation of the activation energy, Eq, is presented in Figure 4-5. An apparent
activation energy of 32.7 kl.mol™ was calculated, with an R? value of 0.982 for rate law 1 (Eq.
4-7). The value of the apparent activation energy obtained in this study suggested that Fe3*
leaching of Cu was through the mixed-controlled mechanism. Limited studies are reported on
the leaching kinetics of elementary Cu metal. To our best knowledge, only Casas et al. (2013)
have investigated the Fe3* leaching of metallic Cu. Most of the Cu leaching kinetic data in
literature are from Fe3* leaching of copper minerals such as chalcopyrite and mixed metal
containing PCBs. Casas et al. (2013) reported that the Fe3* leaching of metallic Cu sheet (3 x 4
x 0.05 cm) under acidic conditions was governed by the chemical reaction mechanism,
characterised by an activation energy of 175 kJ.mol™, at the temperature range of 25 —65 °C.
The difference in the activation energy to our study could be attributed to the difference in
the reaction surface area. Arslan et al. (2004) reported an activation energy of 36.7 kl.mol~
for Fe3* leaching of Cu from copper sulfide ore in the temperature range of 50 —94 °C. Lambert
et al. (2015) estimated an activation energy of 20.4 kl.mol? from Fe3* leaching of Cu from
waste electric cables in the temperature range of 21 — 50 °C. The activation energy estimated
in the present study is within the range reported in the literature. However, these estimated
activation energies should be compared cautiously as the Cu sources are different, as are the

temperature range studied.
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Figure 4-5 Arrhenius plot for the ferric leaching of elementary Cu metal across the
temperature range of 25 - 75 °C.

To evaluate the acid leaching kinetics of Cu in acid-only leaching system, rate law 3 (Eq. 4-13)
was proposed by assuming that Cu dissolution was through the H* attack. Kinetic parameters,
n, and k were estimated by fitting the experimental H* concentrations (Figure 4-5B) into Eq.
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4-14 by non-linear regression. Due to no data on the concentration of dissolved O2 throughout
the leaching, the kinetic parameters were poorly estimated, especially at high temperatures
(45 — 75 °C) as the solubility of O2 is mostly affected and pH remained low irrespective of the
H* consumption as Cu is oxidised. As such, the kinetics of acid leaching were not included in
all acid leaching systems, instead, the acid leaching behaviour was discussed. Alternatively,
with rigorous data sets of the dissolved Cu concentration over time, [Cu2*] could be used to
model acid leaching kinetics as opposite to H* concentration.

4.3.1.2 Leaching of zinc

The leaching kinetics of elementary Zn metal powder was studied in the same leaching
conditions asthe Cu metal powder. The change in the solution pH, redox potential, Fe3*, and
Fe?* concentrations over time during the Fe3* leaching of Zn is presented in Figure 4-6. Ferric
leaching of Zn was rapid, and much faster than the Fe3* leaching of Cu, as observed by the
steep slope in the Fe3* reduction within the initial 5 min. The initial Fe3* reduction rate was
2.94 x 102 mol.Lt.min within the first 5 min at 25 °C. It reduced to 9.65 x 10 mol.L . min?
between 5 — 10 min, and to 6.15 x 10* mol.L'L.min! between 20 — 40 min as both Fe3* and
added Zn metal depletes in solution. At 75 °C, the Fe3* reduction rate was 3.56 x 102, 4.28 x
103, and 2.09 x 10 mol.L.min between 0 — 5, 5 — 10, and 20 — 40 min, respectively. This
was indicative of the rapid Fe3* reduction, with the rate increasing with an increase in
temperature. The rapid Fe3* reduction rate was consistent with the rapid zinc dissolution
(Figure 4-7). More than 69% Zn (69% at 25 °C and 85% at 75 °C) was mobilised within the initial
leaching period of 5 min across all temperatures studied. Within the leaching period of 30
min, more than 93% of Zn was mobilised even at the lowest temperature of 25 °C. The rapid
Fe3* leaching of Zn relative to Cu was in accordance with electrochemistry based on the
difference in the standard reduction potential between Fe3* (+0.77 V) and Zn (-0.76 V).

76



T T T 10 T r T
0 10 20 30 40 0 10 20 30 40
Time (minutes) Time (minutes)
25 25
C D
20 ! 20
15 1 E,, 15
g TTILEILLIL A
; 8
E 10 - @ :—3 10
i’
29088888 & &
5 4 5
0 . . : o0& . . .
0 10 20 30 40 0 10 20 30 40

Time (minutes)

650

Time (minutes)

Redox potential (mV)

400

350

0 5 10

15 20 25 30 35
Time (minutes)

40

Figure 4-6 Change in pH (A), redox potential (B), Fe3* (C) and Fe?* (D) concentration, and
calculated redox potential (E) over time during the ferric leaching of elementary Zn

metal at 25 °C (@), 37 °C (&), 45 °C (*), 65 °C (), and 75°C (©). Error bars represent
standard deviation, n = 3.

77



The measured redox potential had shifted from typical Fe3*/Fe?* coupling during the
dissolution of Zn (Figure 4-6B). Thus, the redox potentials were corrected by calculating the
expected redox from Fe3* and Fe?*concentrations using the Nernst equation. These calculated
redox potentials are presented in Figure 4-6E. Nevertheless, at 25 and 37 °C, the measured
redox potential sharply decreased to below 200 mV at the addition of Zn metal. Thereafter,
the redox potential gradually increased and plateaued at approximately 400 mV from 40 min.
At 45 — 75 °C, the measured redox sharply decreased to approximately 300 mV and rapidly
increased and plateaued to approximately 400 mV, within 10 min. At the end of the leaching,
the measured redox potential coincided with the calculated values across all temperatures.
This confirmed that the measured redox potentials were not of Fe3*/Fe?* coupling. The rapid
increase in the measured redox potential at 45 — 75 °C, and the relative gradual increase
observed at 25 — 37 °C, suggested that the redox coupling could have been that of Zn/Zn?*
coupling and the difference with respect to the temperature was indicative of the effect of
temperature on the leaching rates. At 45 — 75 °C, the redox rapidly increased as the Zn
dissolution is faster with limited time for Zn/Zn?* coupling to be observed, relative to the
gradual depletion of Zn at 25 — 37 °C, allowing time to observe the Zn/Zn?* coupling. The
higher measured redox potential relative to the expected reduction potential of Zn/Zn?* (-556
mV against Ag/AgCl electrode) could be due to the high leaching rates of Zn with limited time
to measure lower redox values. At the complete depletion of Zn and with only Zn?*in solution,
the redox potential was the same as the calculated Fe3*/Fe?* coupling.

The solution pH increased rapidly on the addition of Zn, with the rate, the final pH reached on
Zn leaching and the corresponding H* consumed, all showing dependence on the
temperature. The final pH reached at a low temperature of 25 °C was 1.71, while at 75 °C, the
final pH was 1.89.

The kinetic parameters, n, m, and k, for the ferric leaching of Zn were estimated as discussed
in Section 4.3.1.1 and are summarised in Table 4-2. The high correlation coefficient, R >0.926
across all temperatures except at 45 °C where R? >0.875, showed that the proposed rate laws
modelled the Fe3* reduction rate acceptably well. These R? values were lower than those for
Fe3* leaching of Cu. It was hypothesised that this could result from the higher contribution of
H* leaching as observed by higher final pH and [Fe3*] residual. The estimated n of
approximately 4.61 (R1) and 4.57 (R2) suggested that the oxidation of Zn had a high degree of
dependence on Fe3* concentration and had no dependence on Fe?* as signified by m of
approximately 0.0. Estimated rate constants increased from 5.85 min? to 26.9 min? at 25 to
75 °C, respectively. The large values of the rate constants obtained signify the fast-leaching
rates of Zn, while the increase in k with temperature is consistent with the expected effect of
temperature on a reaction rate.
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Table 4-2 Estimated kinetic parameters for the Fe3* leaching of elementary Zn metal obtained
by fitting Fe3* reduction data (Figure 4-6) into the proposed rate law R1 and R2.

Rate law netic 25 °C 45 °C 65 °C 75 °C
pa rameters

R1 n (Ave) 461
k (min‘l) 5.85 15.5 20.9 26.9
R2 0.958 0.876 0.938 0.926

n (Ave) 457

R2 m (Ave) 0

k (min?) 5.79 13.4 18.1 25.0
R2 0.958 0.892 0.943 0.934

Thus, the rate law for Fe3* reduction as a function of Zn metal dissolution can be expressed as:

d[Zn°]
dt

1
— Zk[Fe3+1461
5 [Fe®"]

Eq. 4-20
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Figure 4-7 Extracted Zn (%) over time (A) and parity plot (B) for the ferric leaching of
elementary Zn metal at a molar ratio of 1:1 and at 25 °C (@), 37 °C (A), 45 °C (*), 65
°C (€), and 75 °C (©).

The Arrhenius plot for the estimation of activation energy is presented in Figure 4-8. The
apparent activation energy for the Fe3* leaching of Zn metal powder was estimated to be 24.3
kl.mol?, suggesting that the Fe3* leaching of Zn was also limited by mixed-controlled
mechanism on the solid-liquid phase. There are no reported activation energies for the Fe3*
leaching of elementary Zn metal in the open literature. Verbaan and Crundwell (1986)
reported an activation energy of 79.4 kl.mol™ at 25 to 85 °C for ferric leaching of a sphalerite
concentrate. Markus et al. (2004) obtained an activation energy of 47.4 kJ.mol? across the
temperature range 75 to 95 °C for the ferric leaching of sphalerite. These reported activation
energies are not comparable to the low activation energy obtained in the present study. This
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may be attributed to the difference in the degree of Zn liberation in the Zn mineral, affecting
the leaching rate, relative to the fully liberated elemental Zn in the present study.
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Figure 4-8 Arrhenius plot for the ferric leaching of elementary Zn metal across the
temperature range of 25 to 75 °C.

The leaching behaviour of Zn metal powder through the proton attack was studied using
acidified water, at pH 1.1, and these results are presented in Figure 4-9. The final pH achieved
and the corresponding H* used for complete Zn leaching was dependent on the temperature
studied. Contrary to the acidic Fe3* leaching of Zn powder, a higher final pH was reached at
the lowest temperature studied. At 25, 37, and 45 °C, the final pH reached was 2.16, 1.84, and
1.46, respectively. At high temperatures, 65 and 75 °C, the final pH remained at approximately
1.34. This difference in the final pH reached as a function of temperature is attributed to the
limited dissolved oxygen at high temperatures as discussed in the H* leaching of Cu in Section
4.3.1.1. At 25 °C, the pH plateaued by 780 min, while at 75 °C, it plateaued as early as from
210 min. This was supported by the metal leaching rate profiles illustrated in Figure 4-9D in
which Zn dissolution is complete at 75 °C by 210 min. Despite the pH remaining low at 65 and
75 °C, 57 and 71% Zn was mobilised over the first 20 min, compared to about 40% Zn mobilised
at 25 to 45 °C at the same leaching time. More than 92% Zn was mobilised at 37 to 75 °C, and
73% Zn mobilised at 25 °C at 210 min. In comparison to acid leaching of Cu, about 43 and 78%
Cu was mobilised over the same leaching time of 210 min at 25 and 75 °C, respectively,
indicating that the acid leaching of Zn was faster than that of Cu. Although complete Zn
dissolution was achievedin 210 min at 75 °C, complete leaching was achieved in 30 min with
acidic Fe3*, indicating that Fe3* leaching exhibited faster leaching rates.
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4.3.1.3 Leaching of nickel

The pH, redox potential, Fe3*, and Fe?* concentration profiles for the Fe3* leaching of
elementary nickel powder with time at temperatures from 37 to 75 °C are presented in Figure
4-10. Based on the Fe3*reduction, the initial dissolution of Ni was slower than that of Cu and
Zn. Moreover, the Fe3*leaching behaviour of Ni was strongly dependent on temperature. Fe3*
reduction and associated Ni dissolution remained minimal over a leaching period of 30 h at
25 °C with some 20% Fe3* reduced and a minimal change in pH from 1.10 to 1.18 and redox
potential from 687 to 497 mV (Appendices B3), suggesting a slow rate of Ni dissolution at 25
°C. Hence, Ni leaching at 25 °C was not considered in the evaluation of leaching kinetics. At 37
and 45 °C, Ni leaching was low as characterised by minimal changes in Fe3* concentration and
low Fe3* reduction rate of 7.82 x 10 and 8.69 x 10 mol.L*min?at 37 and 45 °C, respectively,
over the initial 50 min. Thereafter, the Fe3* reduction gradually progressed with progressive
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Ni leaching, at 37 °C. Over 110 min, 40% Ni was mobilised at 45 °C, whereas only 35% Ni was
mobilised over 420 min at 37 °C. At the end of the leaching, Ni mobilised peaked at 68% at 37
°C after 1200 min and at 91% at 45 °C after 400 min. At 37 °C, the redox potential gradually
decreased from approximately 670 mV to plateau at approximately 400 mV at 1440 min. At
45 °C, the redox potential plateaued at approximately 420 mV from as early as 360 min. The
pH increased to plateau at a similar time to the Fe3* reduction and redox potential and peaked
at pH 1.48 at 37 °C and at pH 1.46 at 45 °C.
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Figure 4-10 Change in pH (A), redox potential (B), Fe3* (C) and Fe?* (D) concentration over
time during the ferric leaching of elementary Ni metal at 37 °C (A), 45 °C (*), 65 °C (
©), and 75°C (©). Error bars represent standard deviation, n = 3

While low relative leaching rates were observed at 37 and 45 °C, improved leaching rates were
observed at 65 and 75 °C. The Fe3*reduction rate was 8.35 x 103 and 1.34 x 102 mol.L"'min?
over the initial 10 min, and 4.89 x 103 and 5.15 x 103 mol.LYminl between 10 — 40 min at
65 and 75 °C, respectively. Within the initial 5min, 11 and 20% Ni were, respectively, mobilised
at 65 and 75 °C. Over the 50 min leaching time, more than 76% Ni was mobilised in both
temperatures and complete Ni dissolution was achieved within 200 min. In accordance with
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the rapid leaching, changes in both redox potential and solution pH were rapid and plateaued
from approximately 100 min in both temperatures. The pH plateaued below pH 1.50 and the
redox potential above 385 mV. The lower redox potential observed at 65 and 75 °C, relative to
lower temperatures (37 and 45 °C) was consistent with the extent of Ni (%) mobilised and
thereby Fe3* reduced. The similarityin final pH across all temperatures suggested that H* used
is not affected by temperature. The observed difference in the Ni leaching rate and extent as
a function of temperature at 25 — 45 °C, compared to 65 — 75 °C, was postulated to be due to
the formation of a NiO and/or NiFe20a4 film on the surface of Ni powder at low temperatures
(<45 °C). This nano-sized passive layer(s) may have limited the mass transfer at the liquid-solid
phase, thereby lowering the leaching rates. These potential passivation layers have been
reported to form in Ni leaching systems similar to that in the present study (Delichere et al.
1986; Bilczuk et al. 2016). Bilczuk et al. (2016) observed slow Fe3* leaching rate of elementary
Ni powder at <45 °C and attributed the limitation to the potential passivation layers on the
surface of the Ni powder. Thermodynamically, the dominant species at the conditions used
(pH and redox potential range) are Ni2*and NiSOa4 (Bilczuk et al. 2016). Surface reaction studies
were not conducted in the present study to confirm the presence of these passivation layers;
however, other observed physical properties such as high magnetism of the Ni powder at low
temperatures (Ni powder sticks to the magnetic stirrer bar) compared to none observed at
high temperatures suggested potential for the presence of these layers, particularly NiFe,04
as shown in Eq. 4-21. Synthesis and properties (including its magnetism) of NiFe204 nano-
particles are well studied and reported in catalysis (Alarifi et al. 2009; Li et al. 2010). Thus,
here we postulate that the formation of NiFe.04 at low temperatures was most likely
responsible for the observed low leaching rates rather than NiO. Moreover, the leaching
behaviour of Ni in acid-only leaching (discussed below) supported the presence of NiFe;0a.

Ni?* + 2Fe3" 4H,0 - NiFe,0, + 8H" Eq. 4-21
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Figure 4-11 Ni (%) extracted over time (A) and parity plot (B) for the modelled Ni extraction
at a Fe3*:Ni molar ratio of 2:1, based on modelling ferric leaching of elementary Ni
metal at 37 °C (&), 45 °C (*), 65 °C (€), and 75 °C (O), compared to experimental
measurement.

Kinetic parameters estimated for Fe3* leaching of Ni are presented in Table 4-3. These indicate
the reaction order, n, of 1.0 for the Fe3*leaching of Ni with respect to Fe3* concentration and
0.0 with respect to Fe?* concentration, indicating no dependence on Fe?* concentration. The
estimated rate constants, k, increased from 0.00138 min? to 0.0474 min?, as temperature
increased from 37 to 75 °C. The high regression coefficients (R? >0.980) obtained showed that
the proposed rate law modelled the Fe3* reduction rate well. Fitting the experimental leached
Ni concentration to the proposed rate law gave R? >0.989 across all temperatures studied,
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further validating the proposed rate law. Thus, the rate law for Ni dissolution as a function of
Fe3* concentration is given as:

d[Ni°]
dt

- _%k[pe%]l Eq. 4-22

Table 4-3 Estimated kinetic parameters for the Fe3* leaching of elementary Ni metal obtained
by fitting Fe3* reduction data (Figure 4-10) into the proposed rate law R1 and R2.

Kinetic

Rate law 25 °C 37 °C 45 °C 65 °C 75 °C
parameters
R1 n (Ave) 1.00
k (mint) - 1.38x103  3.85x1073 0.0279 0.0474
R? - 0.974 0.938 0.996 0.995
n (Ave) 1.00
R2 m (Ave) 0.0
k (mint) - 1.18x103  3.90x1073 0.0279 0.0474
R?2 - 0.970 0.983 0.996 0.995

The apparent activation energy, estimated from the Arrhenius plot (Figure 4-12), for the Fe3*
leaching of elementary Ni metal powder was 84.5 kl.mol. This suggested that the Fe3*
leaching mechanism of Ni at 37 — 75 °C was governed by chemical reaction at the solid-liquid
interface. The activation energy obtained here was comparable to the value reported by
Bilczuk et al. (2016) (82.3 kl.mol?) for Fe3* leaching of metallic Ni at 45 - 75 °C. Other reported
values of activation energy for Fe3* leaching of Ni are mostly that of leaching of Ni mineral
such as nickelferrous pyrrhotite tailings (62.1 kJ.mol at 30 — 55 °C, (Samadifard et al. 2015))
and pentlandite concentrate (60.7 kJ.mol? at 30 — 80 °C (Corrans and Scholtz 1976)).
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Figure 4-12 Arrhenius plot for the ferric leaching of elementary Ni metal across the
temperature range of 37 to 75 °C.
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The data set for acid-only leaching of elementary Ni metal powder is presented in Figure 4-13.
The rate of Ni leaching through the proton attack was slow compared to the Fe3* leaching. In
contrast to the Fe3* leaching, the discrepancy in the initial leaching rates as a function of
temperature comparing low temperatures (37 — 45 °C) to high temperatures (65 — 75 °C) was
not as large. Similar to the acid leaching of Cu and Zn, the final pH achieved at the end of the
leaching was dependent on temperature. At temperatures of 37, 45, 60 and 75 °C, the final
pH plateaued at pH 1.91, pH 1.60, pH 1.40 and 1.34, respectively. The time at which the pH
reached plateaued stage was indicative of the leaching rate as a function of temperature and
was consistent with the Ni (%) mobilised over time. Within the initial 20 min, 5, 9, 16, and 24%
Ni was mobilised at 37, 45, 65, and 75 °C, respectively. Over 210 min, 69 and 97% Ni was
mobilised at 65 and 75 °C, while 42 and 46% Ni was mobilised at 37 and 45 °C (Figure 4-13D).
The total dissolution of Ni was successfully achieved across all temperatures over a leaching
period of 1440 min. The effect of temperature on the redox potential is presented in Figure
4-13C. At 37 °C, the redox potential gradually decreased to approximately -40 mV over 20 min
following the addition of Ni, while at 45 °C, it decreases to as low as -200 mV. In both these
temperatures, the redox recovered and remained relatively constant (between 0 — 10 mV)
from the initial 50 min to approximately 200 min. At 65 and 75 °C, the redox potential jumped
to approximately -200 mV at the addition of Ni and remained constant for about 100 min
before it increased to the initial redox potential values. Based on these observations, it
appeared the redox remained constant throughout the dissolution of Ni as both Ni/Ni%*
species co-exist and increased once most of the Niisin solution. A similar anomalous leaching
behaviour was observed by Bilczuk et al. (2016).
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Figure 4-13 Change in pH (A), proton concentration (B), redox potential (C), and extracted Ni
(%) (D) over time during the acid leaching of elementary Ni metal at molar ratio of

1:1 at 37 °C (&), 45 °C (*), 65 °C (), and 75°C (©). Error bars represent standard
deviation, n = 3.

4.3.1.4 Leaching of tin

Figure 4-14 shows the change in pH, redox potential, Fe3* and Fe?* concentration over time
during the Fe3* leaching of elementary Sn metal powder across a temperature range of 25 to
75 °C. Similarly to the Fe3* leaching of Cu and Zn, the leaching of Sn was mainly completed
within the initial 40 min as observed by the plateau in Fe3* reduction within this leaching time
across all temperatures. The leaching rates of Sn improved with increasing temperature. At 25
°C, the Fe3* reduction rate was 1.76 x 102 mol.L'th at the initial 5 min, and at 75 °C, the Fe3*
reduction increased to 3.14 x 102 mol.L h™1. Thereafter, the Fe3*reduction rate reduced across
all temperatures as the added Sn powder and Fe3*in solution depleted. In accordance with
the rapid Fe3* reduction into Fe?*, the redox potential rapidly decreased across all
temperatures. At 25 —45 °C, the redox potential plateaued at approximately 384 —365 mV. At
65 and 75 °C, it plateaued at 320 and 266 mV, suggesting an effect of temperature on the
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extent of Sn dissolution based on the extent of Fe3* reduction. The final pH reached and the
corresponding H* used by the end of the reaction was slightly higher at low temperatures (25
— 45 °C, pH 1.29 — 1.22) than at high temperatures (65 — 75 °C, pH 1.12 — 1.06). This was
indicative of the effect of temperature on the co-occurring acid leaching.
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Figure 4-14 Change in pH (A), redox potential (B), Fe3* (C) and Fe?* (D) concentration over
time during the ferric leaching of elementary Sn metal at 37 °C (A), 45 °C (*), 65 °C
(©), and 75°C (©). Error bars represent standard deviation, n = 3.

Despite the observed rapid Fe3* reduction, decrease in the corresponding redox potential, and
the increase in pH, analysis of Sn?* in the leachates was inconsistent and remained below 1%
Sn2*. The low Sn concentration in solution was expected as a whitish-yellowish precipitate was
observed even within the initial 60 min across all temperatures. The X-ray diffraction (XRD)
analysis of the sample indicated that the precipitate was SnO2 (Figure 4-15). The mass balance
on Fe (Fe3*, Fe?*, and Fe'° concentrations) in this present study confirmed that the observed
precipitate contained no Fe.

The Fe3* reduction observed suggested that the Sn dissolution was rapid as was precipitation
asinsoluble SnO.. Jeon et al. (2015) reported rapid leaching kinetics and detected no Sn in the
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leachates post the leaching of Sn from Pb-free solders at 30 to 90 °C. Similar Sn precipitates
are typically reported during the leaching of PCBs and other Sn concentrates, such as
cassiterite (Scott et al. 1997; Barakat 1998; Zhang et al. 2015; Yang et al. 2017). To this effect,
Sn is typically recovered by filtering the SnO2 (Scott et al. 1997; Yang et al. 2017) and recovery
efficiency can be improved by increasing the pH of the leachates (Barakat 1998). From a
thermodynamic view, the dominant species in Sn leaching systems is the quadrivalent Sn ion,
Sn** which only remains in solution at highly acidic environments, pH <-1, (Palazhchenko
2012). This is widely achieved by leaching of the Sn concentrate through HCland HNO3 (Castro
and Martins 2009; Havlik et al. 2011; Zhang et al. 2015; Moosakazemi et al. 2019).

Intensity (a.u.)

26 (°)

Figure 4-15 XRD spectrum of observed precipitates during ferric leaching (=) and acid
leaching (== ) of elementary Sn metal powder against reference SnO2 1 ).
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Figure 4-16 Sn (%) extracted into solution over time during the ferric leaching of elementary
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90



The instantaneous leaching kinetics of Sn were evaluated from the Fe3* reduction profiles; the
estimated kinetic parameters are presented in Table 4-4. The reaction order, n, was
approximately 2" order with respect to Fe3* concentration and had no dependence on FeZ*
concentration, m = 0. High correlation coefficients, R? >0.956, obtained across all
temperatures suggested that the proposed rate law modelled the Fe3* reduction rate well.
The concentration of Sn?* in the solution could not be modelled due to the SnO2 precipitation.
Therefore, based on the Fe3* reduction rate as a function of Sn dissolution, the rate law for
Fe3* leaching of Sn can be given as:

d[Sn°]
dt

- _%k[pe3+]2 Eq. 4-23

Table 4-4 Estimated kinetic parameters for the Fe3* leaching of elementary Sn metal obtained
by fitting Fe3* reduction data (Figure 4-14) into the proposed rate law R1 and R2.
Kinetic

Rate law 25°C 37°C 45 °C 65 °C 75 °C
parameters
R1 n (Ave) 2.10
k (min?) 0.226 0.323 0.417 0.542 0.705
R? 0.975 0.960 0.956 0.970 0.965
n (Ave) 2.08
R2 m (Ave) 0.0
k (min) 0.224 0.324 0.423 0.541 0.701
R? 0.974 0.959 0.955 0.971 0.961

The rate constant, k, increased from 0.226 to 0.705 mint, as the leaching rate increased with
an increase in temperature from 25 to 75 °C. From the Arrhenius plot (Figure 4-17), the
apparent activation energy was estimated to be 18.6 kl.mol?, suggesting that the Fe3* leaching
of Sn was diffusion controlled. To the best of our knowledge, the current study is the first to
report the activation energy of Fe3*leaching of elementary Sn metal. The reported activation
energies in literature are that of acid leaching of Sn. Hao et al. (2022) reported an activation
energy of 20.3 kJ.mol for the acid (HCI) leaching of Sn from PCBs at 45 to 75 °C and concluded
that the leaching mechanism was a mixed controlled reaction. Jha et al. (2012) estimated an
activation energy of 117.7 kl.molfor acid (HCI) leaching of Sn from PCBs at 60 to 90 °C.
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Figure 4-17 Arrhenius plot for the ferric leaching of elementary Sn metal at the temperature
range of 25 - 75 °C.

Owing to the low solubility of Sn in H2SO4 media (Li et al. 2011; Jha et al. 2012), the acid
leaching of Sn was poor as observed by minimal changes in the pH throughout the leaching
(Figure 4-18). However, slightly improved leaching was observed with an increase in
temperature. At 65 and 75 °C, the highest pH reached over the 1200 min leaching was 1.17
and 1.22, respectively, indicating some proton used in oxidising Sn into solution. The solution
changed slightlyin colour from clear to milky with some precipitate forming which was visually
similar to the precipitates observed in the Fe3* leaching system. The XRD showed that these
precipitates were also SnO2 (Figure 4-15). At 25 to 45 °C, the pH remained low (pH <1.40) over
24 h leaching, suggesting poor leaching. At the same low temperatures (25 — 45 °C), the redox
potential sharply decreased to approximately 200 mV on the addition of Sn. Thereafter, it
increased to the starting redox potential values over the initial 50 min and remained constant.
At high temperatures, 65 and 75 °C, the redox also sharply decreased to approximately 100
mV at the addition of Sn and further decreased to approximately -100 mV and remained low,
as Sn gradually leached. This suggested that although Sn leaching was limited, there was
improved leaching with an increase in temperature. Across all temperatures, the dissolution
of the elementary Sn metal was not complete. Although such low Sn in solution was expected
as the most efficient acidic media for Sn is HCI, study of the Sn leaching here was necessary to
understand the Sn leaching behaviour in H2SO4 media. Jha et al. (2012) also reported
negligible Sn (%) in solution during extraction through the HNO3 and H2S04 leaching from Pb-
Sn solders, whereas 96% Sn was extracted with 5.5 M HCl at 60 to 90 °C. Tin remained below
8% during the acid (H2S04, 0.5 — 2 M) leaching of Indium tin oxide (ITO) at 50 to 95 °C.
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Figure 4-18 Change in pH (A), proton concentration (B), redox potential (C) and extracted Sn
(%) (D) over time during the acid leaching of elementary Sn metal at at molar ratio
of 1:1 25 °C (0), 37 °C (&), 45 °C (%), 65 °C (¥), and 75°C (©). Error bars represent
standard deviation, n = 3.

4.3.2 Leaching of mixed elemental metals

4.3.2.1 Ferric leaching of mixed elemental metals

To study the interactive effect of mixed metals on their relative metal leaching behaviour and
its associated kinetics, and potential cementation reactions, the four metals of interest (Cu,
Zn, Sn, and Ni) were leached in combination. To mimic PCB leaching, metals were added in
proportion to the metal content of the PCB template (Section 3.1.3, Table 3-1) used
throughout this PhD study. Results for ferric leaching of mixed metals are shown in Figure
4-19. Owing to the high competition for Fe3* oxidant in the presence of multiple metals, the
rate of Fe3* reduction as a function of metal dissolution was more rapid than observed in the
Fe3* leaching of individual metals, with most of the Fe3*reduction occurring within the initial
5 min across all temperatures studied. At 25 °C, the Fe3* reduction rate was 5.30 x 102 mol.L-
L min? within the initial 5 min and increased with temperature to 6.11 x 102 mol.L"2.min? at
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75 °C. Thereafter, the Fe3*reduction rate decreased as Fe3* in solution depleted, and the Fe3*
concentration plateaued from 10 min across all temperatures, suggesting complete metal
leaching. In accordance with Fe3* reduction, the redox potential decreased at the addition of
mixed metals and plateaued after 10 min. The proton consumption was also as rapid,
observed by the rapid increase in pH at the addition of the mixed metals. At 25 °C, the pH
increased to 1.28 from 1.11 within the initial 1 min, while at 75 °C, it increased to 1.43,
indicating improved leaching with an increase in temperature.
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Figure 4-19 Change in pH (A), redox potential (B), Fe3* (C) and Fe?* (D) concentration over
time during the ferric leaching of elementary mixed metals (Cu, Zn, Sn and Ni) at 37

°C (&), 45 °C (*), 65 °C (€), and 75°C (). Error bars represent standard deviation, n
=3.

The rates of metal dissolution were rapid, with leaching rates increasing with temperature
(Figure 4-20). At 25 °C, 69% Cu, 90% Zn, 45% Sn, and 5% Ni, were mobilised within the initial
2 min, while at 75 °C, 96% Cu, 104% Zn, 86% Sn, and 9% Ni was mobilised within the same
leaching time. Across all temperatures, metal leaching was completed within the initial 10
min. Comparing the relative metal leaching rates, Zn leached the fastest, followed by Sn, Cu,
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and Ni being the least. These observed relative metal leaching rates were comparable to these
observed in the ferric leaching of individual metals. Moreover, they were in accordance with
what is expected from an electrochemistry perspective based on the relative standard
reduction potential with respect to that of Fe3* as an oxidant, except for Ni, which was
expected to be the 2" fastest after Zn. This could be attributed to the postulated potential
passive nano-Ni film forming on the surface of the unreacted Ni particles as discussed in
Section 4.3.1.3. To this effect, dissolved Ni (%) in solution remained low as its leaching rate
was relatively slow. Sn remained in the solution as observed by a high %Sn, compared to low
Sn concentrations measured in the leaching of individual Sn metal (Section 4.3.1.4). This could
be attributed to the relatively lower total Sn?* concentration (6.74 x 10 mol.L!) expected as
a low amount of Sn metal was added (0.0448 g), which could have been within the saturation
level of Sn?* in the solution.

As the leaching system was composed of mixed metal matrix, secondary reaction such as
cementation could be expected, however, no precipitates were observed within 3 h across all
temperatures. Cementation of metals such as Cu by Zn could be expected as such reaction is
thermodynamically plausible and has been successfully applied in industrial level for Cu
recovery since the 10™" century (Veit and Bernardes 2015). Similarly, cementation of Ni and Sn
by Zn could be expected (Boyanov et al. 2004; Luo et al. 2019). The absence of precipitates in
the Fe3*leaching system could be attributed to relatively low amount of other metals (Zn, Sn
and Ni) added with respect to Cu, to effect a noticeable cementation reactions as well as the
shorter leaching period.

95



120 120
A B
1w04{ of e a 100 { 5 o0 =) o
g oDs o o g g © ¢
- 80 -+ - 80 4 [(m]
b o 2
o 9
Ee0q o S e{o®
@ Q
I < T °
S 40 - B 40 -
1) 1]
= =
20 -+ 20 -
0 T T T T 0 T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Time (minutes) Time (minutes)
120 120
c 5 D
w1088 § ) 1oo-°°g 8 B
g |0 g [g°
- 80 A - 80
8 ]
] ®
£ 60 - S 60 4
i 3
g 40 A g 40 4
= =
20 4 20 -
0 T T T T 0 T T T r
0 10 20 30 40 50 0 10 20 30 40 50
Time (minutes) Time (minutes)
120
o I
]O
_m{38s g -
b3 o
- 80 -
a
g
5 60 A
x*
1]
B 40 -
1]
=
20 4
0 T T T T
0 10 20 30 40 50

Time (minutes)

Figure 4-20 Amount (%) of Cu(O), Zn(@), Sn(®), and Ni(&) extracted over time during the
ferric leaching of mixed elementary metals at 25 °C (A), 37 °C (B), 45 °C (C), 65 °C (D),
and 75°C (E).

Table 4-5 summarises the leaching kinetic parameters, n, m, and k, estimated from the Fe3*
reduction data. The Ni dissolution rate was approximately 2" order with respect to Fe3*
concentration, and had no dependence on Fe?* concentration, such that m is approximately
0. There was a good agreement between the modelled concentrations of Fe3* and
experimental concentrations, with R? ranging from 0.882 to 0.948 across the temperature
range studied. Owing to the low amount of other metals (Zn, Sn, and Ni) added, relative to Cu,
the Fe3* reduction rates and its associated instantaneous kinetics were assumed to be mainly
a function of Cu dissolution. This was validated by relatively high correlation coefficients, R?

of >0.992 for fitting of experimental Cu concentration to the modelled values (Figure 4-21).
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Figure 4-21 Parity plot for Cu for ferric leaching of mixed metals at 25 °C (), 37 °C (4), 45 °C
(**), 65 °C (€), and 75 °C ©).

Conversely, there was poor to no agreement between modelled and experimental
concentrations of other metals (Zn, Ni, and Sn). The slightly low regression coefficients
obtained here for Cu, relative to the ones obtained for individual leaching could be attributed
to some Fe3* reduction being due to the leaching of the other metals. The poor fitting at 75
°C, for both Fe3*reduction and Cu concentration could be attributed to experimental error or
the higher instantaneous leaching rate, making it challenging to collect sufficient data points
within the initial leaching period to populate the model. The rate law for the Fe3* leaching of
mixed metals, dominated by Cu, can be expressed as:

d[Ccu®]
dt

- _%k[pe%]z Eq. 4-24

Table 4-5 Estimated kinetic parameters for the Fe3* leaching of mixed elementary metal
obtained by fitting Fe3* reduction data (Figure 4-19) into the proposed rate law R1 and R2.

Rate law  lnetic 25 °C 37°C 45 °C 65 °C 75 °C
pa rameters
R1 n (Ave) 1.99
k (min‘) 0.776 0.818 1.09 1.61 1.85
R2 0.948 0.945 0.905 0.911 0.882
n (Ave) 1.92
R2 m (Ave) 0.0
k (min?) 0.540 0.760 1.10 1.52 1.73
R2 0.953 0.948 0.908 0.917 0.889
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The estimated rate constants, k, typically increased from 0.776 to 1.85 min, with anincrease
in temperature from 25 to 75 °C. From the Arrhenius plot (Figure 4-22), the apparent
activation energy was estimated to be 16.3 kl.mol?, indicating a diffusion-controlled
mechanism. There are no reported activation energy values for Fe3* leaching of mixed
elementary metals. Compared to activation energy obtained for Fe3* leaching of individual
metals, especially that of Cu as the leaching of mixed metal herein was assumed to be
governed by dominant Cu metal, the estimated values were not comparable. This could be
attributed to the fact that some Fe3* reduction was a result of leaching of other added metals
(Zn, Sn, and Ni) and not limited to Cu as assumed.
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Figure 4-22 Arrhenius plot for the ferric leaching of mixed elementary metals across the
temperature range of 25 to 75 °C.

4.3.2.2  Acid leaching of mixed elemental metals

Figure 4-23 shows the change in pH and its corresponding proton concentration, and redox
potential for the acid leaching of mixed elementary metals. Compared to Fe3* leaching
systems, acid leaching was slow as characterised by gently slope(s) in the increase of pH as
proton was consumed as a function of metal leaching. Metal leaching was improved with an
increase in temperature. At 25 °C, the pH plateaued from 800 min, as an indication of
complete metal leaching, while at 75 °C the pH plateaued from as early as approximately 200
min. Similar to the observations in the acid leaching of individual metals, higher final pH was
observed at the lower temperature, i.e. pH 2.80 and 2.45 at 25 and 37 °C, respectively. At 65
and 75 °C, the pH remained at approximately pH 1.40. As discussed in Section 4.3.1.1, the low
02 solubility with increasing temperature was postulated to be the cause of the effect of
temperature on final pH reached. At the addition of the mixed metals, the redox sharply
dropped to below 100 mV across all temperatures and increased as the metal leaching
proceeded (Figure 4-23C). The rate at which the redox potential increased was dependent on
temperature. At 75 °C, the redox potential increased rapidly to the initial redox potential from
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approximately 200 min, while at 25 °C, the redox potential increased to plateau at
approximately 350 mV from 800 min. This was an indication of improved leaching rates at
increased temperature.
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Figure 4-23 Change in pH (A), proton concentration (B), and redox potential (C) over time
during the acid leaching of mixed elementary metals at 25 °C (O0), 37 °C (A), 45 °C (
), 65 °C (&), and 75°C (@). Error bars represent standard deviation, n = 3.

Amount (in %) of leached metals in solution progressively increased over the leaching time
(Figure 4-24). The metal leaching rate increased with increasing temperature. At, 25 °C, 86%
Zn, 1% Ni, 39% Sn, and 7% Cu were mobilised within the initial 20 min. The extracted metal
progressively increased to 102% Zn, 29% Ni, 24% Sn, and 89% C over 300 min. At 75 °C, 99%
Zn, 20% Ni, 31% Sn, and 8% Cu was already mobilised within the initial 20 minand increased
to 100% Zn, 95% Ni, 39% Sn, and 95% Cu at 300 min leaching time. After 24 h, complete
leaching of Zn, Ni, and Cu was successfully achieved across all temperatures, except 63% Ni
mobilised at 25 °C. This could be attributed to the slow leaching rate of Ni, especially at lower
temperatures. Due to the low solubility of Sn in aqueous H2SO4 solution (Li et al. 2011), Sn
remained below 40% across all temperatures.

99



120 120

A B
100{ 00 © o 100{ 00§ A
g b o c K >
- 80 A - 80 4
b 2
® ® 60
£ 60 -+ o £ J
] ] g L3
® < = ¢
g 4 p%o S 40P
s (] A s <
20 - v ° 204 0
u] n]
0 == T T T T T T T 0 - T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Time (minutes) Time (minutes)
120 120
C D
o o]
D 1 (o]
§10(1ao 8 o §00-|_-,o 8 a8
- 804 O - 84 O
(1] [-T]
g 5]
£ 60 - S 60 -
x x
Q 1]
[ 1] -
540"990 540 °°°
= = o
20 - 4 ° 20 - o
H |
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Time (minutes) Time (minutes)
120
E
100 HO O 8 B
= a
- 80 A
a
g
£ 60410
b
£ 40 A °0 0
s > o
20 4
n]
0 =+

0 200 400 600 800 1000 1200 1400 1600
Time (minutes)

Figure 4-24 Amount (%) of Cu(8), Zn(@), Sn(®), and Ni(£) extracted over time during the acid
leaching of mixed elementary metals at 25 °C (A), 37 °C (B), 45 °C (C), 65 °C (D), and
75°C (E).

4.3.3 Leaching of PCBs
4.3.3.1 Ferric leaching of PCBs

Finally, to understand the leaching behaviour of PCBs with respect to the leaching of individual
and mixed elementary metals, PCBs were leached in the same conditions as the elementary
metals. Prior to the leaching, PCBs were shredded and pulverised into fine particle size to
increase liberation and surface area for reaction (see Section 3.1.2), comparably to that of
elementary metals. While focusing on the chemical leaching of the fine PCBs particles,
leaching of two more particle sizes was explored. Different particle sizes were achieved by
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varying the pulverising time. The fully powdered PCBs samples (<1180 um) were prepared by
pulverising for 1 minute post shredding, while the second particle size PCB samples (1180 —
4750 um) was prepared by pulverising for only 20 seconds. The third particle size of PCB
samples were prepared by manually cutting the PCB boards using a bolt cutter into 0.5 cm?
PCB chips, without shredding. Size reduction of PCBs prior to leaching is vital as it directly
affects the metal liberation, the resultant leaching rates and the downstream processing,
which in turn affects the economic value of PCB recycling. Though powdered (fine fractions)
PCB samples results in high leaching rates, comminution processes are energy intensive and
are associated with loss of valuable metals during size reduction (Kaya 2016). Fine particle size
can also encourage precipitation during the leaching, complicating the separation of the non-
metallic fraction post leaching (Chen et al. 2021). Large PCB pieces can easily be separated
and recycled post leaching and feasibility for the use of such large PCB pieces has been
demonstrated by Adhapure et al. (2014) and Jadhav and Hocheng (2015), amongst other
researchers. However, a balance between high leaching rates and extent of metal leaching,
and the particle size of the PCB samples is needed. To this effect, the three particle sizes
explored here add to the knowledge of finding such balance.

Results for the ferric leaching of 1-minute, and 20-seconds pulverised PCBs, and PCB chips (0.5
cm?) at 37 °C, against that of mixed elementary metals are presented in Figure 4-25. With an
increased surface area for the leaching reaction, the ferric leaching of 1-minute pulverised
samples was comparable to that of mixed elementary metals. Based on the observed slopes
in the progressive increase in pH, the proton consumption rate in the leaching of 1-minute
pulverised PCBs was relatively close to that of mixed metals within the initial 10 min. However,
the pH for the PCB leaching plateaued from 35 min compared to 10 min for mixed metals,
indicating faster leaching rates on mixed metals. The final pH reached in PCB leaching was pH
1.80 compared to pH 1.50 for mixed metals. This was attributed to the more metals in the
PCBs and the natural alkalinity of PCBs (Arshadi et al. 2018). Despite the high Fe3* reduction
rate of 4.37 x 102 mol.LX.min in the initial 5 min for the Fe3* leaching of mixed metals,
compared to 2.41 x 102 mol.L"t.min! for the leaching of 1-minute pulverised PCBs, complete
leaching was reached within the initial 30 min in both systems. This was indicative of the
comparable high leaching rates in both these systems. Reduced Fe3* reduction rates were
observed with an increase in particle size of the PCBs samples. The rate was reduced to 6.01
x 103 and 2.60 x 103 mol.L .min"! within the initial 5 min for the leaching of 20-seconds
pulverised PCBs and PCB chips, respectively. The reduced leaching rate was due to the reduced
reaction surface area with limitation in metal liberation, especially in PCB chips, further
reduced the mass transfer. Over 300 min leaching time, only 42% Fe3* was reduced as a
function of metal leaching in the leaching of PCB chips, while 69% Fe3* was reduced in the
leaching of 20-seconds pulverised PCBs, further indicating limitations in leaching rates.
Similarly, the proton consumption was limited as observed by low pH of approximately pH
1.30 over 300 min in both these leaching systems.
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Figure 4-25 Change in pH (A), redox potential (B), Fe3* (C) and Fe?* (D) concentration over
time during the ferric leaching of various particle sizes of PCBs and mixed metals at
37 °C; mixed elementraty metals (@), 1-minute pulverised PCBs (&), 20-seconds

pulverised PCBs (1), and 0.5 cm? PCB chips (©). Error bars represent standard
deviation, n = 3.

Figure 4-26 shows the extent of metals leached (in %) over 24 h for the leaching of the three
particle size PCB fractions studied. Metal leaching efficiency was 59% Cu, 64% Zn, 35% Ni, with
Sn in solution below detection limits in the leaching of PCB chips. It improved to 85% Cu, 91%
Zn, 64% Ni, and 0.078% Sn in solution on the leaching of 20-second pulverised PCBs. Metals
leaching further improved to 96% Cu, 103% Zn, 94% Zn, and 0.062% Sn in solution on the
leaching of the 1-minuted pulverised PCBs. The high leaching efficiency achieved even with
PCB chips was promising in terms of the use of such fractions to avoid the milling of PCBs. The
leaching efficiency of such fractions is reported to be improved by pre-treating with sodium
hydroxide (NaOH) or diluted HCl to remove the chemical coat on the PCB surface to further
liberate metals (Adhapure et al. 2014; Jadhav and Hocheng 2015).
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Figure 4-26 Amount (%) of Cu(B), zn(m), Ni(X!), and Sn(E) extracted over 24 h during the
ferric leaching of various particle sizes of PCBs, 0.5 cm? PCB chips, 20-second, and 1-
minute pulverised PCBs at 37 °C. Note that no leaching of Sn was observed, hence
the absence of these bars.

With the relatively comparable leaching behaviour of 1-minute pulverised PCBs samples to
the elementary metals, leaching kinetics of PCBs were evaluated by Fe3* leaching of 1-minute
pulverised PCBs at the temperature range of 25 to 75 °C. These results are presented in Figure
4-27. Similar to the observations in the Fe3*leaching of elementary metals, acid consumption
increased slightly with increasing temperature as observed by higher final pH reached at high
temperatures (pH at approximately 2.30 at 65 and 75 °C) compared to low temperatures (pH
at approximately 1.80 at 25 and 37 °C). The Fe3* reduction rate increased from 8.94 x 1073
mol.L1.min"t within the initial 5 min at 25 °C, to 5.45 x 102 mol.L"-.min? at 75 °C. Across the
temperature range, complete metal leaching was achieved within the initial 40 min.
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Figure 4-27 Change in pH (A), redox potential (B), Fe3* (C) and Fe?* (D) concentration over
time during the ferric leaching of 1-minute pulverised PCBs at 25 °C (O), 37 °C (4),
45 °C (*), 65 °C (&), and 75°C (©@). Error bars represent standard deviation, n = 3.

Consistent with the rapid Fe3* reduction rates, metal extraction rates were as rapid (Figure
4-28). At 25 °C, 13% Cu, 26% Zn, and 5% Ni was mobilised within the initial 5min and increased
to 75% Cu, 85% Zn, and 77% Ni over 40 min leaching time. At 75 °C, 45% Cu, 77% Zn, and 44%
Ni was mobilised within the initial 5 min. Across all temperatures, both Zn and Cu had
completely leached by 40 min, while Ni was at 86%. The concentration of Sn in the leachates
was inconsistent across the temperature range. This could be attributed to the low
concentration of Sn in the PCB sample used and its proneness to precipitate out of solution.
High leaching rates and efficiency achieved in this study from the Fe3* leaching of PCBs is
common elsewhere in literature (Yang et al. 2009; Yazici and Deveci 2014; van Yken et al.
2020). Yazici and Deveci (2014) reported high leaching yields of 99% Cu, 88% Ni, 21% Ag, and
69% Pd over a short period of 120 min during the Fe3* leaching of PCBs. However, caution
should be practiced in comparing the leaching efficiency to other reported studies, as PCBs
are highly heterogeneous (different types of PCBs, with notable variations in metal content),
while different leaching conditions (working temperature, pH, and Fe3* concentrations), as
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well as the different in particle sizes, can affect the leaching efficiency (Yang et al. 2009; Zhu
et al. 2011; Baset al. 2012; Gu et al. 2019; van Yken et al. 2020). Similar to the Fe3* leaching
of elementary metals, both individual and mixed metals, the instantaneous leaching of Zn was
faster. The faster leaching of Zn was as expected from its high electronegativity and can readily
leach into acidic medium (Speight et al. 2005); followed by Cu, and Ni being the least.
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Figure 4-28 Amount (%) of Cu(0), Zn(©), Sn(®), and Ni(£) extracted over time during the
ferric leaching of 1-minute pulverised PCBs at 25 °C (A), 37 °C (B), 45 °C (C), 65 °C (D),
and 75°C (E).

Leaching kinetic parameters, n, k, and Es, were estimated from the Fe3* reduction data
presented in Figure 4-27 and are presented in Table 4-6. The PCB leaching was assumed to be
dominated by Cu and the effect of other metals, such as Zn, Ni, and Sn was neglected due to
their low concentration relative to Cu. Thus, Fe3*leaching of Cufrom PCBs was approximately
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2nd order with respect to Fe3* concentration and had no dependency on Fe2* concentration.
The proposed rate law 1 fitted the experimental Fe3* reduction data well (RZ>0.911) across
the temperature range studied. The regression coefficients of > 0.974 were obtained from
fitting the experimental Cu concentrations data to the modelled Cu concentrations (Figure
4-29), further validating the proposed rate law. Though best fittings are usually characterised
by R?>0.95, the slight deviation here could be attributed to some Fe3* reduction being due to
oxidation of metals other than Cu. However, poor fittings were obtained for prediction of Zn,
Sn, and Ni. Under assumptions made and within experimental errors, the rate law for the Fe3*
leaching of Cu from PCBs, as a function of Fe3* concentration, can be expressed as:

d[Ccu®]
dt

- _%k[pe“]z Eq. 4-25

Table 4-6 Estimated kinetic parameters for the Fe3* leaching of 1-minute pulverised PCBs
obtained by fitting Fe3* reduction data (Figure 4-27) into the proposed rate law R1 and R2.

Kineti
Rate law inetic 25 °C 37°C 45 °C 65 °C 75 °C
parameters
R1 n (Ave) 1.89
k (min) 0.173 0.346 0.446 0.766 0.853
R2 0.948 0.948 0.941 0.911 0.911
n (Ave) 1.89
R2 m (Ave) 0.0
k (min‘) 0.161 0.322 0.408 0.774 0.902
R2 0.948 0.946 0.941 0.914 0.905
190
y=1.0287x
9 170 - (o) R? = 0.9994
}:3 150 1 0.’ y = 1.115x
© 130 - PREY R? = 0.9988
E=] rd
x
g 110 - /6, ,O ’A y2= 1.2958x
S Y ’A 'EI R? = 0.9915
© 90 "1 -~
= < ’6:',’ - y = 1.2648x
§ 70 “pe Z R? = 0.9913
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30 L] | ] | L

30 50 70 20 110 130 150
Experimental Cu extracted (%)

Figure 4-29 Parity plot for Cu for ferric leaching of 1-minute pulverised PCBs at 25 °C (), 37
°C (A), 45°C (%), 65°C ), and 75°C O ).
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The apparent activation energy, estimated from the Arrhenius plot (Figure 4-29), for the Fe3*
leaching of Cu from PCBs was 26.8 kl.mol. This suggested that the mechanism for Fe3*
leaching of Cu from PCB was mixed-controlled. Comparing the activation energy obtained
here to literature values, with caution as discussed above, the activation energy obtained was
comparable. Becci et al. (2019) obtained an activation energy of 18 to 25 kJ.mol for the Fe3*
leaching of Cu from PCBsat 30 to 70 °C. Yaziciand Deveci(2014) obtained an activation energy
of 18 kl.mol for the Fe3* leaching of Cu from PCBs at 20 to 80 °C.
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Figure 4-30 Arrhenius plot for the ferric leaching of 1-minute pulverised PCBs across the
temperature range of 25 to 75 °C.

4.3.3.2 Acid leaching of PCBs

The 1-minute pulverised PCBs were also leached with the acid-only leaching using acidified
water at initial pH 1.1, over the temperature range of 25 to 75 °C; these results are presented
in Figure 4-31. The acid leaching of PCBs was slower compared to the ferric leaching. Based
on the observed slope in the increase in pH and the inferred H* consumption rates, the acid
leaching rate increased with increasing temperature. Within the initial 100 min, the pH
remained below pH 1.3 at 25 °C, while it increased from pH 1.1 to above pH 1.5 at 75 °C. As
the leaching progresses, the pH plateaued from approximately 400 min at 65 to 75 °C, while
at 25 to 45 °C, it plateaued from approximately 700 min, indicating delayed complete leaching
at lower temperatures. Similar to the observations in the acid leaching of elementary metals
(section 4.3.1 and 4.3.2), higher final pH was observed at low temperatures, i.e. at
approximately pH 2.8 at 25 °C, while pH remained below 2.0 at 65 and 75 °C. Such observed
effect of temperature to the solution pH could be attributed to the oxygen solubility with
respect to temperature as discussed Section 4.3.1.1. Noticeable was the higher final pH
reached across all temperatures in the acid leaching of PCBs compared to leaching of
elementary metals. This could be attributed to more metals available in the PCBs compared
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to the limited added metals in the leaching of elementary metals, in addition to the natural
alkalinity of PCBs (Arshadi et al. 2018).

At the addition of the PCBs, the redox potential sharply decreased from approximately 500
mV to below 300 mV across all temperatures. At 25 and 37 °C, the redox potential rapidly
increased to approximately 400 mV over the initial 10 min and remained so for the next 60
min. Within the same leaching period, the redox potential decreased and remained at
approximately 100 mV at 45 to 75 °C. This suggested that the onset leaching of PCBs was
slightly delayed at lower temperatures, while at higher temperatures, instantaneous leaching
was promoted by high temperatures. The redox potential gradually decreased to
approximately 100 mVat 25 and 37 °C, indicating onset leaching of metals. The redox potential
of approximately 100 mV during metal leaching was also observed at the leaching of mixed
elementary metals. At the end of the leaching period, the redox increased to between 200
and 300 mV, which could be indication of complete metal leaching.
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Figure 4-31 Change in pH (A), proton concentration (B), and redox potential (C) over time

during the acid leaching of 1-minute pulverised PCBs at 25 °C (O), 37 °C (8), 45 °C (
), 65 °C (€), and 75°C (@). Error bars represent standard deviation, n = 3.
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The progressive metal leaching (in %) for the acid leaching of PCBs is presented in Figure 4-32.
The metal leaching rate and extent increased with an increased in temperature. At 25 °C, 1%
Cu, 45% Zn, 12% Ni, and 0% Sn was solubilised within the initial 20 min, and over the 24 h
leaching period, these yields increased to 72% Cu, 99% Zn, 73% Ni, and 10% Sn. With an
increased intemperature to 75 °C, 16% Cu, 83% Zn, 45% Ni, and 19% Sn was mobilised within
the initial 20 min and by the end of the leaching period, of 40 min, 96% Cu, 98% Zn, 94% Ni
and 16% Sn had been leached. Across all temperatures, amount of Sn solubilised remained
below 25% as Sn has low solubility in aqueous H2SO4 media (Castro and Martins 2009). Hong
and Valix (2014) also reported improved leaching yields from <20% Al, Zn, and Cu to >80%
over 24 h leaching with an increased in temperature from 30 °C to 90 °C during the sulfuric
acid leaching (pH 1.0) of PCBs. Low yields at low temperatures of 25 °C, i.e. 39% Cu, 48% Al,
43% Zn, and 48% Ni over 48 h, are reported from acid leaching (H2504, pH 1.0) of PCBs (van
Yken et al. 2020). This suggested that temperature is a crucial factor in the acid leaching of
PCBs. In addition to the temperature, addition of stronger oxidants such as H.O; have been
shown to not only improve total metal yields but also the leaching rates (Ouchi et al. 2023).
Jha et al. (2011) reported improved leaching of Cu from 60% to 97% over 120 min with an
increase in the added concentration of H202 from 5 to 15% v/v during sulfuric acid leaching of
PCBs.
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Figure 4-32 Amount (%) of Cu(8), Zn(@), Sn(®), and Ni(£) extracted over time during the acid
leaching of 1-minute pulverised PCBs at 25 °C (A), 37 °C (B), 45 °C(C), 65 °C (D), and
75°C (E).

With regards to relative metal leaching rates, as expected from electrochemistry (i.e. based
on the standard reduction potential of the metal of interest to that of the oxidant), the
instantaneous leaching rate of Zn was fastest, followed by Ni, then Cu with Sn solubilising the
most slowly. This order of leaching rate was slightly different to that observed in the acid
leaching of elementary metals, i.e. Zn>Cu>Ni>Sn for both individual and mixed metals. The
total amount of metals solubilised here, especiallyat the low temperatures (25 to 45 °C), were
relatively low compared to these observed in the acid leaching of elementary metals systems,
which could be attributed to readily liberated metals in elementary metals. Over the 24 h
leaching time, there were no precipitations observed based on the metal ions concentration
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analysed. Cementation may require a longer reaction time. The absence of cementation was
also observed in the acid leaching of mixed elementary metals. This could also be attributed
to low pH in accordance with previous reports of a retard in cementation reactions at pH <3
(Sulka and Jaskuta 2003; Demirkiran et al. 2007; Hong and Valix 2014).

4.4 Conclusion

This study investigated the leaching behaviour of elementary metals, Cu, Zn, Ni, and Sn, as
individual metals in their combinations, and from PCBs. Leaching was carried out using an
acidic ferric lixiviant, and a lixiviant containing sulfuric acid only as oxidant, across the
temperature range of 25 to 75 °C. The core objectives were to evaluate which of Fe3* and H*
is the dominant oxidant, the relative metal leaching rates, and the associated leaching kinetics
of these four metals, as elementary metals, individually and in mixed metal streams, and from
complex PCBs. In all leaching systems studied, the acid leaching rates were slower than Fe3*
leaching under acidic conditions, suggesting that Fe3* was a dominant oxidant. Fe3* leaching
of individual elementary metals was found to be rapid, with complete Fe3* reduction and more
than 90% Cu, 93% Zn, and 76% Ni (except at 37 and 45 °C) readily mobilised into solution
within the initial 60 min across all temperatures. Complete Fe3* reduction was also achieved
within the same leaching time for Sn, indicating successful leaching of Sn, despite Sn
precipitating out of solution as SnO. The final pH remained below 2 post the Fe3* leaching in
all elementary metal leaching systems, highlighting the importance of balancing out the
required stoichiometric molar ratio of the added metal to the available Fe3* oxidant to
minimise Fe3* precipitation at pH >2. Based on the Fe3* reduction rate as a function of metal
leaching, the relative Fe3*leaching rates amongst leaching of individual and for mixed metals
was Zn>Sn>Cu>Ni. For acid leaching of both individual and mixed metals, the relative leaching
rate was Zn>Cu>Ni>Sn.

The Fe3* leaching rates increased with increasing temperature. The average Fe3* reduction
rates as a function of metal leaching ranged at 6.87 — 8.01 g Fe3*.L"1.h! for Zn, 3.75 — 4.59 g.
Fe3*.L1.h' for Cu, and 4.03 — 5.27 g. Fe3*.L'L.h' for Sn at 25 — 75 °C, respectively, while it was
0.60 -9.13 g. Fe3*.L'L.h for Ni at 37 — 75 °C. With high competition for Fe3* oxidant in the
multimetal system, the Fe3* reduction rates ranged at 7.44 — 10.14 g. Fe3*.L"2.h"1 for mixed
metals at 25 — 75 °C, respectively.

The Fe3* leaching kinetics were evaluated by fitting experimental data to rate law 1, which was
formulated based on the Fe3* reduction as a function of metal leaching:

d[Fe3*]

= —k[Fe3*|" R1
pr [Fe "]

For individual elementary metals, the leaching kinetics for Cu and Sn was 2"? order with
respect to Fe3* concentration, 4.6 (= 5t") order for Zn and 1%t order for Ni. Dependency of the
leaching rates on Fe3* concentration and independence of Fe?* concentration was
demonstrated. The activation energies for Fe3* leaching of Cu, Zn, Ni, and Sn as individual
metals were estimated to be 32.7, 24.3, 84.5, and 18.6 kJ.mol %, respectively. This implied that

111



the leaching mechanism for Cu and Zn was mixed-controlled, Ni was chemical reaction-
controlled, while Sn was diffusion-limited. For the Fe3* leaching of mixed metals, leaching
kinetics were assumed to be mainly dominated by the leaching of Cu, such that the kinetic
parameters estimated were of Cu. To this effect, the Fe3* leaching kinetics for Cu in the
presence of other metals (Zn, Ni, and Sn) remained 2" order with respect to Fe3* with no
dependency on the Fe?* concentration. The leaching mechanism was diffusion-controlled, as
characterised by apparent activation energy of 16.3 kJ.mol .

The Fe3* leaching of PCBs was successfully achieved across all three particle sizes of PCBs
studied. However, at a reduced leaching rates with an increase in particle size of the PCBs
samples. The average volumetric Fe3* reduction rates were 3.82, 2.94, and 1.77 g Fe3* L1.h?!
at 37 °C for 1-minute pulverised, 20-second pulverised, and 0.5 cm? PCBs, respectively This
was attributed to the degree of metal liberation in PCBs with respect to particle size (surface
area). Successful metal leaching even at the largest particle size of 0.5 cm? presented
promising results in achieving some metal liberation with limited size reduction. Optimisation
of metal leaching at such particle size is an important area for further study.

More than 75% Cu, 85% Zn, 49% Ni, and 4% Sn was readily solubilised from 1-minutes
pulverised PCBs over 40 min leaching period across the temperature range studied, 25 to 75
°C. The final pH reached was higher than observed in elementary metals. This was attributed
to the alkaline nature of PCBs and the availability of other metals other than the four metals
of interest in our study. The relative order of ferric leaching rates from 1-minute pulverised
PCBs was Zn>Cu>Ni>Sn, comparable to the relative leaching rates of elementary metals,
except for Sn. The ferric leaching kinetics showed 2" order dependence on Fe3* and was
independent of Fe?* concentration. Owing to the dominance of copper as base metal within
the PCBs, this was consistent with the findings from elementary metals. The apparent
activation energy was estimated to be 26.8 kl.mol, suggesting that the leaching mechanism
of Cu from PCBs was governed by mixed reaction mechanism. Similar to leaching of
elementary metals, the acid leaching of PCBs was slow compared to the Fe3* leaching but
enabled substantial leaching over extended time. Some 72% Cu, 99% Zn, 73% Ni, 9% Sn was
solubilised over 1440 min across the temperature range; however, Sn was inconsistent as it
precipitates out of solution. The relative metal leaching rates was in the following order:
Zn>Ni>Cu>Sn.

With comparable leaching behaviour of elementary metals to the PCBs, this study
demonstrated that leaching of individual metals prior to leaching of complex PCBs system can
provide insight into the expected leaching behaviour and associated leaching kinetics. The
fundamental leaching data provided here, which is limited to date in the literature, particularly
that of elementary metals, is critical to the modelling of leaching of PCBs, both for
hydrometallurgy and biohydrometallurgy approaches. Insight into relative metal leaching
rates, for example, is vital in the design of process flowsheets for metal recovery, and in
determining the number of tanks required and their residence time. Of particular interest in
this study is the rate of ferric iron regeneration required through biological ferrous iron
oxidation to optimise the recovery of base metals from PCBs prior to leaching of precious
metals.
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CHAPTER 5

5 Exploring microbial adaptation of immobilised
acidophilic cultures to improve microbial oxidation
rates and copper tolerance in E-waste bioleaching

In the bioleaching of base metals from printed circuit boards (PCBs), microbial Fe* oxidation
rate is the rate-determining step as it is the slower reaction relative to the Fe3* reduction rate.
This is exacerbated by inhibition of microbial culture by accumulated metal ions and dissolved
non-metallic components of the PCBs within the bioleaching system, leading to a reduction in
the specific ferrous iron oxidation rate and thereby the volumetric rate. This results in longer
bioleaching durations, lower metal extraction, and ultimately, limited benefits of the microbial
cultures in the system. To overcome these limitations, an improvement in the volumetric rate
of microbial Fe?* oxidation is key to improving bioleaching efficiency. This can be achieved by
maintaining the specific Fe?* oxidation rate through minimising inhibition of microbial culture
as well as increasing the concentration of the active biomass as the volumetric Fe2* oxidation
rate is the product of the active cell concentration and the specific Fe2* oxidation rate.

This study investigated the benefits of adaptation of the microbial culture to Cu?*asCu isa
predominant metal in PCBs prior to bioleaching to minimise inhibition of microbial culture.
Immobilisation of the microbial culture on polyurethane foam as biomass support particles
(PUF-BSPs) is also explored in minimising inhibition and improving Fe2* oxidation rates. It
further investigated the potential compounded benefits of these two techniques in improving
metal tolerance and Fe?* oxidation. The outcome of this study was to provide an improved
culture performancein the presence of increased concentration of Cu2*as an inhibitory metal.
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Abstract

The rate of ferric iron regeneration by microbial oxidation is the rate determining step in the
bioleaching of printed circuit boards (PCBs). Therefore, improvement of the volumetric rate
of ferric iron formation is key for the overall bioleaching efficiency. The volumetric rate is
impacted by both the specific rate and the biomass concentration. Limiting the exposure of
the bioleaching microorganisms to accumulated toxic metal ions in solution, as well as the
presence of inhibiting material components in PCBs through biofilm formation and
immobilisation, as well as their adaptation to these inhibitors, is proposed to mitigate against
decrease in specific rate while biomass retention by immobilisation is expected to positively
impact volumetric rate. In this study, a mixed mesophilic culture, consisting of Leptospirillum
(L.) ferriphilum, Acidithiobacillus (At.) caldus, Acidiplasma (Ap.) cupricumulans as dominant
species was immobilised on polyurethane foam (PUF) and adapted to 6.0 g/L Cu?*. The rate of
microbial ferrous iron oxidation by the immobilised culture was compared to that of
planktonic cultures. Further, the performance of both the planktonic and immobilised Cu-
adapted cultures (6.0 g/L of Cu?*) were compared with non-adapted planktonic and
immobilised cells in the presence of increasing Cu?* concentrations (0 — 50 g/L Cu?*).

Both the Cu-adapted planktonic cells and the non-adapted immobilised cells demonstrated
improved tolerance to Cu?* stress relative to non-adapted planktonic cells. The Cu-adapted
planktonic cells showed higher volumetric ferrous iron oxidation rates (0.0359 + 0.0023 g
Fe2*.L1.h'l at 22 g/L Cu?*) than the non-adapted immobilised cells (0.0331 + 0.0021 g Fe?*.L-
Lh1) in the presence of Cu?* concentrations exceeding 6 g/L. The Cu-adapted immobilised
cells exhibited higher tolerance to Cu?* stress and higher oxidation kinetics (0.0622 + 0.0064
g Fe?*.L1.h') than the Cu-adapted planktonic and non-adapted immobilised cells. This study
provides a novel approach for improving culture performance and minimising the inhibitory
effect of Cu?* ion on L. ferriphilum dominated cultures. High microbial activity and metal
tolerance of Cu-adapted immobilised cells presents an opportunity for immobilised microbial
systems to be used both in bioleaching of e-waste streams, such as PCBs, and in bioleaching
of mineral concentrates, ores and wastes with Cu?*-rich leachates.

5.1 Introduction

A biohydrometallurgical approach for the extraction of base metals of value from printed
circuit boards (PCBs) is considered the least environmentally impactful technology as
compared to the conventional pyrometallurgical and hydrometallurgical approaches (Tuncuk
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et al. 2012a; Priya and Hait 2018). Metal dissolution is promoted by the oxidation of metals
embedded on the PCBs using ferric iron (Fe3*) as the primary oxidising agent in acidic
environments. During this process, the Fe3* oxidant is reduced to ferrous iron (Fe2*) (Eq. 5-1).
The acidophilic iron-oxidising microorganisms present accelerate the oxidation of Fe?* back to
Fe3* (Eq. 5-2), thereby enhancing the extraction of base metals from PCBs. Continuous
regeneration of the primary oxidant reduces reagent costs and results in considerably lower
effluent volumes for disposal, thereby minimising the environmental burden. A key to the
success of this approach is to achieve a sufficient rate of ferric iron regeneration, to balance
the rapid rates of ferric leaching.

M°(Cu®) + 2Fe3t —» M?**(Cu®*t) + 2Fe?*t Eq. 5-1
2Fe? + 050, + 2H* T R+ H,0 Eq.5-2

While bioleachingis a promising technology for PCB pre-treatment prior to recover of precious
metals, one of the major challenges is the inhibition due to the accumulation of inhibitory
levels of metal ions and other constituents of PCBs within the system. These decrease Fe2*to
Fe3* turnover rates, affecting metal extraction rates adversely (Liang et al. 2010; Akcil et al.
2015a).

Inhibition of microbial growth at PCB concentrations greater than 10 g/L was observed in the
study by (Brandl et al. 2001) where the authors investigated the bioleaching of PCBs using a
mixed mesophilic culture dominated by Acidithiobacillus (At.) thiooxidans and At
ferrooxidans. As a result of these findings, Brandl et al. (2001) suggested two processing
options that may reduce the impact of metal toxicity on microbial growth and activity: (i)
microbial adaptation to high metal ion concentrations and, (ii) a two-step bioleaching process
in which the metal leaching and ferric iron regeneration processes are separated. Microbial
adaptation has been reported through acclimatisation of microbial culture to potential
inhibitory metals prior to contact with the metal-rich solids. Microbial adaptation is by far the
most commonly used method in mitigating microbial inhibition in PCB bioleaching (llyas et al.
2010; Arshadi and Mousavi 2014; Xia et al. 2017; Baniasadiet al. 2019; Tapia et al. 2022) owing
to metal resistance being largely plasmid-borne in acidophilic biooxidation microorganisms.
Adaptation is achieved by repeated sub-culturing of the microbial culture and gradual increase
of the potential inhibitory metal ion or PCB solid loading (weight of solid PCB per volume of
growth medium). Consequently, microorganisms attain tolerance to the inhibitory metal ions
through their natural intra- and extracellular detoxification mechanisms (Bruins et al. 2000;
Dopson et al. 2003; Xia et al. 2008; Valix 2017; Zhang et al. 2023). The benefits of microbial
adaptation prior to bioleaching are recognised in the bioleaching of mineral sulfides (Dopson
et al. 2003; Watling 2006; Xia et al. 2008; Kaksonen et al. 2018; Nkuna et al. 2022; Africa et al.
2013; Govender et al. 2015; Ngoma et al. 2018).

While adaptation has the potential to allow the specific ferric regeneration rates to be
maintained at increased metal concentrations, the volumetric ferric regeneration rate has the
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potential to be increased by increasing the microbial cell concentration by retaining cells in
the reactor by immobilisation onto a solid phase. The advantages of using immobilised
microbial systems over planktonic cultures for the bioleaching of mineral sulfides have been
well documented (Nemati and Webb 1996; Rohwerder et al. 2003; Sand and Gehrke 2006;
Kaksonen et al. 2018). These include the higher biomass accumulation and the ability to
separate the solution from the microbial phase easily. Further, where a microbial biofilm
forms, the chemical stratification from the solution phase to the cell membrane may occur
(Groboillot et al. 1994; Sand and Gehrke 2006; Gonzalez et al. 2013; Africa 2017), allowing the
microbial biofilm to act as a diffusion barrier against toxic environments (Bruins et al. 2000;
Dopson et al. 2003; Rohwerder et al. 2003; Gonzélez et al. 2013). It is postulated that this
improves microbial resistance to inhibitory metals. Microbial immobilisation techniques
include encapsulation, covalent bonding, adsorption, gel entrapment, cross-linking, and
adsorption/attachment (Guisan et al. 2020; Elakkiya et al. 2016). Depending on the technique
adopted, a variety of support matrices may be used, including glass beads, ceramic saddles
and rings, sand, wood chips, plastic supports and polyurethane foam (Guogiang et al. 1992;
Halfmeier 1993; Gémez et al. 2000; Guisan et al. 2020). On using polyurethane foam biomass
support particles (BSP), there is a natural tendency of microbial cells to become entrapped
within the foam matrix or to attach to solid surfaces, thereby colonising the BSPs (Zobell
1943b; Nemati and Webb 1996; Sand and Gehrke 2006; Suzana et al. 2013). This facilitates
high biomass concentrations.

In this study, we bring together the advantages of microbial adaptation to copper and
microbial immobilisation on polyurethane BSPs to maximise the rate of regeneration of the
primary Fe3* oxidant for bioleaching of PCBs using a mixed mesophilic microbial culture.
Adaptation is limited to Cu?* as predominant base metal in PCBs (Yang et al. 2014; Yang et al.
2009; Xiang et al. 2010; Tuncuk et al. 2012a; Tapia et al. 2022; Hubau et al. 2020; Bryan et al.
2015; llyas et al. 2010; Bizzo et al. 2014). While trace amounts of Cu?* are essential for
microbial growth, at elevated concentrations, Cu?* can be inhibitory (Das et al. 1997; Xia et al.
2017; Bryan et al. 2015; Tapia et al. 2022). The impact of immobilisation and adaptation on
performance in the presence of increasing Cu?* concentrations are explored separately and in
combination. With expected high Cu?* concentrations in PCB bioleaching systems, overcoming
its inhibitory effects on e-waste bioleaching is vital in process optimisation.

5.2 Experimental

5.2.1 Microbial culture and growth

A mixed mesophilic culture consisting of Leptospirillum (L.) ferriphilum, Acidiplasma (Ap,)
cupricumulans, and Acidithiobacillus (At.) caldus as dominant species and grown on pyrite
concentrate at 37 °C, served as the inoculum for experiments on both the immobilised and
planktonic systems. Autotrophic basal salts (ABS) medium, composed of 7.5 g/L (NH4)2S0s4,
7.5 g/L NazS04, 2.5 g/L KCl, 25 g/L MgS04.7H>0, 2.5 g/L KH2PO4, and 0.7 g/L Ca(NOs3)2.4H,0
and supplemented with 1.0 mL of trace element solution (Johnson et al. 2008), was used. The
medium was prepared using acidified deionized water (pH 1.4, 96% H2SO4and included 5.0
g/L Fe?* (FeSO4.7H20),) as the primary substrate. Concentration of cells was determined by
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direct microscope cell counting using a Thoma counting chamber (depth of chamber: 0.02 mm
and area: 0.0025 mm?) using an Olympus BX40 phase contract microscope at 1000x
magnification. Microbial speciation of the inoculum was determined using quantitative real
time polymerase chain reaction (qPCR) through the procedures described in (Liu et al. 2006;
Tupikina et al. 2013; Tupikina et al. 2014; Ngoma et al. 2015). Briefly, following the Genomic
DNA (gDNA) extraction from the samples, the gDNA was analysed against 16S rRNA universal
and species-specific primers (Tupikina et al. 2013; Ngoma et al. 2015). The qPCR results
showed that the inoculum was characterised by 38% L. ferriphilum, 45% At. caldus, 15% Ap.
cupricumulans with trace presence of Ferroplasma, Thermoplasmatales and Cuniculiplasma
species observed.

5.2.2 Microbial immobilisation and adaptation

Autoclaved polyurethane foam (PUF), cut into 1.0 cm? cubes, was chosen as the biomass
support particle for this study. Microbial immobilisation was carried out by placing 100 sterile,
PUF cubes in a 1 L Erlenmeyer flask containing 400 mL ABS medium with 5.0 g/L Fe?* and 5.0
g/L Fe3*, at pH 1.4, and inoculating it with 10% v/v of the mixed mesophilic culture. Fe3* was
supplemented to elevate the initial redox potential to approximately 450 mV as microbial
activity is encouraged at and above this initial redox potential. The culture was maintained at
a constant temperature of 37 °C in a rotary shaking incubator at 120 rpm. Changes in solution
pH, redox potential, Fe2* and Fe3* concentrations were monitored daily. Once the Fe?* was
depleted, 50% of the spent medium was replenished with fresh ABS medium containing 5.0
g/L Fe?*. The culture was maintained over two months with periodic sub-culturing to replenish
the substrate. Adaptation of immobilised cells to cupric ions (Cu?*) was achieved by gradually
increasing the concentration of Cu?* (CuSO4.5H,0) over a two-month period, by 0.5 g/L Cu?*
at each subculturing, until a total concentration of 6.0 g/L Cu was obtained.

5.2.3 Scanning Electron Microscopy

Colonisation of the PUF support by the microbial culture was visually confirmed by scanning
electron microscopy (SEM). Colonised biomass supports were fixed in 2.5% (v/v)
glutaraldehyde for 8 to 24 h, at 4°C. The samples were then rinsed with sterile distilled water
before being dehydrated through a series of alcohol washes using 30, 50, 90, 95, and 100%
v/v (analytical grade ethanol), for 10 minutes at each step. Samples were dried further using
hexamethyldisilazane (HDMS) and mounted onto an SEM stub covered with carbon glue. The
stub was sputter-coated with carbon and visualised at various magnifications using the
scanning electron microscope (FEI NOVA NANOSEM 230 with a field emission gun or Tescan
MIRA3 with a Confocal Raman Imaging Extension).

5.2.4 Microbial activity tests at various inoculum sizes

Microbial activity tests were performed to assess the Fe?* oxidation capacity of the microbial
systems under investigation, namely, the non- and Cu-adapted planktonic cells as well as the
non- and Cu-adapted immobilised cells. To determine the effect of inoculum size on the
microbial Fe2* oxidation rate in immobilised and planktonic systems, two sets of tests were
prepared in 250 mL Erlenmeyer flasks, each containing 100 mL ABS medium (pH 1.4) with 5.0
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g/L Fe?*and 5.0 g/L Fe3*. One set of tests was inoculated with microbially colonised PUF BSPs
(3 — 9 cubes in each flask). The second set of tests was inoculated with the planktonic cells
using an inoculum size between 0.2 - 20% v/v (106-108 cells/mL). The tests were maintained
at 37 °C in a rotary shaking incubator at 120 rpm. Over the duration of the experiments, the
variation in pH (867 Metrohm meter), redox potential (867 Metrohm meter, Ag/AgCl
reference electrode), and Fe3* and Fe?* concentrations were monitored. Fe3*and total iron
(Fet°t) concentrations were determined colorimetrically at 340 nm using the ferric chloride
assay (Govender et al., 2012), selected owing to the limited effect of Cu?*on the assay whereas
Cu?* interferes with other colorimetric Fe assays. The Fe2* concentration was determined by
the difference between Fet! and Fe3* concentrations (Govender et al., 2012). All experiments
were run in triplicate with the average measured parameters reported.

5.2.5 Microbial tolerance to Cu?*

Microbial tolerance of the immobilised and planktonic cells to Cu?* stress was investigated by
comparing the Fe?* oxidation rate of each microbial system, in the absence and presence of
the inhibiting metal. Once the 250 mL Erlenmeyer flasks were set up, each containing 100 mL
ABS medium (pH 1.4), 5.0 g/L Fe?* and 5.0 Fe3*, the Cu?* concentrations (CuSO4.5H20) in each
flask were varied between 1.0 g/L and 50.0 g/L. Each test was performed in triplicate, with all
flasks maintained at 37 °C in a rotary shaking incubator at 120 rpm. The microbial activity of
both non- and Cu-adapted immobilised and planktonic cells was periodically monitored using
the same procedures outlined in Section 5.2.4.

5.3 Results and discussion

5.3.1 Verification of biomass accumulation and immobilisation using
Scanning Electron Microscopy (SEM)

The use of PUF as a biomass support particle is known to result in the high retention of cells
in bioleaching systems (Nemati & Webb, 1996). Given the large specific area of the PUF-BSPs
and the accumulation of microorganisms on these surfaces and within the interstitial spaces,
high cell concentrations with their associated metabolic activity and high rates of microbial
Fe2* oxidation are commonly observed (Nemati & Webb, 1996). As microbial attachment is
coupled with subsequent biofilm formation, a microbial immobilisation system presents an
opportunity to develop diffusional barriersthat potentially insulate microbial activity in metal -
rich environments. Contributing to this protection, micro-conditions within the interstitial
zones within the PUF-BSP are typically created.

After biomass growth and immobilisation onto the PUF-BSP over a two month period,
microbial immobilisation and biofilm formation was confirmed by SEM using various
magnifications (as demonstrated by the size bars: 20, 5, and 2 um). Micrographs of the
colonised PUF BSP (Figure 5-1D, E, & F) are compared to those of the control or non-colonised
PUF (Figure 5-1A, B, & C).
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Figure 5-1 Scanning electron microscopy micrographs of non-colonised PUFs (A, B, & C) and
colonised PUFs (D, E, & F) at various magnifications, i.e., demonstrated by the size
bars 20, 5, and 2 um.

Across multiple images of the control PUF support particles (with examples given in Figure
5-1A, B, & C), the surfaces showed less irregularities and were smoother than the colonised
PUF-BSPs (Figure 5-1D, E & F), showing few cells on the surface, as expected. At the highest
magnification (Figure 5-1C), some cell-like structures were observed on the surface of non-
colonised PUF. This may have been due to residual microbial content of the BSPs prior to
inoculation. A similar observed smooth surface of the PUF in the absence of microorganisms
was also reported by (Hessler et al. 2017) when they visually analysed PUF surfaces using SEM
prior to microbial colonisation of sulfate-reducing bacteria and after microbial detachment
experiments. In Figure 5-1D-F, observing the inoculated BSPs, the colonised surface appeared
fully covered with microorganisms embedded within extracellular polymeric substances (EPS).
A clearly developed biofilm was observed on the colonised PUF-BSPs as the surface was
increasingly magnified (Figure 5-1E & F). The SEM micrographs of non- and Cu-adapted
colonised PUF were found to exhibit similar surface characteristics. A fully colonised surface
of PUF-BSPs was also reported by (Nemati and Webb 1996) who immobilised At. ferrooxidans
onto PUF-BSPs and studied the effect of the Fe2* concentration on Fe?* oxidation in a packed-
bed column.

5.3.2 Microbial activity tests at various inoculum sizes

Microbial activity tests were performed to assess the correlation between microbial activity
and the number of fully colonised biomass support particles used as inoculum i.e. 3, 6 or 9
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microbial colonised PUF particles. Comparatively, parallel microbial Fe?* oxidation
experiments were performedwith planktonic cultures, with inoculum sizes of 0.2, 2.0, 10, and
20% by volume (v/v), equivalent to 8.37 x 10° to 2.63 x 102 cells/mL. These results are
compared in Figure 5-2.
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Figure 5-2 Ferrous iron utilisation at various inoculum sizes of planktonic cells (PC),i.e., 0.2 (

),2(9),10 (), and 20% v/v (&) and immobilised cells (IC), i.e., 3 (M), 6 (®), and

9 (®) PUF units of biomass support particles. Error bars represent standard
deviation, n = 3.

From Figure 5-2, it was observed that the rates of microbial Fe2* oxidation were dependent
on the number of PUF support particles added. Complete microbial oxidation of ferrous iron
was achieved within 48 h for the tests with 6 and 9 PUFs support particles, at a similar Fe2*
volumetric oxidation rates of 0.1178 + 0.0366 (mean * standard deviation, n = 3) and 0.1138
+ 0.0300 g Fe?*.L'l.h?, respectively. The test with 3 PUFs support particles only achieved
complete ferrous iron oxidation after 78 h, at a lower volumetric rate of 0.0651 + 0.0012 g
Fe2*.L'1.h7! relative to the experiment with 6- and 9-PUFs.

For the planktonic tests with 10 and 20% v/v inoculum (3.16 x107 and 2.63 x108 cells per ml
on inoculation), complete oxidation of ferrous iron was achieved within 78 and 48 h, at a
volumetric rate of 0.0637 + 0.0029 and 0.0814 + 0.0166 g Fe?*.L'1.h', respectively. The test
with the 10% v/v inoculum size, 3.16 x107 cells/mL, exhibited a similar volumetric FeZ*
oxidation rate to the tests with 3-PUFs (Figure 5-2). Their similarity was further confirmed
statistically by performing a one-way ANOVA test. The null hypothesis stated that there is no
difference in the volumetric Fe2* oxidation rates between 3-PUFs and the 10% v/v planktonic
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inoculum. The calculated F value of 0.448 was lower than F-critical of 7.71, while the p-value
was 0.540. Hence the null hypothesis is upheld, indicating no significant difference in Fe?*
oxidation rate between these inocula. At 20% v/v, Fe?* oxidation rate was increased by 27%
relative to tests with a 10% v/v planktonic inoculum. In the immobilised system, the
Fe2*volumetric rate increased by 82% in the test with 3-PUFs to 6-PUFs. This was attributed to
the higher cell densities since the volumetric ferrous iron oxidation rate is expected to be the
product of the specific rate and cell concentration. However, the lack of proportional increase
in rate with biomass concentration suggests that some further limitation may occur. (Chen
and Cheng 2019) have demonstrated the increase in rate and extent of metal solubilisation
during bioleaching of sewage sludge by a thermophilic culture dominated by Sulfobacillus
acidophilus, again without proportional correlation to microbial cell concentration. Metal
dissolution increased from 38 to 60% when inoculum size was increased from 5 to 20% v/v
(Chen and Cheng 2019). Similar improvements in bioleaching efficiency with increased
inoculum size are reported elsewhere (Yang et al. 2009; Bas et al. 2013). Tests with lower
inoculum sizes (0.2 and 2.0% v/v) displayed reduced performance due to low cell numbers
with limited substrate utilisation rates. Only about 30% of the initially added Fe?*was oxidized
with the 2% v/v inoculum size over a 120 h period (Figure 5-2).

Here, a comparison between immobilised cells and planktonic cells was based on microbial
activity (calculated Fe?* volumetric rates) rather than cell numbers, due to the difficulties
encountered in quantifying immobilised cells. Despite successful detachment of the cells from
the support particles (BSPs), cellsremained embedded in clumps of EPS when visualised under
the microscope, precluding their effective counting. Similar difficulties in quantifying
immobilised cells following extended periods of colonisation have also been reported by
Makaula (2019) who investigated microbial growth and activity over 30 days, during
progressive colonisation of a mixed mesophilic culture consisting of L. ferriphilum, At. caldus,
Ferroplasma acidiphilum, and Acidiplasma cupricumulans, on glass beads coated with pyrite
waste rock. Microbial growth and activity progressed with time, with microbial activity
significantly increased with the development of the EPS, from day 20. While total microscope
counts were readilyachieved in the early colonisation phase, following clumping of EPS-bound
cells from day 20 total cell counts could not be quantified with accuracy (Makaula 2019).

5.3.3 Microbial activity test in the presence of Cu?* stress

Copper is the dominant metal in PCBs and more than 90% Cu?* can be readily leached by the
lixiviant (Fe3*), regenerated by microbial Fe?* oxidation (Karwowska et al., 2014; Liang et al.,
2016; Patel & Lakshmi, 2021; Wang et al., 2018). Owing to high Cu?* concentrations in PCBs
leachates, the inhibitory effect of Cu?* on microbial Fe?* oxidation by both non- and Cu-
adapted microbial cultures was investigated. The Cu?* concentrations were selected to
represent the expected Cu?*in leachates based on the solid loading of PCBs between 1 — 45%
(w/v), with complete leaching, corresponding to approximately 1.0 — 50.0 g/L Cu?*, as per our
characterised PCBs samples. Given the similar microbial oxidation performance and
comparable ferrous iron oxidation rates for Fe?* oxidation tests inoculated with 10% v/v
planktonic inoculum and with 3 colonised PUF-BSPs (Section 5.3.2), these were considered as
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comparable inoculum size for microbial activity tests in the presence of increasing Cu?*
concentrations.
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Figure 5-3 Ferrous iron oxidation over time by non-adapted planktonic cells (NA-PC) subjected
to various Cu2+ concentrations, 0 (=& =), 1.0 (¥),6.0 (©), 11.0 (&), 22.0 (¢), 33.0(
A),44.0 (A) and 50.0 g/L (@) for non-adapted planktonic cells. Error bars represent
standard deviation, n = 3.

Microbial Fe?* oxidation as a function of time by non-adapted planktonic cells in the presence
of increasing Cu?* stress is shown in Figure 5-3. This provides the baseline for comparison in
assessing the role of pre-adaptation and immobilization in reducing Cu?* inhibition, discussed
below. No inhibition of microbial metabolic activity was observed at 1.0 g/L Cu. Cu?* inhibition
was observed from 6.0 g/L Cu?*, indicated by 1.5-fold increase lag period preceding microbial
oxidation relative to cells subjected to 0 and 1.0 g/L Cu?* (Figure 5-3). The lag phase increased
by 2.25-fold at 11.0 g/L Cu?*and the volumetric Fe?* oxidation rate was reduced to 0.0335 +
0.0003 g Fe?*.L'1.h?, relative to 0.0768 + 0.0096 g Fe2*.L1.h'! in the absence of Cu?* stress,
resulting in 32% oxidation of the 5.0 g/L Fe?* added within 120 h, compared to the complete
ferrous iron oxidation within the same period at 6.0 g/L Cu?*and below. Complete ferrous iron
oxidation was achieved at 200 h by cells subjected to 11.0 g/L Cu?*, while only 40% Fe?* was
oxidised in the presence of 22 g/L Cu?* within 200 h. At 22 g/L Cu?* stress, the volumetric Fe?*
oxidation rate was reduced by 69% (0.0237 + 0.0016 g Fe?*.L"1.h'!) relative to the control while
only 50% Fe?* was oxidised within 200 h. This was evident that non-adapted planktonic cells
were susceptible to the Cu?*inhibitory effect as their microbial activity was compromised by
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Cu?* with increasing severity as the Cu?* concentrations increased (Figure 5-3). Although the
culture performance was compromised, as evident by the prolonged lag phases, the microbial
cultures appeared to adapt with time as evidenced by the positive, but reduced, volumetric
rates with increased Cu?* concentration. Complete microbial Fe?* oxidation was achieved at
approximately 300 h at 33.0 g/L Cu?* whereas only 33 and 14% oxidation was achieved in the
same period at 44 and 50 g/L Cu?*, respectively. Following microbial adaptation, complete Fe?*
oxidation was achieved at 446 and 486 h (data not shown), with Fe?* oxidation rates reduced
by about 77-78%, i.e., 0.0180 +0.0013 and 0.0171 + 0.0006 g Fe?*.L2.h"?, at 44.0 and 50.0 g/L
Cu?*, respectively. This severe inhibitory effect observed at high Cu?* concentration is
consistent with that reported by (Das et al. 1997; Bryanet al. 2015; Tapia et al. 2022; Kinnunen
and Puhakka 2005).

Similar results were demonstrated by (Tapia etal. 2022) in their microbial activity tests in the
presence of Cu?* stress from 10.5 to 38.0 g/L Cu?*. The authors reported that planktonic mixed
mesophilic culture dominated by Tissierella, Acidiphilium, and Leptospirillum achieved
maximum growth rate at 10.5 g/L Cu?*, while at 18-28 g/L Cu?*, the culture was adversely
affected, demonstrated by a 168 h (7 days) lag phase, and complete microbial inhibition was
observed above 33 g/L Cu?* (Tapia et al. 2022). The natural ability of microorganisms to adapt
to high metal ion stress can be attributed to the expression of genes conveying resistance to
inhibitory metals through extra- and intracellular detoxification, and active transport of
inhibitory metal ions by efflux pumps, amongst other adaptation mechanisms (Bruins et al.
2000; Dopson et al. 2003; Nkuna et al. 2022; Zhang et al. 2023).

To study a potential improvement in Cu?* tolerance, planktonic cells were adapted to 6.0 g/L
Cu?* prior to microbial activity tests, corresponding to the Cu?* present on leaching 6% w/v
PCB solid loading. These Cu-adapted cells were subjected to the same Cu?* stress as the non-
adapted cells, with results presented in Figure 5-4. Adapting the cultures to Cu?* improves
their tolerance to high Cu?* stress. Shorter lag phases were observed for Cu-adapted cultures
(Figure 5-4) compared to non-adapted cultures (Figure 5-3) across all Cu?* concentrations
tested. Complete microbial Fe?* oxidation was observed atapproximately 140 h by Cu-adapted
planktonic culture subjected to 11.0 g/L Cu?* (Figure 5-4), compared to 54% Fe?* oxidation
within the same period for non-adapted culture (Figure 5-3). Volumetric Fe?* oxidation rate of
Cu-adapted planktonic cells decreased by 49% (0.0359 + 0.0023 g Fe2*.L'1.h') at 22 g/L Cu?*
stress, relative to the control (0.0703 + 0.0029 g Fe?*.L2.h'1), compared to 69% reduction in
oxidation rate at the same Cu?* stress for non-adapted planktonic cells. Complete FeZ*
oxidation was observed within 300 h for the Cu-adapted culture at the highest Cu?*
concentration tested (50.0 g/L Cu?*), compared to only about 14% Fe?* utilised by the non-
adapted culture at the same Cu?* stress. This shows clear improvement in Cu?* tolerance of
the adapted cultures relative to the non-adapted culture. Improved tolerance to Cu?* after
pre-adapting an At. ferrooxidans culture was demonstrated by (Das et al. 1997). The authors
adapted an At. ferrooxidans dominated culture to 25 g/L Cu?* and compared microbial
oxidation ability of the Cu-adapted cells to the non-adapted cellsin the presence of Cu?* stress
(i.e., 5, 10, and 25 g/L Cu?*). The non-adapted cells were reported to achieve complete Fe?*
oxidation at 44 and 78 h when subjected to 5 and 10 g/L Cu?*and completely inhibited at 25
g/L Cu?*; whereas the Cu-adapted cells achieved 100% Fe?* oxidation even at 25 g/L Cu?*
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within 44 h (Das et al. 1997). Pre-adaptation of a bioleaching culture was also demonstrated
by (Arshadi and Mousavi 2014; Xia et al. 2017). Although pre-adaptation can be time-
consuming and may result in community shift (Xia et al. 2017; Nkuna et al. 2022), it presents
a potential working approach to process improvement.
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Figure 5-4 Microbial oxidation of ferrous iron by Cu-adapted planktonic cells (A-PC) at various
Cu?* concentrations, i.e., 0 (—lF), 1.0 (*+), 6.0 (¥), 11.0 (A), 22.0 (*), 33.0 (&),
44.0 (&), and 50.0 g/L (®). Error bars represent standard deviation, n = 3.

In light of the potential benefits of microbial immobilised systems over microbial planktonic
systems (Armentia and Webb 1992; Elakkiya et al. 2016; Nemati et al. 1998; Nkuna et al. 2022;
Sand and Gehrke 2006), microbial immobilisation was also considered as a potential method
to improve microbial metabolic activity through increased biomass retention and to minimise
microbial inhibition. The same microbial cultures used in the above free-suspended cell
system were grown and maintained in the presence of PUF as a biomass support structure, to
achieve a microbial colonised matrix and establish a biofilm (Figure 5-1). Figure 5-5 presents
Fe2* utilisation by non-adapted immobilised cells as a function of time. Although non-adapted
immobilised cells were also susceptible to Cu?*, they appeared to adapt to high Cu?*
concentrations faster than non-adapted planktonic cells. Reduced lag periods (by between 1.1
- 6.8-fold relative to the control) were observed for non-adapted immobilised cells across all
Cu?* concentrations tested (Figure 5-5), as compared to the long lag period (between 1.2 - 8.1-
fold) observed in non-adapted planktonic cells (Figure 5-3).

Despite the volumetric rate being reduced by 57% (0.0331 + 0.0021 g Fe?*.L1.h?) in the
presence of 22 g/L Cu®*relative to the absence of Cu?* stress (0.0778 + 0.0042 g Fe?*.L'1.h1),
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Fe?* was completely oxidised within 220 h for non-adapted immobilised cultures, compared
to about 50% Fe?* oxidised at the same time and Cu?* concentration for non-adapted
planktonic cells. Comparably, the volumetric rate of Cu-adapted planktonic cells was reduced
by 49% relative to control. At the highest Cu stress applied (50 g/L Cu?*), the non-adapted
immobilised cells were inhibited, with about 50% FeZ* oxidised within 300 h, but to a lesser
extent than the non-adapted planktonic cultures, where only about 24% Fe?* was oxidised
within the same period. These results suggested that prior adaptation of the microbial
cultures to Cu?* had more benefits than only microbial immobilisation. However, microbial
immobilisation also improved metal tolerance relative to the typical non-adapted planktonic
cultures in the bioleaching of PCBs. This suggested that the diffusional resistance presented
by both mass transfer within the interstitial regions and into the biofilm served as a protection
layer for immobilised cells against toxic Cu?*. This observation corresponded with previous
studies that indicated that the biofilm produced during cell attachment served as a diffusion
barrier against toxic metal ions (Dopson et al.,, 2003; Vu et al., 2009). Thus, microbial
immobilised systems may mitigate the microbial inhibition challenges faced in bioleaching
systems with high Cu?* concentrations. In addition, high cell density can be achieved in
immobilised cell systems which, in turn, could improve the Fe?* to Fe3* volumetric rates and
ultimately improve bioleaching efficiency.
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Figure 5-5 Ferrous iron oxidation by non-adapted immobilised cells (NA-IC) at various Cu?*
concentrations, i.e., 0 (- =), 1.0 (¥),6.0 (©), 11.0 (&), 22.0 (¢),33.0 (A), 44.0 (&
), and 50.0 g/L (€ ). Error bars represent standard deviation, n = 3.

Owing to the independent benefit of both Cu-adaptation and cellimmobilisation, we explored
their potential synergistic effect through the prior Cu-adaptation of immobilised cells to
further improve their performance and metal ion tolerance. The culture was immobilised and
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concurrently adapted to Cu?* by increasing Cu?* concentrations (by 0.5 g/L Cu?*), up to 6 g/L
Cu?*, at every subculturing. Microbial Fe2* oxidation by Cu-adapted immobilised cells over
time is presented in Figure 5-6. Cu-adapted immobilised cultures exhibited the best tolerance
to increasing Cu?* stress. Further reduced lag periods (between 1.1 - 3.5-fold relative to
control) preceding microbial Fe?* oxidation were observed across all Cu?* concentrations
tested relative to non-adapted planktonic and immobilised cells, and Cu-adapted planktonic
cells (Figure 5-7). Following the microbial lag phase, complete microbial oxidation was
achieved across all Cu?* concentrations tested but at volumetric rates reduced by between 14
—62%, at 11.0 — 50.0 g/L Cu?* stress for Cu-adapted immobilised cells. While in the same Cu?*
stress range, volumetricrate was reduced by 41 —66%, 52 —74%, and 56 —78% for Cu-adapted
planktonic cells, non-adapted immobilised and planktonic cells, respectively. The small
difference in percentage reduced volumetric rate at the highest Cu?* concentration across our
four sets of inoculum could further suggest that once the lag period had been overcome,
cultures could recover some of their performance during the exponential phase, subject to
the level of stress they are exposed to. (Hubau et al. 2020) demonstrated similar finding when
a planktonic mixed mesophilic culture dominated by L. ferriphilum and Sulfobacillus
benefaciens was subject to stress by PCB leachate at a concentration range of 0 — 60% v/v of
leachate added to medium with 10% v/v inoculum. The authors observed induced lag phase
from 10% PCB leachates, with the lag phase increasing with the amount of PCB leachates
added. However, following the lag period, the culture exhibited similar volumetric rates across
PCB leachate stress (Hubau et al. 2020).
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Figure 5-6 Microbial oxidation of ferrous iron by Cu-adapted immobilised cells (A-IC)
subjected to various Cu?* concentrations of 0 (—l), 1.0 (*), 6.0 (#), 11.0 (» ), 22.0
(®),33.0 (M), 44.0 (A),and 50.0 g/L (™). Error bars represent standard deviation,
n=3.
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Notably, when the Cu-adapted immobilised cells were most stressed (at 50 g/L Cu?*), all
available Fe2* was oxidised within 220 h (Figure 5-6). This is significant as one of the major
drawbacks of bioleaching is that the process is slow as a result of slow microbial Fe2* to Fe3*
turnover, among other factors. Fast regeneration of the required Fe3* from Fe?*, even in the
presence of inhibitory metal ions, thus becomes a vital factor in improving the overall
bioleaching process. Immobilisation and prior adaptation of the microbial cultures improved
microbial tolerance to high Cu?* concentration and the culture’s performance over only
adapting or immobilising the cultures. Across all Cu?* concentrations tested, Cu-adapted
immobilised microbial cultures presented better tolerance to high Cu?* concentrations and
improved culture performance (Figure 5-7). Figure 5-8 shows that at the highest Cu
concentration tested (50.0 g/L), Cu-adapted immobilised cells achieved complete FeZ*
oxidation in a shorter period. Improved culture performance could be attributed to a resultant
synergy of biofilm formation and prior adaptation of these immobilised cells to Cu?*. This
presents a greater opportunity to adopt Cu-adapted microbial immobilised systems not only
in bioleaching of e-waste streams, such as PCBs, but also in Cu?*-rich bioleaching systems. To
the best of our knowledge, there are no reports in the literature on the adaptation of
immobilised microbial cultures.
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Figure 5-7 Comparison of (A) lag time required prior to onset microbial Fe2* oxidisation, and
(B) time taken to achieved 100% Fe?* oxidation by NA-PC (8), A-PC (B), NA-IC (3),
and A-IC (B)) subjected to increasing Cu?* concentrations. Error bars represent
standard deviation, n = 3
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Figure 5-8 Comparison of ferrous iron oxidation over incubation period by NA-PC (3), A-PC (
B), NA-IC (O), and A-IC (B) subjected to 50.0 g/L Cu?* concentrations. Error bars
represent standard deviation, n = 3.

5.4 Conclusion

To exploit bioleaching as a technology of choice for treating low-grade PCBs to recover base
metals prior to precious metal recovery, itis important to better understand the sub-processes
involved. One such sub-process, microbial oxidation of ferrous iron, facilitates the
regeneration of ferric iron, the primary oxidant in the bioleaching of PCBs, without ongoing
chemical addition. The present study investigated the immobilisation of microbial cellson PUF
and their adaptation to 6 g/L Cu?*, the predominant inhibitory metal found in PCBs, as a
method to improve the metabolic activity of microbial cells through minimising microbial
inhibition by metal ions. This investigation demonstrated that prior adaptation of a mixed
culture of planktonic cells, including L. ferriphilum as dominant iron oxidizing bacterium, to
Cu?* improves their tolerance to high Cu?* concentration to a greater extent than only
immobilising the microbial cultures; however, immobilised cultures also presented improved
tolerance to Cu?*. Above 33 g/L Cu?*, more than 50% of the initially available Fe?* was oxidised
within 300 h for non-adapted immobilised cultures, compared to only about 25% oxidised
within the same period and Cu?* concentration for non-adapted planktonic cultures. High
microbial metabolic activity and improved tolerance to Cu?* ions for immobilised cells were
attributed to the both the micro-environment within the PUF-BSP and the resultant biofilm
associated with colonised microbial cells, which act as a diffusion barrier against inhibitory
Cu?t,

With the improved culture performance observed in non-adapted immobilised cells as well as
in planktonic microbial cultures that have been adapted to copper, potential synergistic
benefits of adaptation of immobilised cells to Cu?* was investigated. Cu-adapted immobilised
microbial cultures presented better tolerance to high concentrations of Cu?* than non-
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adapted planktonic and immobilised cells, and Cu-adapted planktonic cells. At the highest Cu?*
concentration tested of 50 g/L Cu?*, all available Fe2* was utilised within 220 h for Cu-adapted
immobilised cells. This high Cu?* tolerance and improved culture performance in Cu-adapted
immobilised cells was attributed to the interactive benefits of diffusion limitations following
retention in a micro-environment and biofilm formation and prior adaptation of the
immobilised cells to Cu?*. Furthermore, it gives added potential for higher cell concentrations
to be used, as demonstrated in the study of inoculum size. Maintenance of improved culture
performance at high Cu?* concentrations present greater opportunities to adopt Cu-adapted
immobilised cells systems in bioleaching of e-wastes streams and in bioleaching leaching
systems that are typically rich in Cu. This study presents a novel approach to the mitigation of
the inhibitory effect of Cu?*in Cu rich bioleaching systems.
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CHAPTER 6

6 Microbial immobilisation and adaptation to Cu®*

enhances microbial Fe?* oxidation for bioleaching of
printed circuit boards in the presence of mixed metal
ions

This study acknowledged that inhibition of microbial culture is not limited to predominant
Cu?* but also due to other individual metal ions such as Zn2*, Ni2*, or in their combinations,
and/or other dissolved components of PCBs during bioleaching. With the promising results
from Chapter 5 in terms of improved metal tolerance and ability to maintain high specific
microbial oxidation rates in the presence of increased Cu?* concentrations, this study further
investigated the inhibitory effects of individual Zn2*, Ni?*, and Sn?*. In addition, it investigated
the inhibitory effect of mixed metals by combining these three metals with Cu?* in
compositions mimicking their expected concentrations in PCB leachates. It finally evaluated
the effect of PCB leachates on Fe?* oxidation, with the intention of understanding microbial
inhibition beyond metal ions. The major results from this study are aimed at detailing
potential inhibition by predominant base metalions and PCB leachatesto inform the selection
of microbial cultures and reactor configurations at which microbial inhibition is minimised.
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Abstract

A circular economy requires effective re-use of finite resources, such as metals from waste
electrical and electronic equipment (WEEE). Bioleaching for extraction and recovery of base
metals from printed circuit boards (PCBs) before recovering precious metals has potential to
increase metal circularity. However, inhibition by base metals released from the PCBs and
accumulated in PCB leachates on microbial Fe?* oxidation, a critical bioleaching sub-process
for Fe3* regeneration, can limit this approach. Here, we explore the potential of microbial
immobilisation on polyurethane foam (PUF) and adaptation to cupric ions to minimise
inhibition by mixed metalsreleased from PCBs, particularly zinc, nickel, and tin, and enhancing
Fe2* oxidation rates in PCB bioleaching systems. A mixed mesophilic culture dominant in
Leptospirillum ferriphilum, Acidiplasma cupricumulans and Acidithiobacillus caldus was
immobilised on PUF and adapted to 6 g/L Cu?*. Tolerance of Cu-adapted immobilised cells to
the inhibitory metal ions Zn?*, Ni%*, and Sn?*, asindividual (0-10 g/L) and mixed metal ions at
concentrations typically leached from PCBs at solids loadings of 0-20% (mass/volume) was
compared to that of non-adapted immobilised cells. Further, the impact of solutes from PCB
leachates were evaluated. Inhibition by individual metal ions decreased in the order Sn2* >
Ni2*>Zn2*. Inhibition of ferrous iron oxidation by mixed metalions was synergistic with respect
to individual metal ions. PCB leachates were more inhibitory than both mixed and individual
metal ions even where metal concentration was low. Cu-adapted immobilised cells exhibited
higher tolerance to increasing concentrations of inhibitory metal ions than non-adapted cells.
These results are promising for the application of Cu-adapted cells in the bioleaching of PCBs
and multi-metal concentrates.

6.1 Introduction

Recycling of metals from waste electrical and electronic equipment (WEEE) is key to both
reducing metal pollution and driving towards an increasingly circular economy in which the
demand for metals from virgin metals is minimised. In addressing this, the application of
bioleaching in which acidicferricleaching of metals is linked to microbial regeneration of ferric
iron and acid by acidophiles to extract metals from printed circuit boards (PCBs) continues to
receive attention owing to its potential for economic and environmental benefit over
pyrometallurgy and hydrometallurgy (Moosakazemi et al. 2022; Tapia et al. 2022; Tuncuk et
al.2012a; Xia et al. 2017). This is postulated as biohydrometallurgical operating conditions are
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typically less corrosive, the energy demands of extraction may be less as the working
temperatures are generally low, and, most importantly, in-situ regeneration of the primary
oxidant, ferric iron, is achieved in the presence of iron-oxidising acidophilic microorganisms
such as Leptospirillum (L.) ferrooxidans, Acidithiobacillus (At.) ferrooxidans and L. ferriphilum
as well as the archaea such as Acidiplasma cupricumulans and Ferroplasma sp., via Eq.
6-2(Baniasadietal. 2019; Islam et al. 2020; Ji et al. 2022b; Tuncuk et al. 2012a; Wu et al. 2018).

2Fe3 + M° - 2Fe? + M2t Eq. 6-1
2Fe?t + 050, +2H IS ket 4 H,0 Eq. 62

Bioleaching technology has shown potential to be economically viable even for low-grade
ores, suggesting this may hold true for PCBs. Further, it has potential to be developed across
a range of operating scales with opportunity for distributed WEEE processing. These motivate
interest inits further development. Research on PCB bioleaching has focused primarily on the
factors affecting the rates and extent of both metal extraction and microbial leachate
regeneration such as the concentration of ferriciron, solution pH, system temperature, pulp
density, microbial strain(s) present, their inoculum sizes, and effect of metallic and non-
metallic components of the PCBs on the microbial activity (Anaya-Garzon et al. 2021; Bas et
al. 2013; llyas et al. 2010; Lambert et al. 2015; Yang et al. 2009; Zhu et al. 2011). A solution pH
below 2 is required to avoid ferriciron precipitation as jarosite. Jarosite can deposit on PCBs,
lowering metal surface area available and hence rate of metal extraction. Metals extracted
such as cupric ions can complex with jarosite, adversely affecting downstream processes
(Baniasadi et al. 2019; Priya and Hait 2018). To minimise continuous addition of acid during
the bioleaching of metals from PCBs to keep the pH below 2, Bryan et al. (2015) investigated
the addition of pyrite as its leaching and the associated sulfur oxidation results in in-situ
generation of acid, while also supplementing Fe available in solution. Lambert et al. (2015)
showed that the rate of copper extraction from electric cables is dependent on the
concentration of the available Fe3*, such that leaching kinetics are enhanced with increasing
ferric iron concentration.

An adverse effect of accumulation of the mixed metals released on leaching has the potential
to inhibit the growth and ferrous iron oxidation rates of acidophilic bacteria during
bioleaching, and thereby regeneration of ferriciron and protons. This has been reported for
the bioleaching of PCBs, WEEE and sulfide minerals (Brandl et al. 2001; Dopson et al. 2003;
Edward et al. 2018; Khachatryan et al. 2021; Ojumu et al. 2008; Bryan et al. 2015). Inhibition
in microbial ferrous iron oxidation can be caused by metals such as Fe2* (substrate) (Nurmi et
al. 2009; Ozkaya et al. 2007), Fe3* (product) (Ozkaya et al. 2007; Khachatryan et al. 2021), as
well as other base metal ions such as Zn2*, Cu?*, Al?*, Ni2* - asindividual metal ions or in their
combination (Das et al. 1997; Bryan et al. 2015; Li and Ke 2001; Nurmi et al. 2009; Lambert et
al. 2015); as well as components liberated from PCBs (Anaya-Garzon et al. 2021; Bas et al.
2013; Brandl et al. 2001; Bryan et al. 2015; Hubau et al. 2020; Lambert et al. 2015) and other
forms of e-waste such as plastic (Lambert et al. 2015) . Khachatryan et al. (2021) investigated
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the effect of Fe?* and Fe3* ions on the growth and Fe?* oxidation kinetics of L. ferriphilum,
reporting that Fe2* oxidation was competitively inhibited at concentrations between 4 g/L Fe3*
and 11.2 g/L Fe3*. Similarly, Ozkaya et al. (2007) reported competitive inhibition of the L.
ferriphilum by Fe3*ions, from 5 g/L Fe3* but complete Fe?* oxidation was achieved even at 60
g/L Fe3* after 55 h lag phase. Khachatryan et al. (2021) further studied the effect of Cu, Zn, Ni,
and Co on the Fe?* oxidation kinetics, showing decreasing toxicity of these metal ions as
follows: Co?* > Zn?* > Ni?* > Cu?*. In an attempt to mitigate microbial inhibition, Lambert et al.
(2015) adapted their culture to 16 g/L Cu?* and 1 g/L Al3* prior to bioleaching electric cables.
Despite the prior adaptation, Fe?* oxidation was adversely inhibited. They attributed the
observed inhibition to the plastic components of the cables, amongst other factors, as a lag
of 18 h was reported in the presence of the plastic coating relative to experiments without
plastic (Lambert et al. 2015). Recently, Hubau et al. (2020) investigated the effect of varying (0
to 60% v/v) PCB leachate concentrations on microbial Fe?* oxidation by a culture dominated
by L. ferriphilum and Sulfobacillus benefaciens. They observed Fe?* oxidation inhibition
increased with increasing PCB leachate concentrations. However, even at their highest
concentration of PCB leachates, complete Fe?* oxidation was achieved within 600 h,
suggesting that the culture slowly adapted to high concentration of PCB leachate.

Despite the research to date on factors affecting the bioleaching of PCB systems, microbial
inhibition remains one of the major challenges limiting the commercialisation of the process.
Approaches reported to process improvement include microbial adaptation to metal ions
(Brandl et al. 2001; Dopson et al. 2003; Xia et al. 2008; Xia et al. 2017), and the separation of
the sub-processes of chemical leaching of the PCBs and the microbial regeneration of the Fe3*
ions into two stages (Brandl et al. 2001; Hubau et al. 2020; Wu et al. 2018). Nemati et al. (1998)
and Nemati and Webb (1996) reported the benefit of immobilised microbial cultures in
enhancing ferriciron generation rates. Here, the microbial culture colonises a biomass support
structure (Duku 2011; Gonzalez et al. 2013; Horn et al. 2001; Nemati et al. 1998; Nemati and
Webb 1996; Liu et al. 2019; Zhang et al. 2023). Despite the wide exploration and well-
documented benefits of immobilised microbial systems in bioleaching of mineral sulfides at
laboratory scale (Armentia and Webb 1992; Gémez et al. 2000; Nemati et al. 1998; Nemati
and Webb 1996), there are limited studies on the adaptation of this strategy in the bioleaching
of PCBs. Maluleke et al. (2024b) have demonstrated that microbial immobilisation using
polyurethane foam (PUF)-based systems both enhances volumetric Fe?* oxidation rates
through increased biomass concentration and mitigates against the impact of Cu-induced
inhibition of Fe?* inhibition, augmenting the benefits of adaptation to the metal.

The present study explores the potential to exploit microbial immobilisation and microbial
adaptation to Cu?*as routes to minimise microbial inhibition by mixed metals released from
PCBs and improve Fe?* oxidation rates for application of bioleaching systems for metal
recovery from PCBs. A mixed mesophilic culture of acidophiles was immobilised on
polyurethane foam (PUF) as a biomass support structure and adapted to 6 g/L Cu?*ions. The
influence of Zn?*, Sn%*, and Ni%* as (1) individual metal ions and (2) in combination in ratios
modelled on a PCB leachate, as well as PCB leachates on microbial Fe2* oxidation by the
immobilised and adapted cultures was studied. Their response to increasing concentration of
the inhibitory metal ions, both individually and as a metal mixture representative of PCB
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leachate, was compared to that of non-adapted immobilised cultures. These findings are key
to inform the design of the metal bioleaching process for recovery of base metals from PCBs
prior to recovery of gold and platinum group metals (PGMs), thereby increasing circularity of
the metals.

6.2 Materials and methods

6.2.1 Microbial culture growth and maintenance

The mixed mesophilic culture (dominated by L. ferriphilum, At. caldus and Ap. cupricumulans
(>10% abundance)) used in this study was obtained from a stock culture maintained on 3%
w/v pyrite concentrates in a 1 L batch stirred tank bioreactor at the CeBER laboratory
(University of Cape Town). Microbial speciation of the inoculum was performed according to
Tupikina et al. (2013) using quantitative real-time polymerase chain reaction (gPCR) with
bespoke primers designed for the typical mesophilic acidophilic bioleaching microbes. The
inoculum was made up of L. ferriphilum (38%), At. caldus (45%) and Ap. cupricumulans (15%),
with additional species present at <1% abundance. Autotrophic basal salts (ABS) medium
comprising of 7.5 g/L (NH4)2S04, 7.5 g/L Na2S0s4, 2.5 g/L KCl, 25 g/L MgS04.7H20, 2.5 g/L
KH2PO4, and 0.7 g/L Ca(NO3)2.4H20, with 1 mL trace elements, at pH 1.4 (adjusted with
concentrated H2S04) was used (Johnson et al. 2008b; Kolmert and Johnson 2001). The
microbial activity of the stock culture was regularly monitored in terms of solution pH and
redox potential, analysis of Fe3*/Fe?*ions concentrations, routine cell counts and microbial
speciation. The concentration of planktonic microbial cells was determined by direct
microscope cell count on Thoma counting chamber using phase contrast optics and an
Olympus BX40 microscope at 1000x magnification.

6.2.2 Immobilisation on PUF and adaptation to Cu

Sterilised 1 cm3 PUF cubes (open-pore PUF, SK:FI0884, supplied by Akwa Products, South
Africa) were placed in a 400 mL sterilised ABS medium containing 5 g/L Fe?* (added as
FeS04.7H20) in a 1 L Erlenmeyer flask. The solution pH was adjusted to pH 1.4 using
concentrated H2SO4 before inoculating with 10% v/v of the mixed culture and incubating at
37 °C with agitation at 120 rpm. The activity of the culture was monitored by regular
measurements of redox potential, pH, and Fe3*/Fe?* concentrations. The culture was
maintained by routine subculturing on substrate depletion at which point 50% v/v spent
medium was replaced with fresh medium containing 5.0 g/L FeZ* substrate. Microbial
adaptation to Cu?*ions was achieved by incrementally increasing Cu?* concentrations (by 0.5
g/L Cu?*) on each subculture, up to 6.0 g/L Cu (added as CuSO4.7H;0). The culture was
maintained under these conditions for at least for 2 months before being used for FeZ*
oxidation study in the presence of inhibitory metal ions (Section 6.2.3).

6.2.3 Impact of metal ions on microbial oxidation of Fe?* ions

The effect of inhibitory metal ion concentrations was investigated in triplicate in 250 mL
Erlenmeyer flasks with a working volume of 100 mL using ABS medium containing 5.0 g/L Fe?*
at pH 1.4. Each flask was inoculated with 3 PUF units colonised with microbial culture adapted
to 6.0 g/L Cu, then incubated with agitation at 120 rpm on an orbital shaker at 37 °C. Control
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flasks were inoculated with three PUF units colonised with the mixed culture that had not
undergone prior adaptation to Cu?* and incubated at the same conditions. Although the
present study focused on immobilised cells, planktonic cultures (non- and Cu-adapted cells)
were run parallel to the immobilised cell systems. We demonstrated in Maluleke et al. (2024b)
that three PUF units presented a similar Fe?* oxidation rate to the planktonic culture
inoculated at 10% v/v to achieve a starting cell concentration of 1.21 x 102 cell/mL in the
absence of inhibitory metal ions, characterised by Fe?* oxidation rates of 0.065+0.001 g Fe?*.L-
1 h'1 and 0.064+0.003 g Fe2*.L1.h1, respectively (null hypothesis confirmed by the p-value of
0.540). As such, a 10% v/v inoculum of planktonic cells was used in this study. Inhibition by
Zn?*, Sn?*, Ni%*, as individual metal ions at 0, 1.0, 3.0, 6.0, 8.0, and 10.0 g/L, their combination,
and PCB leachates was investigated. Both individual and mixed metalions were prepared from
their respective sulfate salts. The concentration of each metal in the mixed metal solutions
was calculated based on its expected concentration at the specified PCB solid loading (%PCB
w/v). The custom-made PCB sample was rich in Cu with <0.2% wt of other base metals, as
shown in Table 6-1.

Table 6-1 Metal composition of PCBs (g metal/100 g PCB) reported across a range of PCB
sources.

Metal composition (wt %)
Type of sample Reference

Cu Pb Al Sn Zn Fe Ni Ag Au
PCBs From E-waste .
Xiang et al.
23.1 2.89 2.60 1.88 1.75 0.810 0.190 0.0200 1.40%x103 scrap, Guangzhou, (2010)
China
PCBs from
14.5 1.17 6.04 1.67 1.67 12.2 0.340 0.201 0.0440 computer, toys, Hubau et al.
) . . . . . . : ' audio & video (2020)
equipment, France
PCBsfrom memory Carvalho et
19.7 0 2.66 1.99 2.55 8.34 0.270 0.0500 0 and motherboard al. (2018)

of computers

Cust d
ustom made Sample used

11.0 0 0 1.00x103 0.0400 0.150 0.180 0 0 template, South . .
. in this study
Africa
Computer PCBs, Guo et al.
27.5 2.91 1.32 3.43 2.86 1.60 0.400 3.00x103 6.00x103
* x Hunan, China (2011)
PCBs from E-waste llvas et al
8.90 3.15 0.750 1.00x10°3 8.20 8.00 2.00 3.00x103 1.00x103 scrap, Wuhan, y(2010) ’
China
17.5 2.02 2.23 1.50 2.84 5.19 0.560 0.0130 1.00x10°3 Average
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As such, to have a proportion of mixed metal which can be comparable (in terms of metal
concentrations) to other characterised PCBsreported in the literature, five literature-reported
PCB compositions were considered and their average metal content was calculated and used
to inform mixed metal proportions (Table 6-1). The PCB solid loadings mimicked were 0, 5, 10,
15, and 20% w/v based on this average PCB metal composition with 100% extraction to
solution assumed. The simulated PCB loadings included four metals of interest, Zn, Ni, Cu, and
Sn and their prepared concentrations per solid loading are defined in Table 6-2.

Table 6-2 Metals added in the mixed metal composition and their respective concentration
(g/L) per simulated PCB solid loading (%w/v).

Simulated % PCB solid loading (%w/v)

Metal 1% 5% 10% 15% 20%
Cu (g/L) 1.75 8.73 17.5 26.2 34.9
Zn (g/L) 0.285 1.42 2.84 4.27 5.69
sn (g/L) 0.150 0.748 1.50 2.24 3.00
Ni (g/L) 0.0560 0.282 0.563 0.845 1.13

To study the effect of PCB leachates on Fe?* oxidation, leachates from the PCB template were
first prepared by Fe3* leaching of 20% w/v PCBs in a 1 L stirred tank reactor (see Table 6-3).
The concentration of the Fe3*leaching agent was calculated based on the concentration of the
base metal in the characterised PCB, and the known required leaching stoichiometry of 2 mol
Fe3*: 1 mol metal (Equation 1) (Tuncuk et al. 2012a; Yazici and Deveci 2014), resulting in 40.0
g/L Fe3* being used to leach 20% w/v PCBs. Daily measurements of pH and redox potential,
and analysis of Fe concentrations were performed to monitor metal leaching. At the end of
the leaching, determined by the complete reduction of Fe3*to Fe?* the leachate was filtered
through a 0.45 um Whatman filter and analysed for the four metals of interest and Fe (Table
6-3). Varying amounts of 0, 10, 20, 30, 40, and 50% v/v by volume of PCB leachates were then
added into the 250 mL Erlenmeyer test flasks to study Fe?* oxidation in the presence of
increasing PCB leachates concentrations while maintaining a total working volume of 100 mL.

Table 6-3 Metal concentrations (in g/L) in the leachate generated at a PCB solid loading of
20% and used to investigate the inhibitory effect of PCB leachates.

Metal Concentration (g/L)
Cu 22.2
Fe 33.1
Ni 0.406
Zn 0.0930
Sn 0

6.2.4 Analytical techniques
6.2.4.1 Redox potential and pH

All redox potential measurements were conducted using a glass electrode (Metrohm, Model
6.0451.100) with 3 M KCl as electrolyte and an Ag/AgCl reference electrode, connected to the
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pH/Eh 867 Metrohm meter. These are reported as redox potential relative to the Ag/AgCl
reference. The pH measurements were carried out using an iConnect 854 pH electrode,
connected to the Metrohm 867 meter.

6.2.4.2 Iron concentrations

Iron concentrations in the form of Fe3* and Fet°t were quantified spectrophotometrically using
the colorimetric ferric chloride assay (Govender et al. 2012) with measurements at 340 nm
wavelength using a Genesys 10S UV-Visible Thermo Scientific spectrophotometer. Reaction of
HCl selectively with Fe3* formed a ferric chloride complex quantified by absorbance at 340 nm
to provide the concentration of Fe3*. Further, reaction of the sample with potassium persulfate
oxidised Fe?* to Fe3*. By measuring absorbance at 340 nm again, the total concentration of Fe
(Fet°t) was obtained. Fe2* concentration was deduced from the difference.

6.3 Results and discussion

6.3.1 Effect of individual metals Zn, Ni, and Sn on microbial oxidation
of Fe?*

While Cuis the most abundant metal in typical PCBs, Zn, Ni, and Sn are among the next most
abundant. Dissolution of these metals on PCB bioleaching may contribute to microbial
inhibition (Khachatryan et al. 2021; Nurmi et al. 2009; Tapia et al. 2022; Tian et al. 2007; Xu et
al. 2013; Zhang et al. 2023). Their impact on microbial Fe?* oxidation was tested from 1.0 to
10.0 g metal/L. The oxidation of Fe?* over time in the presence of increasing concentration of
individual metalions is presented in Figure 6-1, Figure 6-2, and Figure 6-4. Generally, microbial
inhibition increased with an increase in the concentration of inhibitory metal ions in solution
as observed by the increase in lag time and the increased time required to achieve the same
extent of ferrous iron oxidation. On use of Cu-adapted immobilised cells, better tolerance was
observed than for non-adapted immobilised cultures as shorter times were required to
achieve complete Fe3* regeneration as observed.

Across all Zn?* concentrations investigated, no clear trend in Fe?* oxidation as a function of Zn
concentration was seen in the immobilised cultures (Figure 6-1C & D) and Cu-adapted cultures
(Figure 6-1B & D). The 5 g/L Fe?* was completely oxidised within 80 h in these cases for Zn2*
concentrations less than or equal to 10 g/L (Figure 6-1B-D), indicating the absence of Zn?*
inhibition in this range following adaptation to 6 g/L Cu?*. For non-adapted immobilised cells,
Zn inhibition was not observed below 8 g/L Zn?*. In the non-adapted planktonic cultures, an
extended oxidation period was observed with increasing Zn?* concentration, largely due to an
extended lag phase (Figure 6-1A). Complete Fe2* oxidation was extended from 80 hat O and 1
g/L Zn?** to 100 h at 8 and 10 g/L Zn?*.
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Figure 6-1 Progressive microbial Fe?* oxidation by non-adapted planktonic (A) and
immobilised cells (C), and Cu-adapted planktonic (B) and immobilised cells (D) in the
presence of an increasing concentration of Zn%* (0-10 g/L). Non-adapted cells (A, C),
0g/L(-),(*)1g/L,38/L(9),68/L(?) 8g/L ("), and 10 g/L (A). Cu-adapted
cells (B, D), 0g/L (-m-), 1g/L(¥),3g/L(®), 6g/L(*) 8g/L(M), and 10 g/L (&)
Error bars represent standard deviation, n = 3.

While complete Fe?* oxidation has been reported by planktonic L. ferriphilum dominated
cultures by Tapia et al. (2022), Bryan et al. (2015) , and Khachatryan et al. (2021), this was
preceded by long lag phases (suggesting adaptation over time). Tapia et al. (2022) showed
that a mixed culture of Tissierella, Acidiphilium, and Leptospirillum was able to tolerate up to
33 g/L Zn?*. On investigating the effect of Zn?* (10-150 mM, about 0.65-9.81 g/L) on Fe?*
oxidation by planktonic L. ferriphilum, Khachatryan et al. (2021) observed an increasing
inhibitory effect of Zn%* with increase in Zn?* concentrations, with a minimal inhibitory
concentration at 0.65 g/L Zn?* and adverse microbial inhibition at9.81 g/L (Khachatryan et al.
2021). While these authors show similar Zn inhibition of acidophilic cultures to those reported
here, the positive impact of adaptation to Cu?* and of immobilisation on enhancing tolerance

to Zn has not been demonstrated previously.

Microbial Fe?* oxidation in the presence of increasing concentration of Ni%* ions is presented
in Figure 6-2. Ni**inhibited Fe?* oxidation from 3 g/L Ni%* for both non-adapted planktonic and
immobilised cells (Figure 6-2A and C). A prolonged lag phase was observed at elevated Ni%*
concentrations of 8 and 10 g/L, indicative of the inhibitory effects of Ni?* increasing with an
increase in Ni?* concentration. These lag phases were exaggerated in the non-adapted
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planktonic cultures over the non-adapted immobilised cultures. An elongated lag phase for
non-adapted immobilised cells was observed at the highest Ni2*tested (10 g/L), with about
10% (0.49 g/L) Fe?* oxidised within 52 h relative to 48% (2.46 g/L) Fe?* oxidised at 0 g/L Ni%*
within the same period (Figure 6-2C). In the non-adapted planktonic cultures, similar delayed
oxidation at 52 h was found at 3, 6, 8 and 10 g/L Ni2* and the time required for complete Fe?*
oxidation was extended to 104, 126, 126 and 212 h, respectively, at 3, 6, 8 and 10 g Ni?*/L,
compared with 85, 101, 104 and 122 h in the non-adapted immobilised cultures, and 80 h in
the control. Bryanet al. (2015) also observed microbial inhibition of a planktonic L. ferriphilum
culture at 3 g/L Ni?*. Their culture was also observed to adapt to Ni2* and recovered after
about 300 h. Nonetheless, complete Fe?* oxidation was not achieved, suggesting severe
microbial inhibition by Ni?* (Bryan et al. 2015). Following adaptation of the cultures in this
study to 6 g Cu?*/L, performance remained compromised at 3 g/L Ni%* and above, but to a
much lower level. An extended lag phase of 48 h was observed with an increase in Ni%*
concentration to 3 g/L and above for the Cu-adapted immobilised cells (Figure 6-2D). The Cu-
adapted culture was observed to recover much more quickly compared to non-adapted
culture across all Ni2* tested, indicating the benefits of prior adaptation of the culture.
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Figure 6-2 Progressive microbial Fe?* oxidation by non-adapted planktonic (A) and
immobilised cells (C), and Cu-adapted planktonic (B) and immobilised cells (D) in the
presence of an increasing concentration of Ni2* (0-10 g/L). Non-adapted cells (A, C),
0g/L(-8-),1g/L( ¥),3g/L(®),68/L(?),8g/L("),and 10 g/L (8). Cu-adapted
cells (B,D), 0 g/L(®-),1g/L("),3g/L(®),68/L(®),8¢g/L(™),and 10g/L (A).
Error bars represent standard deviation, n = 3.
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Tin solder is widely used to mount electronic components onto the surface of PCBs. As such,
tin is one of the predominant metals across various PCBs. Tin can easily be leached from PCBs
with HNO3 and recovered by precipitation as SnO2 (Yang et al. 2017b). On bioleaching PCBs, a
low concentration of tin is detected in the leachate as itis also reported to precipitate out of
the solution as SnO under these acidic conditions (Brandl et al. 2001; Ilyas et al. 2007).
Although PCB leachates may contain a low amount of soluble Sn and some precipitated SnO,
it is vital to understand their inhibitory effect on the microbial culture, particularly in the case
of a one-stage reactor set-up. In the present microbial inhibitory studies, Sn was added as
dissolved Sn?*, however, a whitish/yellowish precipitate (SnO) was observed over time (Figure
6-3).

Figure 6-3 Observed precipitation in flasks containing tin, postulated to be SnO (Brandl et al.
2001; Bryan et al. 2015; llyas et al. 2007).

Reduction of available Fe3* to Fe2* (with increasing Fe2* concentration) was observed (Figure
6-4A-D). Similar to observations in the presence of Zn2* and Ni?*, the culture exposed to 1.0
g/L Sn?* remained unaffected for both non- and Cu-adapted immobilised cells and adapted
planktonic cells with a small decrease in performance with non-adapted planktonic cells. A
period of Fe3* reduction and, possibly, a lag phase was observed with 3.0 g/L Sn%* in both non-
and Cu-adapted cultures (Figure 6-4A-D). While complete oxidation of Fe?* was observed
within 200 and 150 h, respectively for immobilised and planktonic cells, more rapid Fe?*
oxidation is clearly shown on adaptation (residual Fe2* of 6 and 4.5 g/L at 96 and 120 h for
non-adapted cultures vs 4.5 and 2.5 g/L, respectively, for Cu-adapted immobilised cultures).
This delay in Fe?* oxidation suggested an inhibitory effect of Sn?* on both cultures.
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Figure 6-4 Progressive microbial Fe?* oxidation by non-adapted planktonic (A) and
immobilised cells (C), and Cu-adapted planktonic (B) and immobilised cells (D) in the
presence of an increasing concentration of Sn2* (0-10 g/L). Non-adapted cells (A, C),
0g/L(®-),1g/L(*),3g/L(®),68/L(?) 8g/L("), and 10 g/L (). Cu-adapted
cells (B, D), 0g/L(-m-),1g/L(¥),3g/L(®),6g/L(*),8g/L(M),and 10g/L (B).
Error bars represent standard deviation, n = 3.

A severe inhibitory effect, characterised by a longer lag phase (>470 and 220 h for non-
adapted and Cu-adapted immobilised cultures, respectively, and 400 and 270 h for non-
adapted and adapted planktonic cells, respectively), was observed at 8.0 g/L and 10.0 g/L Sn?*.
Despite the culture performance being severely compromised at 10.0 g/L Sn?*, complete
oxidation of 10 g/L Fe?* was achieved at approximately 350 h for Cu-adapted immobilised
cells. While within the same period, 8-10 g/L Sn?** completely impeded the Fe?* oxidation
ability for both non-adapted planktonic and immobilised cells over a 500 h period (Figure
6-4C) while adapted planktonic cells achieved complete oxidation in the presence of 8 g /L
Sn?* and 40% oxidation at 10 g/L in 500 h. This difference showed that Cu-adapted cells had
better tolerance to Sn?* than non-adapted cells. Due to the complexity associated with
precipitation of Sn, limited studies have reported on the effect of Sn on the bioleaching of
PCBs (Brandl et al. 2001; Bryan et al. 2015; Ilyas et al. 2007). To the best of our knowledge,
only. Bryan et al. (2015) investigated the inhibitory effect of Sn using a synthetic solution, and
only up to 1.0 g/L Sn?*. In addition to observed SnO precipitates, they reported microbial
inhibition at 1.0 g/L Sn?*, with their planktonic culture recovering only after about 500 h of
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incubation (Bryan et al. 2015). The tolerance of the immobilised cells to elevated Sn?* tested
herein suggest the benefits of both immobilisation and prior adaptation to Cu.

Figure 6-5 shows a comparison of Fe?* oxidation, in terms of % Fe2* oxidised to Fe3*, by both
non- and Cu-adapted immobilised cells at increasing metal ions concentrations, within 80 h.
Figure 6-6 shows comparison of the time taken to achieve complete microbial Fe?* oxidation
by all four set of inocula studied. Although the immobilised cells were adapted to Cu?* only,
they presented a better tolerance to increasing concentrations of all metals tested than non-
adapted immobilised cells. This indicated that prior adaptation of the microbial culture to Cu?*
ions did not only improve their tolerance to Cu?* but also to other inhibitory metalions. (Li
and Ke 2001) reported similar results with planktonic At. ferrooxidans-dominated culture,
adapted to 25 g/L Cu?*. Their Cu-adapted culture had higher tolerance to mixed metal ions
(Cu?*, Ni2*, and Mg?*) than Zn-adapted and non-adapted cultures. Moreover, their Cu-adapted
culture exhibited higher bioleaching rates of nickel-bearing pyrrhotite (Li and Ke 2001). This
ability of adapted cells to tolerate stress environments different to the adaptation conditions
has also been reported by Xia et al. (2008). In their study, an A. ferrooxidans culture was
adapted to 5% w/v chalcopyrite prior to assessing its ability to attach onto a mineral surface,
and its tolerance to shear stress and Cu?* in comparison to the non-adapted culture. The
authors reported that in all these three extrinsic factors studied, the adapted culture
performed better than non-adapted cells, and consequently, the adapted culture exhibited
higher bioleaching rates (Xia et al. 2008).
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Figure 6-5 Fraction of Fe2* oxidised (using a 5 g/L Fe2* starting concentration) to Fe3* by non-
adapted immobilised cells (NA-Zn, NA-Ni, NA-Cu, and NA-Sn) and Cu-adapted
immobilised cells (A-Zn, A-Ni, A-Cu, and A-Sn), at 80 h, when exposed to various
concentrations (0-10 g/L) of individual metalions (Zn?*, Ni%*, Cu?*and Sn?*). Error bars
represent standard deviation, n= 3. Cu tolerance data presented here are presented
in detail in (Maluleke et al. 2024b).

From Figure 6-5, it was evident that toxicity of the individual metal ions to both non- and Cu-
adapted immobilised cells was as follows: Sn2* > Ni?* > Zn?*. While the culture is more tolerant
to Cu?* than Ni?* at concentrations of 3 g/L and below, the non-adapted culture is far more
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inhibited by Cu?* than Ni?* in the concentration range of 6 — 10 g/L; however, following
adaptation, the culture tolerates Cu?* better than Ni%*in the higher concentration range. This
holds even when considering the additional Fe2* oxidation required on exposure to Sn owing
to its reduction of Fe3*.
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Figure 6-6 Time taken to achieve complete microbial Fe?* oxidation by non-adapted
planktonic cells (), Cu-adapted planktonic cells (E1), non-adapted immobilised cells
(3), and Cu-adapted immobilised cells (B); when exposed to increasing
concentration of Zn2* (A), Ni%* (B), Sn?* (C), and Cu?* (D).

6.3.2 Effect of mixed metal ions on microbial Fe?* ion oxidation

While trace amounts of metal ions such as Cu?*, Zn%*, are essential for microbial metabolism
and growth, both individual and mixed metal ions inhibit the microbial culture at elevated
concentrations (Nurmi et al. 2009; Ojumu et al. 2008; Tapia et al. 2022; Zhang et al. 2023).
Inhibition by mixed metal ions may be exacerbated by the potential in-situ formation of
complexes or by synergistic inhibition. In the bioleaching of PCBs, mixed base metals are
leached and accumulate in solution simultaneously. Hence, understanding the tolerance of
microbial cultures to mixed metal ions is vital in improving the bioleaching of PCBs. In Figure
6-7, Fe?* utilisation by both non- and Cu-adapted planktonic and immobilised cells in the
presence of mixed metal solutions, mimicking complete metal dissolution from PCB solid
loadings of 0, 1, 5, 10, 15, and 20% w/v (Table 6-2) is presented.
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Figure 6-7 Microbial Fe?* oxidation by non-adapted planktonic (A) and immobilised cells (C),
and Cu-adapted planktonic (B) and immobilised cells (D) exposed to various
concentrations of mixed metal ions (Cu?*, Zn?*, Sn?*, and Ni%*). Proportions of mixed
metal ions were selected to mimic expected concentrations in solution at various
PCB solid loading (0-20% w/v). Non-adapted cells (A, C), 0% (2 -), 1% (*), 5% (©),
10% ( @ ), 15% (9), and 20% (8)w/v. Cu-adapted cells (B, D), 0% ( -=-), 1% (¥ ), 5%
(®), 10% (*), 15% (M), and 20% ( &)w/v. Error bars represent standard deviation, n
=3.

There was no effecton the Fe?* oxidation using both non- and Cu-adapted cells at mixed metal
concentrations simulating complete metal dissolution of 1% solids loading (Figure 6-7). The
inhibitory effect of mixed metal ions was observed at the equivalent of 5% solids loading and
above, evidenced by alag phase, with the duration of the lag phase increasing with anincrease
in the amount of mixed metal ions added (Figure 6-7). Only about 25% and 38% Fe?* was
oxidised within 120 h for non-adapted planktonic and immobilised cells, respectively,
subjected to mixed metal concentrations simulating a 10% solids loading (Figure 6-7A and C),
compared to 43% and 68% Fe?* oxidised by Cu-adapted planktonic and immobilised cells over
the same period and at the same metal ion stress (Figure 6-7B and D). The two highest metal
ion concentrations tested (15-20%) had a severe inhibitory effectto both non- and Cu-adapted
cells, (Figure 6-7A-D). Figure 6-8 presents an increase in inhibition severity on microbial Fe?*
with an increase in simulated solid loading for both non- and Cu-adapted immobilised cells.
Despite these delays, both microbial cultures adapted progressively to the metal ion stress,
and complete FeZ* oxidation was achieved within 264 h and 216 h for non- and Cu-adapted
cells, respectively, in the presence of simulated 20% w/v. It is noteworthy that the tolerance

155



of immobilised cells to mixed metal ions surpassed that of planktonic cells. Non-adapted
planktonic cells were completely inhibited at a simulated 20% solid loading (Figure 6-7A).
However, adapting the culture to Cu?* offered some improvement, with complete Fe?*
oxidisation achieved over 384 h.
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Figure 6-8 Fraction of Fe2* oxidised (using a 5 g/L Fe?* starting concentration) to Fe3* by non-
adapted immobilised cells (NA-IC) and Cu-adapted immobilised cells (A-IC), at 80 h,
when exposed to various mixed metal composition representing simulated %PCB
solid loading (0-20% w/v). Error bars represent standard deviation, n= 3.

Cu-adapted cells achieved complete microbial Fe?* oxidation within 216 h when exposed to
the mixed metal ion solution (34.91 g/L Cu?*, 5.69 g/L Zn?*, 1.13 g/L Ni?*, and 2.99 g/L Sn?")
from 20% solids loading, compared to complete Fe2* oxidation achieved at 180 h, 100 h, and
150 h, for the Cu-adapted cells exposed to 39 g/L Cu?* (Maluleke et al. 2024b), 6 g/L Zn?*
(Figure 6-1) and 1 g/L Ni?* (Figure 6-2), and 3 g/L Sn?* (Figure 6-4), respectively. This indicated
that in comparison to individual metal ions, mixed metal ions had a stronger inhibitory effect,
which could be attributed to a cumulative or synergistic effect with respect to individual metal
ions. Similarly, this is found when comparing the residual Fe2* concentration at 80 h across the
single and mixed metal solutions at equivalent concentrations. In literature, most studies on
the inhibition of metal ions on acidophilic cultures using synthetic solutions have focused on
individual metal ions and planktonic cultures (Bryan et al. 2015; Edward et al. 2018;
Khachatryan et al. 2021; Tapia et al. 2022; Xia et al. 2008). Das et al. (1997), Li and Ke (2001),
and. Nurmi et al. (2009) investigated the potential inhibitory effect of typical metal ions in
bioleaching leachates (Fe3*, Fe?*, Zn?*, Cu?*, Ni%*, and Mg?*) in their single, binary, and ternary
combinations. In all these studies, the authors also reported synergistic inhibitory effects on
cultures exposed to mixed metal ions, with ternary being more inhibitory than binary
combinations (Das et al. 1997; Li and Ke 2001; Nurmi et al. 2009). To date, there is no study
on the effect of mixed metal ions combined to mimic the metal proportions in PCBs. Although
the concentrations of the metal ions Zn2*, Ni?*, Sn?*, and others, may be low relative to that
of Cu?*in a typical PCB (Table 6-1), mimicking metal content of PCBs in this manner allows the
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decoupling of potential inhibition by metallic and non-metallic components of the PCBs. The
ability of the immobilised culture, particularlythe Cu-adapted cells, to oxidise Fe?*completely,
even at the highest concentration of mixed metal tested is promising in terms of using the
culture in the bioleaching of PCBs. Extending this study to metals, such as Al, Co, Cr, and Mg,
also typically found in PCBs is recommended to further increase insight into understanding
inhibition by a metallic component of the PCBs.

6.3.3 Effect of PCB leachates on microbial oxidation of Fe2* ions

PCBs have the potential to exude non-metal compounds that are also inhibitory, hence the
inhibitory effect of PCB leachates on the microbial activity of immobilised cells was also
studied. The PCB leachates were prepared by abiotic Fe3*leaching. Both non- and Cu-adapted
immobilised cells were exposed to increasing concentrations of particulate-free PCB leachates
ranging from the addition of 0, 10, 20, 30, 40, and 50% v/v leachate from 20% solids loading,
which was approximately equivalent to 0-10% w/v solids loading of the PCB template. The
immobilised cells were exposed to the PCB leachate solution to simulate the proposed two-
staged reactor system in which the chemical leaching reactor is separated from but coupled
to the microbial reactor; together these operate as a re-circulating continuous system. Hence,
immobilised cells are only in contact with metal-rich leachates. The inhibitory effect of
increasing the PCB leachate concentration on microbial Fe?* oxidation is presented in Figure
6-9 below.
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Figure 6-9 Microbial Fe?* oxidation by non-adapted planktonic (A) and immobilised cells (C),
and Cu-adapted planktonic (B) and immobilised cells (D) subjected to various
concentration of PCB leachates (0-50% v/v). Non-adapted cells (A, C), 0% (B -), 10%
(*),20% (@), 30% ( ©), 40% (), and 50% ( &)v/v. Cu-adapted cells (B, D) 0% (-= -
), 10% (*), 20% (®), 30% (*), 40% (M), and 50% v/v (&). Error bars represent
standard deviation, n = 3.

PCB leachates inhibited both non- and Cu-adapted cells from the lowest amount of leachate
added of 10% v/v, with increasing severity with increasing concentration of PCB leachate
(Figure 6-9A-D). With the addition of 10-20% leachate, by volume, from a 20% w/v PCB
loading, Fe?* oxidation was impeded, as evidenced by the lag phase of 168 h. However, both
non- and Cu-adapted cultures recovered thereafter, and complete oxidation was achieved
within a 300 h period, which suggests both cultures showed a similar level of inhibition.
Microbial Fe?* oxidisation was further impeded at 30% v/v. Nonetheless, Cu-adapted cells
were able to completely oxidise all available Fe?* ions at approximately 408 h (Figure 6-9D).
While within the same period, non-adapted cells oxidised about 68% Fe?* (Figure 6-9C).
Increasing the PCB leachates to 40% v/v resulted in a lag phase of about 500 h, indicating a
severe inhibitory effect on both cultures. Despite the cultures being compromised, Cu-
adapted immobilised cells achieved complete Fe?* oxidation at approximately 600 h,
compared to 672 h for non-adapted immobilised cells. This suggested that Cu-adapted cells
had better tolerance to increasing PCB concentration than non-adapted cells. At the highest
concentration PCB leachates tested, 50% v/v, both cultures were completely inhibited over
the 700 h experiment. Similar to observations in the presence of individual metals (Section
6.3.1) and mixed metals (Section 6.3.2), planktonic cells were more susceptible to increasing
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concentrations of inhibitory metal ions than immobilised cells. Complete Fe?* oxidation was
achieved at 528 h for non-adapted planktonic cells subjected to 20% v/v PCB leachates and
higher (Figure 6-9A). In contrast, for Cu-adapted planktonic cells subjected to 30% PCB
leachates, 100% Fe?* oxidation was achieved at 496 h and completely impeded at the higher
concentrations tested (Figure 6-9B).

Limited studies have investigated the effect of PCB leachates on microbial Fe?* oxidisation
(Choi et al. 2004; Anaya-Garzon et al. 2021; Hubau et al. 2020), all using planktonic cultures
typically with a 10% v/v inoculum (+107 cell/mL). To date, evaluation of inhibition of ferrous
iron oxidation by immobilised cellsin the presence of PCB leachates has not been reported.
Using planktonic cells, authors reported that PCB leachates were inhibitory, with severity
increasing with anincrease in the concentration of leachate; however, these cultures generally
showed progressive adaptation with time (Choi et al. 2004; Anaya-Garzon et al. 2021; Hubau
et al. 2020). These planktonic results are consistent with the results in this present study.
Anaya-Garzon et al. (2021) evaluated the inhibition of PCB leachates (0-80% v/v), prepared
from Fe3* leaching of 10% w/v PCB collected from various small appliances at the Envie 2E
Midi-Pyrenees WEEE sorting centre (France), on a L. ferriphilum dominated culture, showing
severe inhibition at80% v/v. Caution should be practiced when comparing microbial tolerance
to PCBs leachates (and solid PCBs) as PCBs are highly heterogenous, with different metallic
and non-metallic contents.

When comparing the inhibitory effect of PCB leachates to that of individual and mixed metal
ions, PCB leachates were more inhibitory under similar metal concentrations. At the highest
concentration of PCB leachates tested, 50% v/v (11.1 g/L Cu, 0.0470 g/L Zn, 16.6 Fe g/L, 0.203
g/L Ni, and 0 g/L Sn), both the non- and Cu-adapted cells were severely impeded, while at the
similar metal concentrations (individual and mixed metal ions), both cultures achieved
complete oxidation. Complete microbial Fe?* oxidation was achieved within 120 h by Cu-
adapted immobilised cells subjected to individual Cu?* (11 g/L), Zn?* (1 g/L), Sn?* (1 g/L), and
Ni%* (1 g/L). Within the same 120 h period, Cu-adapted cells oxidised 85% Fe?* into Fe3* when
subjected to mixed metal composition simulating 10% PCB solid loading (Cu?*: 17.5 g/L, Zn**:
2.8 g/L, Sn?*: 1.50 g/L, and Ni?*: 0.563 g/L). Although concentrations of these metal ions in
individual and mixed metal compositions are higher than those in 50% v/v PCB leachates, only
27% Fe?* was oxidised by Cu-adapted immobilised cells within 120 h. These PCB leachates are
expected to contain both non-metallic components and other metal ions, which may
contribute to the inhibitory effect.

6.4 Conclusion

This study investigated the inhibitory effect of Zn2*, Sn?*, and Ni2*, as individual metal ions (O-
10 g/L), in combination (simulating %PCB solid loading in the range of 0-20% w/v), and as PCB
leachates (0-50% v/v) on the microbial Fe2* oxidation by Cu-adapted immobilised cells. This
performance was compared to both non-adapted immobilised cell cultures and to the
performance of planktonic cultures, both in the presence and absence of copper adaptation.
Cu-adapted immobilised cultures exhibited better tolerance across all inhibitory metal ions
tested than non-adapted immobilised cells. This indicated that adapting the cultures not only
improved their inhibitory tolerance to high Cu?* concentrations, but also improved tolerance
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toward Zn?*, Sn?*, Ni%*, and even PCB leachates. Furthermore, in all cases using both adapted
and non-adapted cultures, immobilised cultures performed better than planktonic cultures
(of the same activity in the absence of the metal challenge) and showed more rapid
adaptation to the metal or solute stress. These results show promise for the use of Cu-adapted
immobilised microbial cultures in bioleaching of PCBs and other multi-metal concentrates.
Microbial Fe?* oxidation by immobilised cultures was impeded in the presence of 3-10 g/L of
Ni2* and Sn?*, and the severity increased with an increase in the concentration of the metal
ions. Despite these delays in Fe2* oxidation, these cultures adapted progressively to high metal
ion concentrations and complete Fe?* oxidation was achieved even at the highest Zn?*, Ni2*,
and Sn?* concentrations tested. Inhibition of the individual metal ions on both non-adapted
and Cu-adapted cultures was in the order of: Sn2* > Ni2* > SnZ*. Cu?* showed less inhibition
than Ni%* at low metal concentrations, but greater inhibition than Ni2* at concentrations of 6
g/L and above. Mixed metal ions were more inhibitory to both cultures than individual metal
ions suggesting a synergistic inhibitory effect with respect to individual metal ions. However,
complete Fe?* oxidation was achieved within 216 h by Cu-adapted cells, and at 264 h by non-
adapted cells even at the highest concentration of metal ion tested (20% w/v). Finally, PCB
leachates were more inhibitory than both individual and mixed metal ions. This was the case
even where metal concentrations in PCB leachates were lower than in individual or mixed
metal composition. Cu-adapted cells tolerated up to 40% v/v of a PCB leachate generated on
complete chemical oxidation at a 20% solids loading, while non-adapted cells tolerated only
up to 30% v/v; both cultures were completely inhibited at 50% v/v. High levels of inhibition by
the PCB leachate could not be attributed to the dissolved metal ions, Cu?*, Ni2*, SnZ*, and Zn%*
only, as the concentrations of these metals was lower than these tolerated in individual and
mixed metals tested. It is postulated that the high levels of inhibition were due to synergistic
action with the dissolved non-metallic component of the PCBs or the other dissolved metal
ions (Cr, Co).

These findings support the development of a two-stage continuous progress for the
bioleaching of base metals from WEEE in general, and specifically PCBs, in which an
immobilised and adapted culture of Fe?* oxidising microorganisms is used to maintain rapid
generation of ferric iron for bioleaching of the PCBs.
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CHAPTER 7

7 Bioleaching of printed circuit boards in a two-stage
reactor system with enhanced ferric iron
regeneration in a re-circulating packed-bed
bioreactor

This chapter presents the bioleaching of printed circuit boards (PCBs) in a novel two-stage
bioleaching reactor system. The chemical leaching kinetic knowledge (Fe3* reduction rates)
obtained through chemical leaching studies presented in Chapter 4 and the insight into
mitigation of the inhibition of the microbial culture to maintain effective microbial Fe?*
oxidation rates presented in Chapters 5 and 6 were integrated to inform the configuration of
the two-stage reactor system. Owing to the improved metal tolerance exhibited by Cu-
adapted immobilised cells (A-IC), the integrated bioleaching system made use of A-IC
immobilised on PUF-BSPs to leach pre-prepared PCBs in both one- and two-stage reactor
systems. The highest volumetric Fe3* reduction rate as a function of metal leaching across all
Fe3* leaching experiments at 37 °C was 8.15 g Fe3*.L™1.h"l, observed for the Fe3* leaching of
mixed elementary metals. Conversely, a Fe?* oxidation rate of 0.0802 g Fe3*.L"L.h™ by 3 units
of PUF-BSPs with A-IC at the same temperature in the absence of inhibition was calculated.
This meant that about 300 PUF-BSP units were required to match the Fe3* reduction and
microbial regeneration rates. Thus, 300 PUF-BSPs were packed into 6 columns (50 each
column). The packed columns were connected in series and coupled to a stirred tank reactor
for the chemical leaching of PCBs. On Fe3* leaching of PCBs, the metal-rich stream was
recirculated between the two reactors using a peristaltic pump at a flowrate of 0.5 L/h such
that a residence time of 4 days across the columns was achieved. The 4 day residence time
was informed by a 96 — 100 h period typically required to achieve complete Fe?* oxidation in
batch microbial activity studies (Part 2) in the absence of metal ions (no inhibitory metal
added). As high initial concentrations of inhibitory metals added were observed to prolong
the lag phase and adversely impeded Fe?* oxidation, PCBs were added at an incremental rate
of 3% w/v PCBs to minimise metal stress shock to the microbial culture. A one-stage reactor

where both Fe3*leaching and microbial Fe3* regeneration occurred in one pot was considered.

In line with the overarching aims of this PhD project, the main result of this study was aimed
at achieving matched volumetric rates of ferric leaching of base metals from PCBs with the
microbial ferric regeneration rates.
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Abstract

We report the bio-assisted leaching of PCBs in a continuous two-stage reactor system,
comprised of a stirred tank reactor for chemical leaching of PCBs through the reduction of
ferric iron, coupled to a packed-bed column bioreactor in which biological ferrous iron
oxidation is optimised to regenerate the ferric leach agent. The bioreactor was packed with
polyurethane foam biomass support particles colonised with the mesophilic mixed culture,
dominated by Leptospirillum ferriphilum. On chemical leaching of the PCBs with acidic ferric
iron in the stirred tank reactor, a ferrous-rich solution was generated and circulated through
the packed bed bioreactor to re-oxidise the ferrous iron to ferric iron. A one-stage reactor
system, where both PCB leaching and re-oxidation of the resultant ferrous iron occur in one
pot, was run concurrently. PCB loading was varied from 3% to 18% (w/v) and the regeneration
of the required ferric iron for leaching was studied. In both one- and two-stage systems, high
bioleaching efficiency was achieved, with the two-stage system achieving 98% Al, 58% Ca, 93%
Cr, 96% Cu, >100% Mg, 79% Ni, 80% Pb, >100% Sn, >100% Zn solubilisation from 18% PCB
solid loading, whereas low release of 7% Co and 11% Sr was achieved. Despite the high PCB
solid loading, microbial cultures maintained their oxidative activity post exposure to the
leached metals, with more rapid Fe3* regeneration occurring in the two-stage compared to
the one-stage system. The two-stage reactor system exhibited an improvement of about 60%
in the ratio of the Fe3* reduction and regeneration rates relative to the one-stage reactor
system. These findings present a promising approach to maximising metal recovery while
maintaining and improving microbial activity in the bioleaching of PCBs. Such insight into the
bioleaching of the elemental form of base metals from PCBs at the reactor level contributes
to process design and optimisation, to enable upscaling and subsequent commercialisation of
the process.

7.1 Introduction

Rapid advancement in renewable energy technologies, electric cars, low carbon technologies
and electronic devices, amongst others, has led to a significant increase in demand for metals
such as copper, cobalt, gallium, lithium, magnesium, neodymium, nickel. Consequently, there
is an increasing deficit between the supply of these metals through the mining of virgin ores
and their demand to support the growth in technology to support the move to a low carbon
economy (Deetman et al. 2018; Oliveira et al. 2021; Watari et al. 2021; Zhang et al. 2017).
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Moreover, the short life span of electronic devices has resulted in an environmental burden
of electronic waste (e-waste) and the need to avoid its disposal in landfills. In addition, typical
waste electrical and electronic equipment (WEEE) is far richer in metals than low-grade
mineral ores. Together, these highlight the potential of mining of secondary resources and
gaining traction toward a circular economy and sustainable practices that minimise the mining
of virgin ores.

High concentrations of metals of value such as Cu, Zn, Ni, Co, Au, Al, and their high purity in
e-waste has centered e-waste asone of the best secondary resources for these metals. Printed
circuit boards (PCBs), one of the main and metal-rich components of e-waste, typically
constitute 3-6% of the weight of e-waste and are increasingly targeted for recycling of metals
of value. Extraction of base metals from PCBs through bioleaching prior to recovery of
platinum group metals (PGMs) and other precious metals, including gold, continues to receive
attention as a potential technology offering economic and environmental advantages,
particularly for low-grade PCB treatment (Tuncuk et al. 2012a). In bioleaching, metal
dissolution occurs through acidic ferric iron (Fe3*) oxidation to solubilise and mobilise metals
from PCBs into solution, with the concomitant reduction to ferrous iron (Fe?*) (Eq. 7-1).
Acidophilic microorganisms such as Leptospirillum (L.) ferriphilum, L. ferrooxidans,
Acidithiobacillus (At.) ferrooxidans, Acidiplasma (Ap.) cupricumulans, Ferroplasma sp., use the
resultant FeZ* as an energy source through oxidising it to Fe3* (Eq. 7-2). This regeneration of
the Fe3* leaching agent sustains and catalyses the bioleaching process (Adetuniji et al. 2023).

2Fe3t + M° — 2Fe?t + M?t Eq. 7-1
2Fe?t + 050, + 2H IS ket 4 H,0 Eq. 7-2

One of the drivers towards bioleaching as an alternative to conventional pyrometallurgical
approaches is the potential to recover metals selectively. An advantage over a conventional
hydrometallurgical approach is this in-situ continuous regeneration of the Fe3* leaching agent
(Eg. 7-2), minimising ongoing addition of fresh leaching agent as well as resultant effluent.
Despite advancement in bioleaching and its application at an industrial scale for extraction of
metals such as Cu, Au, Ni, and Co from their respective virgin ores (Rawlings and Johnson
2007a; Morin2008; Bryan et al. 2011; Harrison 2016b; Kaksonen et al. 2018), there is, to date,
no commercial process for bioleaching of PCBs for base metal recovery. Extensive studies on
bioleaching of PCBs using batch shake flask experiments are reported to explore operating
factors such as appropriate solution pH of the system, choice of microbial consortia, particle
size of the PCBs, effect of dissolved metal ions on microbial consortia. (Yang et al. 2009; Xia et
al. 2017; Ji et al. 2022b; Adetunji et al. 2023; Anaya-Garzon et al. 2021). While these studies
are useful for proof of concept and to determine operating windows, they have limited value
for process optimisation. Of the limited studies that have investigated bioleaching of PCBs at
reactor level, few have considered reactors above 1 L capacity (Rodrigues et al. 2015; Ilyas and
Lee 2014; Xia et al. 2017; Hubau et al. 2020; Tapia et al. 2022). Ilyas et al. (2013) investigated
bioleaching of PCBs by a planktonic Sulfobacillus thermosulfidooxidans and Thermoplasma
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acidophilum dominated moderate thermophilic culture in a laboratory scale column (height:
58 cm and internal diameter: 13 cm, 2 L capacity), packed with 10 kg of pulverised PCBs, and
coupled to a solution reservoir. The culture was recirculated between the column and the
reservoir using a peristaltic pump. The culture was adapted to 20 g/L of mixed metalions (Al3*,
Ni%*, Fe3*, Pb%*, Sn2*, Ag*, and Zn?*) over a two year period. The authors reported that about
78% Ni, 68% Al, 74% Zn, and 85% Cu were bioleached after 165 days (llyaset al. 2013). In a
similar study, Chen et al. (2015) achieved 95% Cu extraction in a column bioreactor (height:
20 cm, internal diameter: 6.0 cm, and volume: 5 L, packed with 250 g pulverised PCB) when
bioleaching the PCBs with planktonic At. ferrooxidans over 28 days. The reactor was operated
in a manner similar to llyas et al. (2013). Their study further highlighted the influence of Fe3*
concentration on Cuextraction and they showed that Cu dissolution was impacted by diffusion
of the leach agent to the reaction site which was impacted by jarosite precipitation on the
surface of the PCBs (Chen et al. 2015), thus highlighting the importance of maintaining pH
below 2. Recently, Tapia et al. (2022) investigated bioleaching of PCBs in a single stage stirred
tank bioreactor (3L working volume) using a planktonic mixed mesophilic culture dominated
by Tissierella, Acidophilium and Leptospirillum species, adapted to 5 g/L PCBs. The authors
reported 69% Cu and 91% Zn extraction from 1% PCBs over 18 days.

Notwithstanding the proof of concept of bioleaching of PCBs and high metal extraction
reported, there is, to date, no commercial PCB bioleaching process. One major challenge
toward establishing this is the inhibition of the microbial culture by both the metals dissolved
from PCBs, particularly as it is desirable to achieve high metal concentrations for efficient
metal recovery, and the non-metallic component of the PCBs (Brandl et al. 2001; Bryan et al.
2015; Hubau et al. 2020; Lambert et al. 2015; Tapia et al. 2022), thus limiting the rate of
microbial regeneration of Fe3* (Eg. 2). Lambert et al. (2015) observed only a small
improvement in leaching performance when bioleaching Cu from waste electric cables using
At. ferrooxidans over chemical leaching in the absence of microorganisms and using the same
starting ferric ion concentration, indicative of limited microbial Fe3* regeneration. They
attributed this limited benefit of the microorganisms in the system to their inhibition by the
plastic components of the waste electric cables (Lambert et al. 2015). Tapia et al. (2022)
studied microbial growth and ferrous iron oxidation of a mixed culture consisting of Tissierella,
Acidophilium, and Leptospirillum in the presence of various concentrations of PCBs (0.5, 1.0,
1.5, and 2.0% PCBs). Although the culture was adapted to 0.5% PCB loading, the authors
observed limited cell growth at 1.5 and 2.0 % PCBs, indicative of inhibition of the microbial
culture.

Microbial adaptation to potential inhibitors (metal ions, pH, virgin ores, organics, and PCBs) in
the system iswidely used to minimise inhibition of microbial cultures (llyasetal.2010; Arshadi
and Mousavi 2014; Xia et al. 2017; Baniasadi et al. 2019; Ji et al. 2022b). Cu-adapted At.
ferrooxidans outperformed a non-adapted culture when subject to high Cu?* concentrations
(50 g/L) and shear stress, thus the adapted culture exhibited higher bioleaching rates (Xia et
al. 2008). We showed that the Cu-adapted culture established using an inoculum containing
L. ferriphilum, L. ferrooxidans and At. caldus exhibited better tolerance to individual Cu?* (50
g/L) (Maluleke et al. 2024b), to Zn?* (10 g/L), Ni?* (10 g/L), Sn?* (10 g/L), mixed metals (Cu?*,
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Zn?*, Ni%*, and Sn?*), and to PCB leachates (40% v/v) when compared to non-adapted culture
(Maluleke et al. 2024a).

Microbial immobilisation systems, in which microbial cells are colonised onto a biomass
support structure has also been explored in mitigation of microbial inhibition in bioleaching
systems. The biofilm associated with colonised cells has been reported to aid in minimising
contact between cells and toxic metal ions, while the high cell retention facilitates faster Fe3*
regeneration (Bruins et al. 2000; Nemati et al. 1998; Nemati and Webb 1996; Dopson et al.
2003; Maluleke et al. 2024a, 2024a). Lately, there has been a growing interest in the use of a
two-step bioleaching system for PCB bioleaching. In this approach, microbial growth and
generation of the required Fe3* oxidant is carried out in the absence of PCBs, whereafter, PCBs
are contacted with the generated Fe3* oxidant for metal leaching. Wu et al. (2018) reported
93% Cu extraction from 10% PCB solids loading (w/v) over 9 days through the two-stage
process in which the production of the Fe3*leaching agent (15 g/L) was carried out in batch in
a 250 mL Erlenmeyer flask by planktonic L. ferriphilum and Sulfobacillus thermosulfidooxidans
(Wu et al. 2018). Hubau et al. (2020) investigated a two-stage reactor system, where the
production of Fe3* from Fe?* was achieved in a partially fluidized bubble column by L.
ferriphilum and Sulfobacillus benefaciens immobilised on activated charcoal, before being fed
into a stirred tank containing PCBs. Hubau et al. (2020) achieved 96% Cu, 73% Ni, 85% Zn, and
93% Co from 1% (w/v) PCBs at a 48 h hydraulic residence time, but reported microbial
inhibition from 1.8% PCBs.

Limited studies have focused on microbial activity post exposure to solutions generated during
PCB leaching i.e., in the presence of accumulated leached metal ions and extracts from the
PCB resins. This study considers the use of a two-stage bioleaching reactor system, in which a
packed-bed column bioreactor for continuous Fe3* regeneration is coupled with a stirred tank
reactor containing PCBs for chemical leaching. The column, packed with polyurethane foam
biomass support particles (PUF-BSP) onto which the microbial culture is immobilised, is the
site of production of the Fe3* oxidant. The Fe3*-rich stream exiting the column bioreactor was
pumped into the stirred tank reactor for PCB leaching. The resultant Fe2*-rich stream was
recirculated back into the packed columns for Fe3* regeneration. The ability of the bioreactor
to regenerate Fe3* at increasing PCB solid loading, and hence increasing solubilised metal
concentrations was assessed. A comparative experiment was carried out in a one-stage
reactor system in which Fe3* regeneration and PCB leaching occur together in the stirred tank
reactor. We hypothesised that the immobilised microbial system allows high cell
concentrations to be achieved. Further, the diffusional resistance of metal transport to the
enriched biomass accumulation sites within the interstitial regions and within the biofilm
associated with colonised cells aids in minimising inhibition (Gonzalez et al. 2013; Nemati and
Webb 1996; Rohwerder et al. 2003; Sand and Gehrke 2006; Govender-Opitz et al. 2017); the
latter has been demonstrated in Maluleke et al. (2024a and b). Successful immobilisation of
the mixed mesophilic culture on PUF has already been confirmed by visual analysis of the
microbial colonised PUF cubes by scanning microscope (SEM) (Maluleke et al. 2024b). Their
improved activity over planktonic cellsin the presence of potential inhibitory metals Cu?*, Ni2*,
Sn?*, and Zn?* has been demonstrated in Maluleke et al. (2024a and b). Hence, in this study,
we explore the potential for improved metal solubilisation from PCBs using the two-stage
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bioreactor system with PUF-BSPs. In addition to the potential for improved performance, the
two-stage configuration allows for inter-stage metal recovery to minimise metal ion
accumulation and subsequent microbial inhibition in the bioreactor.

7.2 Materials and methods

7.2.1 Preparation of PCBs

Printed circuit boards used in this study were custom manufactured by Trax Interconnect (Pty)
Ltd, one of the largest PCBs manufacturing companies in Cape Town, South Africa. Although
the PCBs had no extraneous components (i.e., RAMs, PCl, and chip slots) soldered on, they
represent the typical base design that the company's clients most frequently request. PCBs
were first reduced by shredding the whole board using a bench Industrial Grab Shredder
(length: 170 mm, width: 140 mm, and 14 circular blades) supplied by Filamaker Gmbh,
Germany. Briefly, the whole board was shredded repetitively by passing the same board
through the shredder six times (6x). The number of passes was informed by Prestele (2020a),
who demonstrated that no further size reduction occurred above 6 passes. The shredded
boards (PCB chips) were further reduced by pulverising for atleast 20 seconds using a ring mill
pulveriser supplied by The Ferguson Industrial Equipment group, Johannesburg, South Africa.
Pulverising for 20 seconds further liberates metals by mechanical disruption of the outer
layers of the PCBs and enabled further size reduction after shredding. The particle size
distribution of the prepared PCB chips was determined by dry sieving the pulverised samples
into five fractions (<1180 pum, 1180 pum, 1700 um, 3350 um, and 4750 um) over 10 minutes
using a sieve shaker (Filtra FTL0O200). Results are shown in Figure 7-1. This material was
representatively split for both analysis and test work.
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Figure 7-1 Particle size distribution of the crushed (6x) and pulverized (20 s) PCBs, shown asa
cumulative percent.
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To determine the metal content, PCBs were further pulverised for one minute. Representative
samples (0.1 g) of the resultant powdered PCBs were digested by Aqua regia (i.e. 3 HNO3: 1
HCI (v/v)), using a MARS microwave digester at 300 °C and 800 psi. The metal concentration
of the filtrates was determined using Inductively Coupled Plasma Mass Spectroscopy (ICP-MS,
Agilent 7900); results are shown in Table 7-1.

Table 7-1 Metal contents (g/100g) in the custom-made PCBs used in this study. The left-hand
side provides the more abundant elements, and the right-hand side the less abundant
elements.

Element Content (%) Element Content (%) (x1073)
Cu 11.0 Sn 1.01
Fe 0.150 Cr 3.81
Zn 0.040 Pb 0.860
Ni 0.180 Mg 7.98
Al 0.090 V 2.71
Co 0.020 Mo 0.180
Ba 0.110 Zr 431
Sr 0.040 La 0.670
Ca 0.230 Ce 1.42
Si 0.280 *Au (x1075) 1.41

7.2.2 Microbial culture for ferric iron regeneration

A mixed microbial culture consisting of Leptospirillum (L.) ferriphilum, Acidithiobacillus (At.)
caldus and Acidiplasma (Ap.) cupricumulans as dominant species and adapted to 6.0 g/L Cu?*,
as described in Maluleke et al. (2024b) was used. The culture was pre-immobilised onto
polyurethane biomass support particles (PUF-BSPs) in a shake flask (Maluleke et al. 2024a; b).

7.2.3 One-stage reactor set-up

Bioleaching of PCBs in a one-stage reactor system was performed in a batch jacketed stirred
tank glass bioreactor with a total working volume of 1 L, total height of 200 mm, solution
height of 119 mm, and inner diameter of 106 mm (Figure 7-2) at a constant temperature of
37 °C. The bioreactor was fitted with four vertical baffles (height: 145 mm, outer diameter:
103 mm, baffle width: 12 mm, thickness: 5.1 mm, and distance between baffles: 61 mm), 90°
apart. Mixing was achieved using a 4-bladed axial impeller with blades at a 45° pitch and an
impeller diameter of 57 mm, powered by a Heidolph overhead stirrer operated at 400 rpm.
Oxygen required for microbial oxidation of Fe2* was supplied by aeration at a flowrate of 1%
vvm through a L-shaped stainless-steel sparger positioned below the turbine. A coil reflux
condenser with coolant circulated at 4 °C was used to minimize evaporation. To prevent
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damage to the impeller by PCBs chips and minimise shear stress on the biomass support
particles, two identical baskets (outer diameter: 78 mm, inner diameter: 45 mm, and height:
38 mm; made of a stainless-steel mesh with a mesh size of 0.18 x 0.18 mm) were designed
and fitted into the bioreactor and secured in position on the shaft carrying the impeller —the
lower basket housed the PCB chips and the upper basket housed 50 PUF biomass support
particles colonised with a Cu-adapted mixed microbial culture. The baskets were fully
submerged in the reactor medium. The bioreactor contained 1 L ABS medium, at pH 1.4,
containing 5.0 g/L Fe3*and 5.0 g/L Fe2*. In the first cycle, no PCB was added to the bioreactor
and it was operated until the available Fe?* substrate was oxidised into Fe3*. The 3% solid
loading of PCBs was then introduced and increased through stepwise additions of 3% PCB
chips to achieve 3%, 6%, and then up to 18 %w/v PCBs, across six operating cycles. In each
cycle, complete microbial oxidation of the Fe?* was achieved before increasing the PCB
loading. Throughout the experiment, microbial activity was monitored by daily measurements
of pH (Metrohm 867 meter), redox potential (Ag/AgCl reference, 3 M KCl, Metrohm 867
meter), and Fe?*, Fe3* and total Fe concentrations. Fe3* and Fe'! concentrations were
determined colorimetrically at 340 nm using the ferric chloride assay with the Fe?*
concentration determined by difference (Govender et al. 2012). The release dissolved metal
ions from PCBs was analysed using ICP-AES.
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Figure 7-2 A schematic diagram of the one-stage reactor system used for bioleaching of PCBs
with two stainless steel baskets, the lower basket housed PCBs and the upper housed
50 PUF biomass support particles colonised with Cu-adapted mixed microbial
culture.
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7.2.4 Two-stage reactor set-up

Figure 7-3 shows the two-stage reactor system comprised of a 1-litre stirred tank reactor (max.
working volume) for chemical leaching of PCBs, coupled to a packed-bed bioreactor comprised
of six columns connected in series, each with an 80 ml working volume, for microbial
Fe2*oxidation to the Fe3*leach agent. The stirred tank reactor was set-up and operated under
the same conditions as the one-stage bioreactor, with the exception of being fitted with only
one basket (outer diameter: 78 mm, inner diameter: 45 mm, and height: 15 mm) for housing
PCBs. No microbial culture was added to the STR as inoculum. Moreover, to maintainthe same
overall liquid working volume of 1 L in the two-stage as in the one-stage reactor system, the
stirred tank reactor was operated at 520 mL while that of the packed bed system was 480 mL
across the 6 columns. Each column bioreactor was packed with 50 PUF biomass support
particles (PUF-BSPs) carrying the immobilised culture. The design of these column reactors
and associated incubator was previously described by (Ghadiri et al. 2020). The glass column
(diameter: 25 mm and height: 190 mm; Glasschem, Stellenbosch, South Africa)is closed at
each end by a plastic screwcap, fitted with a glass inlet/outlet nipple and a neoprene seal to
prevent leakage. The packed-bed column reactors were mounted vertically in the incubator
and maintained at 37 °C. The ABS medium, enriched with solubilised metal ions, including
Fe?*, was pumped (MasterFlex peristaltic pump, model:77200-60) from the stirred tank
reactor through the upflow packed beds at a flowrate of 0.05 L/h, yielding a residence time of
16 h per column, and 4 days across the 6 columns. The resulting Fe3* rich medium was
returned into the stirred tank reactor, such that the two-stage reactor system operated as a
closed continuous flow loop (Figure 7-3). Similar to the single-stage system, the solid loading
of PCBs in the STR was increased from 3 through 6 to 18 % (w/v) PCBs in 3% increments.
Samples were taken daily, at the inlet of the first column (sample 1) as the solution exited the
stirred tank reactor, at the inlet of each subsequent column (sample 2 — 6), and as the stream
exited the last column (sample 7), to return to the stirred tank reactor. These were analysed
for changes in solution pH, redox potential, Fe3* and Fet°t concentration, and base metal ions
concentrations.
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Figure 7-3 A schematic diagram of the two-stage reactor system used for bioleaching of PCBs
with one stainless steel basket for housing PCB chips, coupled to a column bioreactor
system packed with PUF biomass support particles (PUF-BSPs) carrying the
immobilised culture and incubated at 37 °C.

7.3 Results and discussion

The rate of microbial regeneration of Fe3* at an increasing PCB solid loading (0 — 18% weight
PCB/volume, %w/v) was monitored in each system. In the first cycle (0% PCB), 5.0 g/L Fe3*and
5.0 g/L Fe?* were added and the system was run with daily monitoring of pH, redox potential,
and Fe3*, Fe?*, and Fe'°t. Noteworthy, at 0% PCBs, the two-stage system was operated as an
open continuous system without recirculation. Once the immobilised cells showed good
activity, signified by complete microbial oxidation of Fe?* into Fe3* (Eq. 7-2) as the Fe-rich
stream exits the last column (S7), the operation mode was changed to a closed continuous
flow loop and 3% PCB (w/v) was added in the stirred tank reactor, while the Fe solution in the
STR was changed to 10 g/L Fe3*. Metals in the PCBs were mobilised into solution by the Fe3*
oxidant (Eq. 7-1) and the leachate recirculated across the PUF-BSPs. The system was
monitored daily (pH, redox potential, and Fe3*, Fe?*, and Fe'®t, and dissolved metals
concentrations), and PCB solid loading increased at the end of each cycle. The complete
dataset for the one-stage system is presented in Figure 7-4 while the dataset for the two-stage
system is presented in Figure 7-5. These present the ferrous iron oxidation performance and
ferric iron leaching cycles, as well as changes in pH and redox potential over time. The PCB
concentration in Figure 7-4 and Figure 7-5 is presented as the cumulative PCB solid loading
within the system. The amount of Fe3* reduced into Fe?* on the addition of PCBs was
dependent on the metal content of the added PCBs. Given the difference in the microbial
loading between one- and two-stage reactor systems, it must be noted that the one-stage
reactor system represents a microbially constrained system, providing a typical bioleaching
base case system. The two-stage reactor system is designed to explore the feasibility and the
opportunities offered in enhancing microbial Fe?* oxidation rate and the potential to balance
the volumetric rates of chemical leaching with microbial regeneration of lixiviant.
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Figure 7-4 Monitoring pH (A), redox potential (B), ferrous (C) and ferriciron (D) concentrations
in solution with time on the bioleaching of PCBs (increased amounts of crushed PCBs
from 0 — 18% PCBs w/v) in a one-stage bioreactor. Vertical lines represent the time

point at which each 3% PCB increment was added.
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At 0% PCBs, the 5.0 g/L Fe?* available was completely oxidised over 168 h in the packed-bed
component of the two-stage reactor system (flow-through) and not oxidised in the STR (Figure
7-5). In comparison, complete Fe?* oxidation was achieved at 120 h in the one-stage reactor
system (Figure 7-4). As the two-stage reactor system was operated in as continuous open
system, Fe?* concentration in the STR (S1) remained at approximately 5 g/L, while it was
oxidised to Fe3* at contact with immobilised cells in the six column reactors (52-57). At 168 h,
complete Fe?* oxidation was observed at S6-S7, more than 90% Fe2* oxidised at S3-S5 and 65%

at S2. This was indicative of microbial oxidative activity across all columns.

With no inhibitory metal ions in the system (pre-PCB addition), the longer time required by
the two-stage system to achieve 100% Fe?* oxidisation may be attributed to the low residence
time (about 16 h per column), which limits the time Fe2* reactant spent in the reaction zone
(microbial-Fe2* contact time in the packed-bed), compared to the unlimited time in the
reaction zone in the batch one-stage reactor system. At the addition of 3% PCBs, a net 5.07
and 4.93 g/L Fe3* were consumed over 24 h in oxidising metals in PCBs in one- and two-stage
reactor systems, respectively. This suggested similar high volumetric Fe3* reduction rates of
greater than 0.211 and 0.206 g Fe3*.L'2.h'! as a function of metals dissolution, respectively in
one- and two-stage reactor system, while the amount of Fe3* reduced was consistent with the
5.0 g/L Fe3* calculated as required to leach the metal content of 3% w/v PCBs as per
characterisation (Table 7-1). The resultant Fe2* was completely oxidised over 288 h (from the
time of PCB addition) in the one-stage system (Figure 7-4), at a volumetric Fe2* oxidation rate
of 0.0242 g Fe?*.L1.h'L. This highlights the high volumetric Fe3* reduction rate of 8.72-fold
faster than the Fe3* microbial regeneration rate. Similar difference in rates is reported
elsewhere in the literature rates (Lambert et al. 2015; Wu et al. 2018) and it is one of the
drivers of designing a bioleaching system with enhanced microbial oxidation. The delay in
complete Fe3* regeneration in the one-stage system relative to the control (in the absence of
PCBs, 0.0491 g Fe?*.L1.h") could be attributed to microbial culture being compromised by the
addition of PCBs.

In the two-stage system, the resultant Fe?* peaked at 5.79 g/L at 72 h from the time of PCB
addition in S2, and residual Fe?* concentration peaked only at 2.78 g/L in the effluent (S7).
This suggested that about 52% of the resultant Fe2* had been microbially oxidised back into
Fe3* through S2-S6 within 72 h. A complete Fe3* regeneration was observed at 168 h at the
effluent (S7), suggesting a volumetric microbial Fe?* oxidation rate of 0.0594 g Fe?*.L'l.ht
across S2-S7, while it peaked at 216 h across the system. This delay in achieving the highest
Fe3* concentration across the system was attributed to a low flow rate (0.05 L.h"1) and a longer
time required to reach a complete closed-loop system. Here, a closed-loop system was defined
as a state where the solution has made a full cycle, i.e., from the stirred tank reactor, through
the packed bioreactor system and back to the stirred tank reactor. The net Fe3* reduction rate
was 3.47-fold faster than the net Fe3* regeneration rate in the two-reactor system, suggesting
an improvement of 60% in the Fe3* delivery rate compared to the one-stage reactor system.
This could be due to the high cell concentration in the two-stage system relative to the one-
stage system, as only fifty colonised PUFs could be packed in the fitted basket in the one-stage
system, compared to fifty PUFs per column (x6 columns) in the two-stage system. When
accumulated solid loading was increased to 6% PCBs, a net amount of 5.64 g/L and 5.15 g/L
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Fe3* were reduced in oxidising metalsin PCBs in one- and two-stage reactor systems over 24
h, respectively. The resultant Fe?* was completely oxidised over 192 h in a one-stage (Figure
7-4) and 168 h in a two-stage system (Figure 7-5). Similarly, in a two-stage system, Fe3*
regeneration was faster than in a one-stage system.
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Ordinarily, the severityin inhibition of microbial culture by PCBswas expected to increase with
an increase in % PCB loading. However, the Cu-adapted immobilised cells maintained their
microbial activity such that complete Fe3* regeneration was achieved in about 240 h at 9 to
18% PCB in the one-stage system. Similarly, complete oxidation of the resultant Fe?*in a two-
stage system subjected to 9 and 12% PCB was achieved in 144 and 168 h from the point of
PCB addition. It must be noted that across all PCBs addition cycles, low ferrous iron
concentrations were observed across columns 5 and 6 in the two-stage reactor systems (peak
at 40% of the resultant Fe?*), suggesting that sufficient Fe3*regeneration occurs within column
1-4 under the PCB loading used. Hence column number may be reduced or loading increased.

Moreover, we postulate that the adopted approach of multiple dose addition of PCBs to
subsequently achieve high cumulative %PCBs in solution, rather than a single dose addition of
high %PCB, could have also contributed positively to microbial culture maintaining their high
performance. Multiple dose addition of PCBs, which represents a move towards a continually
fed system as desired for large-scale application, could have minimised metal ion shock stress
on the microbial cultures, affording the culture the necessary time to rapidly adapt and
recover even in the presence of increasing PCB stress. A similar positive response by microbial
cultures as a result of multiple dose PCB addition has also reported by (Liang et al. 2010). The
authors investigated the effect of single and multiple addition of PCBs on microbial growth
and extent of metal extraction during bioleaching of PCBs by planktonic cells of A. ferrooxidans
and A. thiooxidans in a batch shake flask. When 4, 6, 8, 10, and 12 g/L PCBs were added in
separate bioleaching flasks at 48 h cultivation time, Cu extractions were 86, 83, 80, 75, and
71%, respectively, with adverse effect on microbial growth at 12 g/L PCBs noticed. Meanwhile,
dose addition atan increment of 4 g/L at48 h, 6 g/L at96 h, and 8 g/L at 144 h, into the same
flask (total of 18 g/L PCBs) resulted in a total of 78% Cu extracted with minimum effect to the
microbial growth relative to single addition (Liang et al. 2010).

In this present study, microbial activity and rapid complete Fe3* regeneration was achieved
even at the highest PCB solid loading tested of 18% PCB in both one- and two-stage systems.
As hypothesised, the higher tolerance of the Cu-adapted immobilised cells to increasing PCB
solid loading could be attributed to the protection offered by cell retention in PUF-BSPs.
Through this, both the biofilm associated with colonised cells (Tributsch 2001) and the hold-
up of cellsininterstitial micro-environments that are not consistent with the bulk fluid phase
(Govender-Opitz et al. 2017) can be tailored to favor Fe2* oxidation and assist in providing
varying levels of the diffusion barrier. In these mechanisms, naturally excreted extracellular
polysaccharides (EPS, a main component of biofilm) can bioabsorb (where EPS provides
binding sites) metal ions and subsequently act as a barrier for toxins to interact with vital
cellular components (Bruins et al. 2000; Luo et al. 2021; Zhang et al. 2023). Secondly, rapid
Fe3* regeneration by the Cu-adapted immobilised cells could be attributed to high cell
concentrations achievable in immobilised microbial systems (Armentia and Webb 1992;
Nemati and Webb 1996). Rapid Fe3* regeneration is a function of both microbial population
size and specific microbial oxidation rate of Fe?* (Jones and Kelly 1983; Breed and Hansford
1999; Ojumu et al. 2006). Armentia and Webb (1992) reported a high microbial Fe?* oxidation
rate of 1.56 g.L'L.h?! at a dilution rate of 0.31 h™! by At. ferrooxidans immobilised on PUF. A
high Fe?* oxidation rate of 34.3 g.L1.hl, at a dilution rate of 6 h'1, was achieved at initial Fe*
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concentrations of 5 g/L by At. ferrooxidans immobilised on PUF-BSPs (Nemati and Webb
1996). In all these studies, high Fe?* oxidation was attributed to high cell concentration
achieved in the immobilised system. In the present study, attempting to quantify cell
concentrations on the colonised PUF-BSPs was unsuccessful as the detached cells were
observed to clump embedded in biofilm when viewed under a microscope, following standard
detachment methods (Govender et al. 2013; Hessler et al. 2017). Attempts to free the cells
from the EPS resulted in the breakup of the clumps into smaller ones with cells still embedded

in biofilm, preventing accurate counting.

In a previous study (Maluleke et al. 2024a), a low Fe3* regeneration rate was observed when
three units of Cu-adapted immobilised PUF-BSPs were subjected to a 40% v/v PCB leachate
(prepared by Fe3* leaching of the same PCB sample as in this study), approximately equivalent
to 9% w/v PCB. Complete Fe?* oxidation was achieved at 600 h in the batch shake flask
(Maluleke et al. 2024a) compared to at 240 and 144 h in the current study for one- and two-
stage system, respectively. This difference in Fe?* oxidation performance is attributed to cell
concentration, through the higher number of PUFs added and potentially high cell density,
leading to increase in volumetric Fe3* regeneration rates.

Maintaining the Fe3*/Fe?* ratio at approximately 1 and above, such that redox potential
remains above 400 mV (Figure 7-4B and Figure 7-5B) could have also promoted rapid Fe3*
oxidation rates. It has been demonstrated that acidophilic microorganisms, particularly L.
ferriphilum, prefer a redox potential of above 400 mV owing to their poor ability to scavenge
low ferrous iron concentrations (Bryan et al. 2012). It is therefore important to estimate
concentrations of metal ions expected per PCB solid loading such that the Fe3*/Fe?* ratio is
balanced during bioleaching to promote Fe?* oxidation and microbial growth post PCB
leaching.

With the continuous microbial regeneration of the Fe3*, availing excess Fe3* leachagent within
the system, high bioleaching efficiency was achieved in both one- and two-stage systems. The
final fraction of metals (%) solubilised in both systems at each PCB solid loading is presented
in Figure 7-6. Briefly, there was a comparable final concentration of metals solubilised across
solid loadings of PCBs in both systems. Average percent of metal solubilised across cumulative
3,6,9,12,15 and 18% PCB solid loading in the one-stage reactor system was 91% Al, 72% Ca,
>100% Cr, 93% Cu, >100% Mg, 78% Ni, 82% Pb, >100% Sn, >100% Zn, 8% Co, and 12% Sr, while
in the two-stage system, 98% Al, 58% Ca, 93% Cr, 96% Cu, >100% Mg, 79% Ni, 80% Pb, >100%
Sn, >100% Zn, and low efficiency of 7% Co and 11% Sr were achieved. The values exceeding
100% are attributed to low concentration leading to some analytical uncertainty. Low
concentrations of metals such as Sn are reported in PCB leachates as it precipitate out of
solution as SnO2 (Brandl et al. 2001; Bryan et al. 2015), while high bioleaching efficiency of
metals such as Cu, Zn, Ni, is common in literature, high extraction of metals such as Sn may
have been due to the low concentrations of such metals inthe PCB sample used in this study
(Table 7-1). The high extraction efficiency of metals reported highlights that PCB chips
(prepared from 20 second pulverisation) can be used in PCB leaching processes, rather than
powdered PCBs, while maintaining high metal extraction. This may allow a reduced
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operational cost as milling of PCBs is energy intensive, with loss of metalsin the process, and
handling of finely milled PCB powders requires more energy intensive separation processes.
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Figure 7-6 Final amount of metal (%) solubilised at cumulative 3 (), 6 (M), 9 (B), 12% PCB (
E), 15 (|:| ), and 18% PCB (K¥) during bioleaching of PCB in the one-stage (A) and
two-stage bioreactor (B).

Maintaining solution pH below 2 in bioleaching systems prevents Fe3* oxidant precipitation
out of solution as jarosite, thereby preventing removal of lixiviant. Moreover, jarosite can
deposit on PCBs, limiting reaction surface area and thus the rate and extent of metal
extraction. Subject to the amount of PCB added and its alkalinity content, the pH canincrease
above 2 in PCB bioleaching systems (Choi et al. 2004; Yang et al. 2009; Liang et al. 2010; Yang
et al. 2014). In the present study, the solution pH was maintained below 2 with concentrated
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H2SO4 whenever necessary. In the absence of PCBs, minimum change in pH was observed, i.e.,
from 1.38 to 1.40 and 1.39 to 1.44 in one- and two-stage systems (Figure 7-4A and Figure
7-5A) , respectively. On addition of 3% PCBs, the pH increase to a maximum of approximately
1.77 and 1.61 in one- and two-stage systems, respectively, attributed to the alkaline nature of
the PCBs. Arshadi et al. (2018) demonstrated that while the alkalinity of PCBs could be due to
their plastic content, metals such as Li, Na, K, Rb, Cs, Fr, Be, Mg, Ca, Sr, Ba and Ra, also add to
the alkalinity of the PCBs. Moreover, while Fe3*is the primary oxidant, some metal leaching is
by proton (H*) attack, which could contribute to the pH increase (Xiang et al. 2010; Bryan et
al. 2015). The overall change in solution pH in the two-stage system was delayed relative to
the one-stage system, owing to the plug flow nature of the column component. To prevent pH
from increasing above 2, pH was adjusted to 1.37 in the one-stage system prior to the addition
of PCBs. At 6% PCBs, pH increased to about 1.65 in the one-stage system, while in a two-stage
system, itincreased from about 1.60 to 1.78. Similar to the one-stage system, pH was adjusted
to 1.32 prior to increasing to 9% PCB in the two-stage system. At the end of the 18% PCB cycle,
the total amount of H2S04 used in maintaining pH was 0.136 mol and 0.0815 mol in one- and
two-stage systems. The low H* consumption was contrary to the expected high consumption
of H* as per Eq. 7-2. Similar results are reported in other studies (Lewis et al. 2011; Lambert
etal. 2015). The low changes in pH across the bioleaching cycles and the subsequent low total
amount of acid used to maintain the pH in both one- and two-stage systems could be
attributed to the low alkalinity content of the PCB sample and the excess amount of the Fe3*
leaching agent, minimising proton leaching.

The present study presents a promising approach to bioleaching of base metals from PCBs.
The high solid loading of PCBs and concomitant high bioleaching efficiency achieved is central
to the techno-economic feasibility of this bioleaching approach. Moreover, the continued
microbial activity and rapid Fe3* regeneration to move towards the balance in leaching rate
and ferric iron regeneration rate in the reactor system with increasing PCB loading informs
design of the bioleaching system.

7.4 Conclusion

The current study investigated the bioleaching of PCBs in a two-stage reactor system
consisting of a stirred tank reactor for chemical leaching of PCBs, coupled to a packed-bed
bioreactor system for microbial oxidation of Fe2* for regeneration of the Fe3* oxidant. The
reactor set-up was operated as a closed continuous flow loop, such that the liquid stream from
the stirred tank reactor, rich in Fe?* and dissolved metals, was passed through the packed-bed
bioreactor in which microbial ferrous iron oxidation took place and the resultant Fe3*-rich
stream was recirculated back into the stirred tank reactor. A one-stage reactor system, where
both PCB leaching and Fe3* regeneration occur in one pot, was investigated as a comparative
base case. A cumulative 18% PCB solid loading was successfully leached with Cu-adapted
immobilised cells maintaining their oxidative activity in both systems. The volumetric Fe3*
reduction rates asa function of metal dissolution from the added PCBswas 8.72-fold and 3.47-
fold faster than the microbial Fe3* regeneration rate, respectively, in the one- and two-stage
reactor systems, suggesting an improvement of about 60% Fe3* regeneration rate in the two-
stage reactor system. High bioleaching efficiency of above 91% Al, 58% Ca, 93% Cr, 93% Cu,

183



100% Mg, 78% Ni, 80% Pb, 100% Sn, 100% Zn, and low efficiency of 7% Co and 11% Sr, was
achieved in both systems. Complete microbial regeneration of Fe3*was achieved more rapidly
in the two-stage relative to the one-stage system. The two-stage setup enabled a high
operating biomass concentration and associated increased microbial ferrous iron oxidation
rate. The high 18% PCB solid loading and un-interrupted microbial Fe3* regeneration rates,
despite dissolved metals and PCB leachate accumulating, achieved in this study present a
promising approach for the design of reactor systems for the bioleaching of base metals from
PCBs, prior to recovery of PGM group metals. Their release through a biohydrometallurgical
approach, with selective recovery, provides a promising approach to maximizing metal
recovery for the circular economy.
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CHAPTER 8

8 Conclusions and recommendations

In this final chapter, an integrated discussion of the main components of the research and
associated findings and contributions of this study is presented. This is followed by
presentation of the overall conclusions and the significant contributions of this study.
Recommendations for future work required towards further development and improvement
of the bioleaching process for metal extraction from PCBs are also presented.

8.1 Integrated discussion

The substantial difference in rates of chemical leaching and regeneration of the ferric lixiviant,
especially in the presence of inhibitory metal ions, has detracted from development of the
bioleaching process for base metal recovery from printed circuit boards (PCBs). To exploit its
potential, a closer matching of rates of ferric leaching of elemental metals and ferric iron
regeneration by bio-oxidation is required. Ininvestigating the bioleaching of base metals from
PCBs in a novel two-stage reactor system, the reactor system design carefully considered
matching of these two rates. The system was comprised of a chemical reactor within which
Fe3* leaching of PCBs occurs with the production of Fe?*, coupled to a bioreactor for the
microbial regeneration of the Fe3* oxidant. As rigorous kinetic data on the leaching of
elemental metals have not been reported in the literature to date, generation of these data
was important, alongside the data on microbial Fe3* regeneration rates in the presence of
inhibitors, for the design of a process with matched rates on the leaching of key elemental
metals. Thus, in this thesis, three key aspects of PCB treatment using bio-assisted leaching
were addressed with the aim of further developing and improving the bioleaching process.
These are (1) the evaluation and quantification of chemical leaching kinetics of key elemental
metals present, (2) enhancement of the microbial Fe?* oxidation kinetics for Fe3* regeneration
in the presence and absence of metal ions stress through adaptation to inhibitors and through
cell retention by immobilisation, and (3) the integrated bioleaching approach in a two-stage
reactor system (reactor studies).

In this thesis, the two subprocesses involved in bioleaching, that is, the production rate of the
Fe3* oxidant by microbial Fe?* oxidation and the leaching of elemental metals by this Fe3*
lixiviant, have been investigated. This was achievedin the initial studies through the evaluation
and quantification of the volumetric Fe3* reduction rates as a function of metal leaching (Part
1) and the enhancement of microbial Fe?* oxidation rates for regeneration of the primary Fe3*
oxidant in the presence of inhibitors associated with PCB leaching through adaptation of the
microbial culture and cell-retention by immobilisation in biomass support particles (Part 2).
Knowledge of the volumetric Fe3* reduction and regeneration rates from Part 1 and 2 was
brought together to inform the setup and operating conditions of an integrated two-stage
bioleaching reactor system in Part 3.

In evaluating the volumetric Fe3* reduction rates as a function of metal dissolution during the
leaching of base metals from PCBs (Part 1), this study sought to evaluate the relative metal
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leaching rates and associated leaching kinetics to understand both the regeneration rates of
lixiviant required and the sequence in which metal ions accumulate in the leachates. These
studies included: (i) determining the relative contribution of the Fe3* and H* oxidants to
leaching of the elemental metals, (ii) evaluating the relative metal leaching rates of the
predominant metalsin PCBs (i.e., Cu, Zn, Sn, Ni), and their relative leaching mechanisms, and
lastly, (iii) developing a rate law expression to describe metal leaching. Each leaching study
was carried out over five temperatures (25 — 75 °C). Evaluation of the effect of temperature
on the leaching rate enabled the estimation of the relative activation energy through
Arrhenius's analysis. The leaching mechanism was therefore inferred from the resultant
activation energy.

Across all leaching experiments, Fe3* leaching rates under acidic conditions were more rapid
than H* leaching in the absence of Fe3*, demonstrating that Fe3* was the primary oxidant. This
result was consistent with that reported in the literature on the leaching of PCBs (Section
2.3.1).

The Fe3* reduction rate, as a dominant metal dissolution mechanism, increased with
increasing temperature. At 37 °C, referenced as the optimum operating temperature for the
microbial Fe3* regeneration (Part2 and 3), the relative volumetric Fe3*reduction rate was 6.87,
4.17, 3.79, and 0.597 g Fe3*.L"2.h"I for Zn, Sn, Cu, and Ni, respectively. This suggested that in
the Fe3*leaching of individual elementary metals in acidic medium, the relative magnitude of
the leaching rate was in the order of Zn>Sn>Cu>Ni, compared with Zn>Cu>Ni>Sn for the acid
leaching systems. In both Fe3*and H*leaching systems, Sn precipitated out as SnO2 within the
first hour of leaching.

In evaluating kinetic parameters, this study showed that the reaction order, n, for Fe3*leaching
of Cu, Zn, Sn, and Ni was estimated to be 2"4, 5th 2nd and 1%, respectively, with respect to the
Fe3* oxidant. The leaching mechanism for Cu and Zn was mixed-controlled, characterised by
an apparent activation energy of 32.7 and 24.3 kJ.mol?, respectively. Ni leaching was found
to be governed by a chemical reaction-controlled (84.5 kJ.mol?) mechanism, whereas Sn was
diffusion-limited (18.6 kJ.mol?).

In evaluating the effect of a mixture of metals, created synthetically or present in PCBs, on the
relative metal leaching rate and potential cementation reactions, the composition of the four
metals added in the mixed metal study was comparable to the metal content in the PCBs used
in this study. In addition, the required mole ratio of metal to oxidant was maintained. The PCBs
were first shredded using an industrial bench shredder and pulverised into fine particles of
<1180 um using a ring mill pulveriser to increase the reaction surface area and liberate the
metals. With high competition for the Fe3* oxidant in the multi-metals system, the Fe3*
reduction rate was as fastas 8.15 g Fe3*.L™2.h"1 for elementary mixed metals and 3.82 g Fe3*.L-
L h'lfor PCBs at 37 °C. Though these rates were different due to limited metal liberation and
surface area on PCBs relative to pure powder metals (<63 um), the rate for PCBs was
comparable to those of individual metals, particularly that of Cu. High extractions of the four
base metals of interest were successfully achieved at comparable leaching rates to that of
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elementary metals. However, the final pH reached in PCB leaching was higher due to the
alkaline nature of the PCBs. A similar order in relative metal leaching rates for mixed and
individual metals was observed, while that of PCBs was Zn>Cu>Ni>Sn and the slight change
was attributed to Sn precipitation impacting the determination of the Sn leaching rate. The Fe
balance at the end of the leaching and the comparable relative metal leaching rates suggested
no synergistic effects and no cementation reactions occurred. This may be a result of the low
amounts of Zn, Sn, and Ni relative to Cu. The Fe3*leaching was 2"d order with respect to Fe3*
for both leaching systems. The overall apparent leaching mechanism for mixed metals was
diffusion-limited as characterised by an apparent activation energy of 16.3 kJ.mol! and mixed-
controlled with an apparent activation energy of 26.8 kl.mol for PCBs.

The comparable leaching behaviour between the leaching of elementary metals and PCBs
shown in this study is noteworthy as it indicated that the leaching data for elementary metals
could be used to model the leaching behaviour of complex PCBs. The relative kinetic data and
associated kinetics provided here for metal leaching are critical in the development of a
flowsheet for biohydrometallurgical metal extraction and recovery. Such data is scarce in
literature and this study is the first to provide data describing the rate kinetics and
mechanisms involved in the leaching of elementary finely divided Cu, Zn, Sn, and mixed
metals. Cu leaching rates are previously reported for sheet copper.

The reduction of Fe3* through metal dissolution and the microbial regeneration of Fe3* from
the resultant Fe2*are interdependent subprocesses involved inbioleaching. Metals solubilised
through chemical leaching (Part 1) are expected to accumulate within the leachates and could
adversely inhibit microbial activity as emphasised in the literature review (Section 2.3.4).
While continuous base metal recovery following leaching is desirable, effective recovery (not
considered in this thesis but recommended for future study) requires accumulation of high
metal concentrations. Thus, the second part of this thesis sought to evaluate the inhibitory
effect of metal ions on microbial Fe?* oxidation rates. The inhibitory effects of the four base
metals, i.e., Cu, Zn, Ni, and Sn, in the form of metal ions, were evaluated separately and in
combination. Inhibitory studies using individual metal ions provided a relative metal effect,
whereas those involving mixed metal ions demonstrated potential compounded effects with
respect to individual metal ions. In addition, PCB leachates were included to better evaluate
the inhibitory effect of pure metal ions and non-metallic components of the PCBs.

With the rapid Fe3* reduction rate observed inthe chemicalleaching studies (Part1), microbial
immobilisation on biomass support particles was investigated to potentially enhance the
volumetric microbial Fe?* oxidation rate through enhancing the volumetric biomass
concentration and restricting the decrease in the specific ferrous iron oxidation rate through
inhibition. Microbial adaptation to metal ions prior to bioleaching was considered to further
mitigate metal inhibition of the ferrous iron oxidation rate. The mixed mesophilic culture used
for adaptation consisted of L. ferriphilum (38%), At. caldus (45%) and Ap. cupricumulans (15%),
with additional other species present at <1% abundance, at the startof the experiment. It was
adapted to 6 g/L Cu?*and immobilised on polyurethane foam as a biomass support structure
(PUF-BSP). Its performance was investigated using four different inocula; namely, non-
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adapted planktonic cells (NA-PC), non-adapted immobilised cells (NA-IC), Cu-adapted
planktonic cells (A-PC), and Cu-adapted immobilised cells (A-IC).

Successful immobilisation of the microbial culture on the PUF-BSPs was confirmed by SEM.
Following cell detachment from the PUF-BSPs, cells embedded in clumps of EPS on the PUF-
BSPs were still visualised under the microscope. This was attributed to the fully developed
nature of the biofilm. Incomplete detachment compromised direct biomass quantification
throughout these experiments. A comparison between immobilised cells and planktonic cells
with respective to the initial inoculum size was therefore based on microbial activity -
evaluated on the basis of calculated volumetric rates of Fe?*oxidation.

Inhibition studies were evaluated by comparison of the lag phase duration, the time taken to
achieve complete Fe?* oxidation, and the volumetric Fe?* oxidation rate. In the absence of
inhibitory metal ions, the volumetric microbial Fe?* oxidation rates averaged at approximately
0.0795 g FeZ*.L'1.h across the four sets of inocula. On increasing concentration of inhibitory
metal ions, these rates decreased to below 0.0131 g Fe2*.L1.h, alongside prolongation in the
lag phase and time taken to achieve complete Fe?* oxidation. The slow microbial Fe3*
regeneration rates here relative to faster Fe3* reduction rates observed in the chemical
leaching studies (Part 1) confirmed the mismatch in rates in bioleaching and the need to
improve the Fe3* regeneration rates. Furthermore, the decrease in Fe?* oxidation rates with
an increase in the severity of inhibition necessitated mitigation of microbial inhibition.

The time taken to achieve complete Fe?* oxidation by the four inocula when exposed to the
same concentration of 10 g/L of individual inhibitory metal ions is summarised in Table 8-1.

Table 8-1 The time taken to achieve complete microbial Fe?* oxidation by four sets of inocula
when exposed to 10 g/L individual metal ions

Time taken (hours) to achieve complete Fe?* oxidation at 0
and 10 g/L metal ion

Inoculum No metal Cu Zn Sn Ni
NA-PC 96 120 120 - 188
A-PC 94 120 96 528 148
NA-IC 98 120 120 - 122
A-IC 88 96 96 360 120

The data suggested that the inhibitory effect by individual metal ions was in the order of Sn?*
> Ni%* > Cu?* > Zn?*. Moreover, the microbial tolerance to inhibitory effects amongst the four
sets of inocula tested was in the order of A-IC > NA-IC > A-PC > NA-PC. The order of metal
tolerance amongst the inocula remained the same in all inhibitory studies. Complete Fe?*
oxidation was achieved over 216 h by A-IC exposed to mixed metals solution (34.91 g/L Cu?*,
5.69 g/L Zn?*, 1.13 g/L Ni?*, and 2.99 g/L Sn?*) simulating 20% w/v PCBs, compared to 180 h
at 39 g/L Cu?*, 100 h at 6 g/L Zn?*, 100 h at 1 g/L Ni%*, and 184 h at 3 g/L Sn?*. This suggested
that mixed metals exhibited more severe inhibitory effects than individual metal ions even at
low metal ion concentrations. The observed severe inhibition by mixed metals was postulated
to be due to the synergistic inhibitory effect with respect to individual metal ions. At 40% v/v

193



PCB leachates (8.88 g/L Cu?*, 13.24 g/L Fe, 0.162 g/L Ni%*, 0.0372 g/L Zn?*, and 0 g/L Sn%),
equivalent to 9% w/v PCBs, A-IC achieved complete Fe?* oxidation over 600 h, suggesting that
the microbial activity in the presence of the PCBs leachate exhibited more severe inhibition
than both individual and mixed metal ions. The severe inhibitory effect was attributed to the
presence of other metals and non-metallic components present.

The observed improved metal tolerance by the adapted cultures suggested that adapting the
culture to Cu?* not only improved their tolerance to Cu?* but also to other individual metal
ions found in PCBs such as Zn?*, Ni?*, and Sn?*, mixed metals, and PCB leachates. The improved
metal tolerance exhibited by A-IC compared to the other inocula tested suggested
compounded benefits of prior adaptation to Cu?* and microbial immobilised system. These
results were in accordance with the hypothesis that: (i) microbial Fe2* oxidation could be
improved by cell retention through immobilisation while metal inhibition is minimised by
associated biofilm formation, and (ii) that the metal tolerance can further be improved by
prior adaptation. This finding provides a novel understanding of microbial inhibition in
immobilised culture and is a significant contribution to the field of biohydrometallurgy.

Owing to the improved metal tolerance exhibited by A-IC, the integrated two-staged
bioleaching system was inoculated with A-IC. The overarching aim of this PhD project was to
match the Fe3* reduction rate as a function of metal dissolution to the microbial regeneration
rate of Fe3* from the resultant Fe?*. Thus, the number of PUF-BSPs (with A-IC) required to
match the two rates was projected from the previously established Fe3* reduction rates in the
presence of pure and mixed metals, together with the microbial Fe3* regeneration rates
guantified in the immobilisation studies. In the absence of inhibition, 3 units of PUF-BSPs (with
A-IC) exhibited a Fe?* oxidation rate of 0.0802 g Fe2*.L1.h"t at 37 °C. Across all Fe3* leaching
experiments at the same temperature, the highest volumetric Fe3* reduction rate of 8.15 g
Fe3*.L™1.h"l was that of the Fe3* leaching of mixed elementary metals. In aiding the matching of
the Fe3* reduction rates to microbial Fe3* regeneration rates, 300 PUF-BSPs were thus packed
into 6 columns (50 in each column) connected in series and maintained at 37 °C. As the packed
columns were coupled to a stirred tank reactor for the chemical leaching of PCBs, the metal-
rich stream was recirculated between the two reactors at a flowrate of 0.5 L/h such that a
residence time of 4 days across the columns was achieved. The residence time was informed
by a 96 — 100 h period typically required to achieve complete Fe?* oxidation observed in batch
microbial activity studies (Part 2) in the absence of metal ions. To minimise the prolonged lag
phase observed at the addition of high metal concentrations (including PCB leachates) and
subsequent adverse impediment of the Fe?* oxidation in Part 2, PCBs were added at an
incremental rate of 3% w/v PCBs to minimise metal stress shock to the microbial culture and
to better mimic the anticipated semi-continuous process for application.

The one-stage reactor system was considered the base case study, where both Fe3* leaching
and microbial Fe3* regeneration occurred in a single reactor containing 50 BSPs.

In both reactor systems, comparable high bioleaching efficiency was successfully achieved. In
the two-stage reactor system, the average (across 3 —18% w/v PCBs) metal solubilisation was
98% Al, 58% Ca, 93% Cr, 96% Cu, >100% Mg, 79% Ni, 80% Pb, >100% Sn, >100% Zn, 7% Co,
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and 11% Sr. Although the volumetric Fe?* oxidation rates decreased slightly with an increase
in PCB loading, sufficient microbial activity was maintained even at the highest PCB loading.

In both reactor systems, Fe3* reduction rates averaged at approximately 0.207 g Fe3*.L1.h?
across all PCB loadings, which was faster than the microbial Fe3* regeneration rates. The Fe3*
reduction rates were 8.72-fold faster than the microbial Fe3* regeneration rates in the one-
stage reactor but only 3.47-fold faster than that in the two-stage reactor system. This
suggested an improvement of about 60% in the match between Fe3* reduction and
regeneration rates in the two-stage system relative to the one-stage reactor system. The
difference in rates was attributed to limited biomass concentration and the exposure of
microbial culture to PCBs in the one-stage reactor system relative to the two-stage system.
Further improvement of the relative rates is expected to be achieved by further optimisation
of relative retention times.

Although the Fe3* reduction and microbial Fe3* oxidation rates were not matched in this study,
the conditions presented improved microbial activity even at high PCB loadings of 18% PCB
relative to a typical threshold of 5% w/v PCB loading. These findings supported the central
hypothesis that in improving bioleaching, microbial inhibition can be partially overcome by
the separation of the process into its two sub-processes through a two-stage reactor system.
Therefore, this study motivates for the selection of a two-stage reactor configuration with Cu-
adapted immobilised cells for bioleaching of base metal from PCBs prior to the leaching of
PGMs to maximise metal recovery and support the circular economy.

8.2 Concluding remarks

This study explored a novel two-stage reactor system for bioleaching of base metals from
PCBs. In developing and improving the bioleaching process, this study provides a detailed
understanding of the two sub-processes involved in the bioleaching of PCBs by evaluating the
volumetric Fe3* reduction rate as a function of metal dissolution and microbial Fe?* oxidation
rates in the presence of inhibitory metal ions.

On the chemical leaching of base metals from PCBs, this study provided the relative metal
leaching behaviour and its associated leaching kinetics with respective to Fe3* and H* oxidants.
In comparing the Fe3* and H* reduction rates as a function of metal dissolution, this study
demonstrated that Fe3* was the primary oxidant of the elemental metals. The relative metal
leaching rates in the Fe3* leaching system were in the order of Zn>Sn>Cu>Ni for both individual
and mixed metals, compared to Zn>Cu>Ni>Sn in the acidleaching system. These relative metal
leaching rates were comparable to those in Fe3* leaching (Zn>Cu>Ni>Sn) of complex PCBs,
except for Sn owing to it being prone to precipitation. These data on the Fe3* reduction rates
as a function of metal dissolution and the associated relative metal leaching rates are critical
in understanding both the regeneration rates of lixiviant required in bioleaching and the
sequence in which metal ions accumulate in the leachates. With observed comparable
leaching behaviour between elementary metals and PCBs, this study suggests that the
elementary metal leaching data can be used to model the leaching of complex PCBs process
flowsheets.
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On quantifying the microbial Fe3* regeneration rates through Fe?* oxidation, this study
confirmed the low Fe3* regeneration rates relative to faster Fe3* reduction rates through metal
dissolution, as emphasised in the literature. The low microbial Fe?* oxidation rates were
exacerbated by increasing concentrations of inhibitory metal ions, namely Cu?*, Zn?*, Ni%*, and
Sn?*, as individual and in combination, and PCB leachates. Microbial immobilisation system
was explored to improve volumetric Fe?* oxidation rates by increasing cell concentration and
minimising inhibition of microbial culture through biofilm formation to maintain specific Fe?*
oxidation rates. Microbial adaptation to Cu?* was also explored to further enhance metal
tolerance. In evaluating the relative metal inhibitory effect, this study observed that PCB
leachates were more inhibitory, followed by mixed metals and individual metals being the
least. Among individual metals, inhibition was in the order of Sn?*>Ni?*>Cu?*>Zn?*. Severe
inhibition by mixed metals was attributed to synergistic inhibitory effect with respect to
individual metal ions, while with PCB leachates, the severity could have been exacerbated by
dissolved non-metallic components of PCBs and other dissolved metal ions. In comparing
metal tolerance and volumetric Fe2* oxidation rates between the four inocula in the presence
of inhibitory metal ions, culture performance was in the order of A-IC > NA-IC > A-PC > NA-PC.
Improved culture performance for immobilised cells was attributed to the micro-environment
within the PUF-BSPs and the resultant biofilm associated with colonised microbial cells, which
provided resistant diffusion against inhibitory metal ions. These findings supported the
hypothesis that exploring microbial immobilisation and adaptation can result in compounded
benefits in terms of improved Fe?* oxidation rates and metal tolerance. This study is the first
to explore such compounded benefits. The in-depth understanding of the relative metal
inhibitory effect through exposure to individual metal ions and compounded metal inhibition
when exposed to mixed metal ions and PCBs, as well as the explored range of inocula is of
significant benefit in the mitigation of microbial inhibition in PCB bioleaching systems.

In the final part of this PhD study, the two sub-processes were further evaluated in an
integrated two-stage bioleaching system for the leaching of base metals from PCBs. In aiding
matched rates of Fe3* reduction to the microbial Fe3* regeneration rates, insight into the
volumetric Fe3* reduction rates relative to Fe3* regeneration rates informed the operating
parameters of the integrated system. The two sub-processes were successfully separated in
the two-stage reactor system with high metal bioleaching efficiency achieved. Moreover,
microbial activity was successfully maintained even at the highest PCB loading of 18% w/v
post metal leaching compared to the threshold of 5% w/v PCBs commonly reported in
literature. Although the Fe3* reduction and the microbial Fe3* oxidation rates were not fully
matched, this study concluded that the promising reactor configurations adopted have the
potential to maximise metal recovery while maintaining and improving microbial activity
during the bioleaching of PCBs. The findings presented in this study are anticipated to
contribute to improved process design and optimisation of the PCB bioleaching process, as
well as to enable upscaling and subsequent commercialisation of the process.

8.3 Recommendations for future work

This study presents a novel two-staged bioleaching reactor system for the improvement of
microbial Fe3* regeneration rate during bioleaching of base metals from PCBs. In addition to
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the successes in this study, it is recommended that improvements in the novel two-stage
reactor system may be achieved by considering several further configurations of the two-
reactor system:

1. A unit operation for the selective removal and recovery of metals leached may be
included between the chemical leaching reactor and the ferrous iron oxidation reactor
in the circuit.

2. While in this study, the reactor was operated as a closed system to assess the potential
of the two-reactor system, an open continuous operated system, in which a fraction
of the metal-rich stream is purged for subsequent metal recovery with concomitant
fresh feed addition to the two-stage reactor system should be considered to overcome
the observed decrease in volumetric Fe?* oxidation with an increase in accumulated
PCB loading.

3. The relative residence times in each component of the two -reactor system should be
explored as should the number of columns comprising the ferrous iron oxidation
component. Through varying flowrates for both the leachates through the packed-bed
reactors and the purge, with minimal biomass wash-out ensured, improved space-
time utilisation may follow.

4. To supplement Fe3* and compensate the required H* to maintain acidic conditions as
discussed in the literature review, the addition of pyrite should also be considered,
particularly for the continuous operating mode.

For an in-depth understanding of the benefits offered by the microbial immobilised system,
techniques such as isothermal microcalorimetry, CO2> and O off-gas analysis, and other
techniques which can relate microbial growth and associated metabolic activity to estimate
accumulated biomass quantity are recommended for future studies.

It is also recommended that analysis of EPS composition should be carried out to determine
and quantify the polymeric substances present. This information may provide understanding
of the potential metal-chelating agents as well as the potential for metal ion adsorption in the
EPS. Itis also expected to provide insight into the cell protection offered by the biofilm against
inhibitory metal ions.

Other metals of importance in PCBs that are potentially inhibitory metals, such as Crand Co
which can be inhibitory even at low concentrations, should also be considered in expanding
knowledge of inhibition.

In addition, to better understand the potential inhibitory effect of the non-metallic
composition of PCBs, microbial culture should be subjected to epoxy resins (as a base of all
PCBs) in the absence of metal ions.
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APPENDICES

Appendix A: Supplementary materials for Chapter 3

A1l: Determining Fe3* and total iron concentration

The concentration of Fe3*, Fe?*, and total iron in samples was determined using a Fe3* chloride
colorimetric assay developed by (Govender et al., 2012). The reagents were prepared as

follows:

A 1000 mg/L Fe3* solution (Fe(NO3s)s in HNO3, Merck) was used as a standard solution.
A 2 mol.L? hydrochloric acid stock solution was prepared by adding 393.24 mL of 32%
HCl into 1606.76 mL of deionised water.

A standard calibration curve relating Fe3* concentration to absorbance was prepared in a

concentration range of 0 — 150 mg/L Fe3*.

After necessary dilution using acidified deionised water, 2 mL of a sample was added
into a test tube.

2 mL of 2 mol.L'r HCl was added into the same test tube to meet a sample to HCl
reagent ratio of 1:1.

The solution was vortexed for 1 minute.

The well mixed solution was then carefully decanted into a 4 mL cuvette and its
absorbance was recorded at 340 nm for Fe3* concentration.

The solution was then decanted from the cuvette back into the test tube and a scoop
of potassium persulfate crystal (99.99%, Merck) was added.

Thereafter, the test tube was vortexed for 1 minute and allowed to sit for 5 minutes
for the excess potassium persulfate to settle at the bottom.

The sample was carefully decanted back into the cuvette and absorbance was
measured at the same wavelength as previously but for total Fe concentration.

The standard curve generated and used for all Fe concentrations is presented in Figure Al:
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Figure Al. Standard calibration curve of Fe used to determine Fe3* and Fetot. Error bars
represent standard deviation,n =3

Appendix B: Supplementary materials for Chapter 4

B1: Ferric leaching of Cu at different molar ratio

To validate the assumption that the H* leaching in the ferric leaching system is negligible, such
that Fe3* leaching is the dominant leaching mechanism Cu was leached at different moles to
Fe3*, i.e. 1:1 and 2:1 Fe3*to metal mole ratio. The leaching was carried out at 37 °C, initial pH
of 1.1 and Fe3* concentration varied from 10 g/L (0.0470 mol) to 20 g/L (0.0903 mol), whereas
Cu added was maintained at 2.50 g (0.0393 mol). At 10 g/L Fe3*. These results are presented
below.
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Figure B1. Change in pH (A), redox potential (B), Fe3* (C) and Fe2* (D) concentration over time
during the ferric leaching of elementary Cumetal at 1:1 (0) and 2:1 (&) Fe3*:Cu mole
ratio. Error bars represent standard deviation, n = 3.

B2: The Nernst equation used to correct redox measurement

In the ferric leaching of Zinc elementary metal, the measured redox was affected and shifted
from Fe3*/Fe?* coupling. The redox was then calculated from the dissolved ferric and ferrous
iron ratio using the Nernst equation as follows:

E = E 4+ R.Tl (CFe3+)
ho— 70 Z.Fn

Crez+
Where:

En — Redox potential (mV)

Eo — Standard potential (mV)

R — Universal gas constant (8.31 J.mol*.K*!

T — Temperature (K)

z— Number of moles of electrons

F — Faraday constant (C.mol?)

Cre>* - Concentration of ferric iron (mol.L?)

Cre?* - Concentration of ferric iron (mol.L?)
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The calibration curve used is presented in Fig B2 below:
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Figure B2. Standard calibration curve used to calculate redox potential from dissolved ferric
iron to ferrous iron ratio.

B3: Ferric leaching of Ni powder at 25 °C
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Figure B3. Changein pH (A), redox potential (B), Fe3*(C)and Fe2* (D) concentration during the
ferric leaching of elementary Ni metal at 25 °C. Error bars represent standard

deviation, n = 3.
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Appendix C: Supplementary materials for Chapter 5
C1: One-way ANOVA

One-way ANOVA analysis for comparison of volumetric Fe2* oxidation rates of planktonic cells
to that of immobilised cells at various inoculum sizes.

Immobilised cells Planktonic cells
Fe?* rate Inoculum (% Fe?* rate
Inoculum STDEV, n=3 STDEV, n=3
(g/L/h) v/v) (g/L/h)
3-PUFs 0.0651 0.0012 0.2 0.0007 0.0005
6-PUFs 0.1178 0.0366 2 0.0097 0.0019
9-PUFs 0.1138 0.0300 10 0.0637 0.0029
Summary
Groups Count Sum Average Variance
Column 1 3 0.195 0.0649 1.77x10°
Column 2 3 0.191 0.0637 8.59x10°
ANOVA
Source of SS df MS F P-value F crit
Variation
Between 2.32x10°% 1 2.32x10°  0.448 0.540 7.71
Groups
Within 2.07x10> 4 5.17x10°
Groups
Total 2.29x10> 5

Appendix D: Supplementary materials for Chapter 7

D1: Design of incubator

The design of the incubator used to keep the packed-bed glass columns at 37 °C throughout
the bioleaching of PCBs in a two-stage reactor system.
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Figure D1. A schematic diagram of the design of the wooden incubator (from front, top and
side view) used for incubation of the column packed-bed bioreactor used in the two-

stage bioleaching of PCBs.
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