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ABSTRACT
The technological novelty has led to a decline in the lifespan of electronic gadgets,
consequently discarding these as electronic wastes (e-wastes). Printed Circuit Boards
(PCBs) which form the major proportion of the e-wastes, can serve as secondary sources
of metals. The escalating global consumption and pressing demand for base and precious
metals due to exhaustion from their natural resources has necessitated recycling the
wastes for metal recovery. Bioleaching is the microbe-mediated mobilization of metals,
and it can treat e-wastes to recycle it into the circular economy. The present study aims to
recover metals from PCBs using heterotrophic bacteria in a Fluidized-bed bioreactor
(FBR). Alcaligenes aquatilis and Chromobacterium violaceum were chosen for Cu, Ag,
and Au bioleaching, respectively, through screening studies. The performance of FBR for
Cu bioleaching revealed 0.175 mm particle size, 5% inoculum (v/v), and 2% e-waste load
(w/v) as the optimum conditions. The mechanism of Cu bioleaching by A. aquatilis
through contact and non-contact modes with redoxolysis and complexolysis mechanisms
was proposed. Both bacteria performed better in bioleaching of metals as individual
cultures than as co-cultures. Comparison of the three bioleaching methods in the FBR
proved that the two-step method using C. violaceum is efficient for precious metal
bioleaching with 9% Au and 23.7% Ag bioleaching. In contrast, the spent medium of A.
aquatilis could bioleach 52.2% Cu. The recovery could be improved through three
sequential batch runs of one-step bioleaching in FBR with A. aquatilis, yielding
cumulative recovery of 80% Cu and 28.6% Ag. The recovery was also improved through
a two-stage sequential batch operation involving a first stage of three sequential batches
using the spent medium of A. aquatilis, followed by a second stage involving three
sequential batches of a two-step method with C. violaceum, accomplishing a cumulative
recovery of 99% Cu, 36.8% Ag, and 21.9% Au. The process can potentially serve as a

greener and more economical method for bioleaching.

Keywords: bioleaching, electronic waste, Fluidized-bed bioreactor, heterotrophic

bacteria, sequential batch bioleaching
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CHAPTER 1

INTRODUCTION

1.1. ELECTRONIC WASTE GENERATION

The modernization of society and its adaptability to faster-growing digital
communication technologies have accelerated the production of mobile phones with great
versatility. The performance of mobile phones is equivalent to professional computers
and cameras, making itself crucial for human living. Moreover, this paradigm can be
extrapolated to other electronic devices too. The technological novelty has led to a
revolutionary standard of living with a decline in the lifespan of electronic equipment
consequently (Rautela et al. 2021). Launching of the new models of electronic devices
makes obsolete products sorted into electronic waste (e-waste) (Chen et al. 2018; Mejame
et al. 2018). The e-wastes include discarded computer parts, motherboards, CDs, mobile
phones, televisions, refrigerators, and accessories (Liu et al. 2023). According to Liu et
al. (2023), the global e-waste generation has increased by 21% from 2014 to 2019. In
2019, only 17.4% of e-waste was recycled, and the rest of the e-waste flow is uncertain.
Asia generates the highest quantities of e-wastes, i.e., 46.4%, followed by America and
Europe with 24.4% and 22.4%, respectively though the generation per inhabitant is the
highest in Europe (16.2 kg/inhabitant) (Shahabuddin et al. 2023). India, being the third
largest in e-waste generation as per 2019 reports, the electronics consumer market is
expected to grow at a 16.1% compound annual growth rate between 2019 and 2025

(Singh et al. 2023).

1.2. RISKS ASSOCIATED WITH E-WASTES

Electronic goods contain metallic and non-metallic components. The non-metallic
components include glass, ceramics, plastics, and rubber. The base metals like Cu, Zn,
Al, Pb, Ni, Fe, etc., and precious metals like Au, Ag and Pd constitute the metallic
fraction (Abdelbasir et al. 2018). The complex and heterogeneous nature of the wastes

makes them hazardous due to the presence of noxious elements, flame retardants, and



other recalcitrants. The toxicity level depends on the device type, composition, and the
prior treatment strategy adopted (Cesaro et al. 2018). It is noticed that only a minor
proportion of e-waste is recycled. The legal obligations regarding the impact of treatment
in developed countries and rudimentary treatment practices in developing countries
contribute to this inadequacy. These limitations, however, have significance in
environmental health. The informal discharge processes mobilize these substances into
the environment (air, water, and soil) as various pollutants (Rautela et al. 2021). The
hazardous constituents in the unprocessed or partially processed e-waste, mainly metals,
leach out from the e-waste dumps and pollute water and soil. The health risks of e-waste
are due to the contaminated air, water, food, and direct/indirect routes of exposure to the
lethal chemicals in the water. The neighbourhood regions of the dump yard or e-waste
processing sites are at health risk, which may extend further into the ecosystem. The
chemicals in these wastes are powerful mutants, carcinogens, and neurointoxicants,

making e-waste management vital (Heacock et al. 2015).
1.3. E-WASTE MANAGEMENT

The first step for managing electronic waste is to approximate the waste generated
for well-planned execution. The export of e-wastes from developed to developing
countries for recovery of its constituents is a primary concern in the management of e-
waste. The neutralization of challenging issues like quantity, infrastructure, assessment,
transportation, a mixture of other solid wastes, limited awareness, and incomplete
implementation of regulations can achieve a proper e-waste management system. The
system should have safe disposal, collection, treatment, and recycling technologies
functioning. The wastes were generally treated by classical landfill and incineration
systems. Recycling the metal constituents is needed to counter the exhaustion of
resources, meet the growing population's demands, and reduce environmental risks

associated with conventional mining (Ikhlayel 2018).

1.4. IMPLICATIONS OF ELECTRONIC WASTE MANAGEMENT
Recycling e-waste brings the critical economic incentive of recovering precious

metals from scrap, like gold and silver. A ton of computer e-waste can substitute the gold



obtained from seventeen tons of gold ore and constitutes forty times more copper than its
ore (Das et al. 2017). Accordingly, the escalating global consumption and pressing
demand for precious metals due to exhaustion from their natural resources have
necessitated recycling. The recovery of metals from the e-wastes is considered urban
mining. The two major metallurgical strategies used for the recovery of metals are 1.
Pyrometallurgy, a pyrolytic smelting process that requires high investments, produces
toxic emissions, and 2. Hydrometallurgy, chemical-mediated extraction, discharges
contaminated effluent. An alternative approach is Biohydrometallurgy using biological
agents in the aqueous extraction of metals (Isildar et al. 2018). Biohydrometallurgical
studies are promoted as they are environmental friendly and help in the treatment to
efficiently recover metals from electronic wastes containing metals at low concentrations.
These advantages ensure the generation of detoxified or less toxic products, a clean
environment, prevent the depletion of high-grade ores, and the wastes are considered

secondary resources of metals (He and Kappler 2017).
1.5. EMPHASIS ON BIOLEACHING

The percentage recovery of metals from low-grade materials using conventional
techniques is marginal. Sequences of environmental disasters in the mines have raised
concerns regarding the use of chemical agents for metal recovery on a global scale.
Biological methods can treat wastes, recover the valuables from these secondary ores and
reduce the release of contaminated effluents. The prerequisite to develop the application
of a cost-effective and sustainable approach for metal recovery is established by using
microorganisms. The microorganisms act as leachants, flocculants, adsorbents, and
oxidants, covering all the areas of biohydrometallurgy. An insight into the —omics
(genome, transcriptome, proteome, secretome) of the organism will provide the relevance
of the microbe in a particular process. Bioleaching or bio-oxidation as an initial step in
the biohydrometallurgical process increases the recovery rate (He and Kappler 2017).
Bioleaching is the solubilization of metals catalyzed by microbial cells or their
metabolites (Martinez-Bussenius et al. 2017). Different nutritional classes of
microorganisms, like lithotrophic bacteria, heterotrophic fungi/bacteria, and

actinomycetes, can be used effectively as bioleaching agents. The chemolithotrophic

3



bacteria are widely studied and applied for the process but require stringent growth and
bioleaching conditions (Marra et al. 2018). Heterotrophic bacteria can grow and carry out
bioleaching in ambient physiological conditions. Only a very few of these genera, like
Chromobacterium sp., Pseudomonas sp., and Bacillus sp. (Baniasadi et al. 2019), have

been exploited due to its precious metal bioleaching efficiencies through cyanogenesis.
1.6. BIOREACTORS FOR BIOLEACHING

Microbial leaching with the subsequent release of soluble metals from its
insoluble matrices is essential from an industrial perspective for waste management.
Bioleaching requires a detailed study of the class of microbes employed, biotic and
abiotic requirements for growth, adaptability, dissolution capability, and the
physicochemical nature of the solids in-vitro. The mechanisms involved in bioleaching
are anticipated from the habitat of the isolate and subjected to research. A profound
understanding of the microbial mechanisms of leaching will channel the specific

bioprocess requirements and its scale-up for industrial requirements.

The bioleaching studies in shake flasks allow precise and easier experimentation
and observations on the various leaching parameters, the microbial flora, and their
potential in bioleaching as well as in understanding the mechanism of bioleaching.
However, large-scale implementation of the bioleaching operation necessitates using
bioreactors like stirred tank reactors and column reactors. Bioreactors enable good
mixing and mass transfer characteristics to obtain appreciable bioleaching efficiency even
when processing large amounts of e-waste. The controlled conditions in the bioreactor
allow free movement of the reactants and enhance the mass transfer in the multi-phase
system. The practical implementation of any bioreactor on a large-scale needs prior tests
and experiments on a lab scale and pilot scale to validate their performance. The
bioreactors also serve as a model for appropriate in-situ processes like heap and dump

leaching by indigenous microorganisms.

Further, these bioreactor simulations validate the possibility of leaching in
refineries and other industries which benefit from the process. Fluidized-bed reactors

have excellent solid-liquid, solid-gas, and gas-liquid mass transfer characteristics. This

4



has been widely used for multi-phase reactions (Tisa et al. 2014) as a multi-phase
contactor for various applications. Thus, it is an ideal candidate to carry out aerobic
bioleaching (Soleimani et al. 2009; Trivedi et al. 2022) involving solid, liquid, and
gaseous phases. The present study focuses on screening a potential heterotrophic bacterial
strain for bioleaching and optimizing the bioleaching process in a Fluidized-bed
bioreactor for leaching Ag and Cu. A mechanistic study on the one-step Cu bioleaching
from PCBs by the selected strain was proposed. The selected strains have been used as
co-cultures to recover Au, Ag, and Cu simultaneously. A comparative study of the
different bioleaching methods and the performance of the Fluidized-bed bioreactor
operated in sequential batch mode for bioleaching using the selected heterotrophic

bacterial strains are presented.






CHAPTER 2

REVIEW OF LITERATURE

2.1. ELECTRONIC WASTE

The increasing technological advances coupled with consumer demand for
electrical and electronic items are the sole cause of electronic waste (e-waste) generation.
The printed circuit board (PCB) of the e-waste is the core component contributing 3-6%
of the total weight. The tiny life span of electronics contributes significantly to e-waste
generation due to less efficient recycling and reuse (Priya and Hait 2017). The printed
circuit board is heterogeneous and complex, constituting approximately 28% metallic
fraction, and the non-metallic fraction represents plastics, rubber, glass, and ceramics.
PCB contains metals like gold, silver, copper, zinc, nickel, lead, aluminium, and iron that
are valuable and hazardous. The exact figure of the composition varies with the source of

the obtained PCB (Awasthi et al. 2016).

2.2. ENVIRONMENTAL IMPACT OF PRINTED CIRCUIT BOARDS

In most developing and under-developed countries, the handling and disposal of
PCBs are unregulated. Safety concerns arise due to its toxic constituents like metals and
flame retardants released into the air, water, and soil, which are potential neurotoxicants
and carcinogens. The 2013 WHO work group observed a need to raise awareness about
electronic scrap as an environmental health threat internationally (Heacock et al. 2015).
Previous research on health assessments of informal workers of e-waste recycling units in
Ghana have shown the presence of elevated levels of heavy metals (Caravanos et al.
2013) and flame retardants (Wittsiepe et al. 2015) in their blood and urine samples. Their
findings were not pathological but caused significant pulmonary issues. The breast milk
samples of the women residing nearby had high concentrations of polychlorinated
biphenyls. These chemicals pose a neonatal health risk more than adults since these
chemicals act as developmental neurointoxicants, leading to cognitive deficiencies in
infants. The pollutants also affect the metabolism of aquatic life, physiology,

reproduction, development, and growth. The risks are associated with releasing these
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chemicals into the atmosphere, water bodies, and biota of vulnerable areas with

rudimentary recycling techniques and informal processes (Daum et al. 2017).

2.3. METAL RECOVERY FROM E-WASTE

Electronic materials can be treated directly through landfills and incineration.
Metals could be recovered from the electronic scrap by Pyrometallurgy and
Hydrometallurgy processes. These recycling techniques are generally employed for
extracting the metals from their low-grade ores and other metal-containing matrices
(Table 2.2). Electronic wastes are considered the secondary resource for precious and

base metals with high purity.

2.3.1. Pyrometallurgy

Pyrometallurgy is the technique in which the non-metallic fraction of the PCBs is
decomposed, and the metallic fraction is concentrated in an inert atmosphere or under a
vacuum. A high temperature is required to remove the solders and consequently separate
the metals and non-metals (Ning et al. 2017). Pyrolysis is a technique of choice due to its
volume reduction capacity and pure yields. Most of the reported studies have used
nitrogen gas to provide inert conditions, while a few have used vacuum pyrolysis (Zhou
et al. 2010). The organic portion of the PCBs is decomposed to low molecular weight
products like oils and finds its application as fuels/feedstock in manufacturing industries.

The inorganic metals can be recycled and recovered (Zhou and Qiu 2010).
2.3.2. Hydrometallurgy

The modern hydrometallurgical methods mark the beginning after the discovery
of aqua regia (a mixture of HNOj3 and HCI), the cyanidation process for the recovery of
gold, and Bayer’s process for alumina. Further, various chemical and biological leaching
agents were discovered following the separation processes that are applied at present
(Habashi 2005). Hydrometallurgy is the solubilization of metals in an acidic or alkaline
lixiviant from its resource (leaching) and recovery from the pregnant solution. Some
common leaching agents of precious metals include thiosulphate, cyanide, and halides;
other metals are subjected to acid leaching. The extraction of metals from mobile phone

PCBs requires more than one leaching agent. Silver was best solubilized using nitric acid,
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copper, and gold in aqua regia. Leaching in aqua regia is the best method to achieve

complete solubilization of most metals in PCBs (Petter et al. 2014).
2.3.3. Biohydrometallurgy for e-waste treatment

The metal accumulation and dissolution abilities of the microorganisms make it a
suitable biological agent in hydrometallurgy, substituting chemical leaching agents for
metal recovery. The microbe-mediated hydrometallurgical process is termed
“Biohydrometallurgy.” Both prokaryotic and eukaryotic microorganisms are reported for
metal-microbe interactions in the natural biogeochemical cycles. Hence these organisms
are exploited for bioremediation and hydrometallurgical applications from their ores
(Gadd 1999; White et al. 1997). Prokaryotes include bacteria and actinomycetes, while
yeasts, molds, and cyanobacteria are also studied for their metal speciation and further
mobilization potential (Abdulla 2009; Gadd 1999; He and Kappler 2017; Pollmann et al.
2016). An essential prerequisite for applying these microorganisms for hydrometallurgy
is their metal resistance mechanisms by efflux systems, enzymatic secretions, or biofilm

formation (Chien et al. 2013).

2.4. MICROORGANISMS AS BIOLEACHING AGENTS
A brief overview of the bioleaching of metals from various sources, mechanisms,

and microorganisms used is presented in Table 2.2.

2.4.1 Chemolithotrophic autotrophs

The bacteria classified under this group are well-studied for their bioleaching
abilities. These bacterial communities can survive extreme environmental conditions,
grow as oligotrophs, and oxidize metals into solution using oxygen from the air as the
final electron acceptor. Chemolithoautotrophs derive energy from reduced inorganic
chemicals (sulfides), use atmospheric carbon dioxide as a carbon source, and inorganic
hydrogen serves to donate electrons. Additionally, the stringent acidic pH for growth at
which metals remain soluble enhances the leaching. Most of the members of the
lithotrophs are sulfur and iron oxidizers. The genera of bacteria effective for bioleaching
metals from their surfaces include Acidothiobacillus, Leptospirillum, Acidianus, and

Sulfolobus (Bosecker 1997; Cardenas et al. 2016). Though lithotrophs are the preferred
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organisms for bioleaching due to their low nutrient requirements, they cannot withstand
high pH levels and can be applied only for sulfur-containing compounds (White et al.
1997).

2.4.2 Chemoorganotrophic heterotrophs

Most of the fungi (yeasts and molds) and bacteria constitute heterotrophs. The
contribution to the mode of nutrition for heterotrophs is provided by organic compounds,
which serve as the source of carbon, energy, and electrons. An investigation into the
influence of metals on bacteria and fungi has revealed that the metals caused
bacteriostatic and fungistatic activity but were not microbicidal (Monballiu et al. 2015).
The glycolytic pathway and the tri-carboxylic acid cycle in the metabolism of organic
compounds generate different types of organic acids that occupy a central position in the

heterotrophic bioleaching (Faramarzi et al. 2004).

These organisms also can produce amino acids, proteins, and exopolysaccharides
which facilitate metal solubilization. Heterotrophs contribute to the metal leaching of
non-sulfur-containing solids and sustain higher pH. The problem associated with using
heterotrophs for bioleaching is that the physiological pH range poses an issue of
contamination for scale-up operations, and the requirement of an organic carbon source
would not be cost-effective. Using fungi creates another drawback: it should be
implemented as a spent medium bioleaching process since the metals would be entrapped

in the mycelial network or adsorbed in the cells (Jain and Sharma 2004).

2.4.2.1 Acinetobacter sp. CR B2

Acinetobacter sp. CR B2 has shown its potential in the bioleaching of metals for
wastes. These ubiquitous heterotrophic gram-negative coccobacilli appear as plump rods
in chains or pairs when visualized under oil immersion. These non-sporing, non-
pigmented cells are mucoid when encapsulated and budge by twitching motility due to
the presence of fimbriae. The strict aecrobes grow at temperature optima of 33-35°C and
pH 6.5. The nutrient requirements are not stringent, and they grow well in the presence of
glutamate and aspartate in a mineral medium that supplies carbon and nitrogen sources.

They have no limitations thriving on hydrophobic substrates as well. Acinetobacter sps.
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are functional in bioremediation due to the presence of degradative plasmids. These
plasmids facilitate the degradation of a wide variety of organic compounds. Moreover,
the plasmids impart resistance to several antibiotics and heavy metals (Deshpande and
Chopade 1994). Acinetobacter sp. (GenBank accession No. JF461086), isolated from the
aerator water of the activated sludge process from the chemical industry, exhibited
tolerance to an array of heavy metals, including Cr, Ni, Cu, Pb, Cd, Zn, Fe, and could
reduce hexavalent chromium. Morphological changes on exposure to hexavalent
chromium were also discerned (Narayani and Vidya Shetty 2012). The isolate has been
an effective microorganism in the bioleaching of metals like Cu, Fe, Ag, Ni, and Zn

(Jagannath et al. 2017) from e-waste.

2.4.2.2 Ochrobactrum sp. CR B4

These heterotrophic gram-negative rods exist as single, short oval forms with
parallel sides and rounded ends. The cells are obligate aerobes and grow at temperature
optima of 20-37°C. Ochrobactrum sps. are motile with peritrichous flagella. The cells
form smooth, non-pigmented, translucent, low convex colonies on solid media.
Chemoorganotrophy is established by utilizing amino acids, carbohydrates, and organic
acids as carbon sources. They produce acids with most sugars, hydrolyze starch, and
esculin. The cells produce enzymes like cytochrome oxidase, urease, and catalase. The
genes for the biodegradation of pollutants are accommodated in their chromosomal DNA
(Bergey’s Manual of systematic bacteriology, 2™ Ed.). Ochrobactrum sp. (GenBank
Accession No. JF824998) from the activated sludge aerator water has been reported to
leach metals like Ag, Cu, and Pb to considerable quantities from fly ash (Taskeen Salim
Shedde and Vidya Shetty K 2014). The isolate is also resistant to most metals and can

reduce hexavalent chromium to Cr (III) (Narayani and Vidya Shetty 2014).
2.4.2.3 Alcaligenes aquatilis

Alcaligenes aquatilis, a heterotrophic bacterium previously isolated from the dust
of a silversmith’s workbench, is a gram-negative motile rod with peritrichous flagella.
This culture is metal tolerant and has been reported for bioprecipitation of silver as

nanoparticles (Kulal and Shetty Kodialbail 2021). The cells grow as small, convex,
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smooth glistening colonies on solid media and form a slimy consistency with a pinkish
tinge by the end of 24 hours in broth. The organism also has various enzyme functions

like hydrolase and reductase activity for metal interactions.

2.4.2.4 Chromobacterium violaceum

Chromobacterium  violaceum 1s a chemoorganotrophic, gram-negative
coccobacilli with a polar flagellum. The cyanogenic bacterial cells are facultatively
anaerobic and grow at optimum temperatures of 28-37°C. The cells thrive with the help
of oxidases and reductases in aerobic and anoxic conditions. The cells on solid media
develop as low convex, distinctive dark violet metallic sheen colonies. The genus is
generally identified by its pigment (violacein) production, a natural antibiotic for treating
cancers (Bergey’s Manual of systematic bacteriology, 2™ Ed.). Most reports on bacterial
heterotrophic bioleaching pertain to Chromobacterium violaceum for its ability to
produce cyanide and leach the metals. Oxidative decarboxylation of glycine precursor
exudes cyanide as a secondary metabolite. Iron and magnesium significantly stimulate
cyanogenic pathways in gram-negative and gram-positive bacteria, respectively. At
physiological pH, it exists as HCN and is volatile, whereas in the presence of salts, the
volatility is reduced and hence complex with most of the transition metals (Faramarzi et

al. 2004).

Well-studied reports on the use of chemolithotrophs (sulfur or iron oxidizers) and
the mode of action of these organisms on the e-waste solids are available. The most
commonly used lithotrophs for metal dissolution are Acidothiobacillus ferrooxidans,
Leptospirillum ferrooxidans, Thiobacillus thiooxidans, Sulfobacillus
thermosulfidooxidans, and Sulfolobus sp. This nutritional group of bacteria grows under
extreme environmental conditions like very low pH and high temperatures and thrives in
low nutritional habitats with inorganic energy sources (Bosecker 1997; Ilyas et al. 2007).
Very few genera of heterotrophic fungi (both yeast and molds), bacteria, and
actinomycetes have been functionally applied in the biometallurgy of e-wastes (Kumar et
al. 2018). A few examples include the bacteria like Pseudomonas sp., Chromobacterium

sp., Acinetobacter sp., and Bacillus sp. (Arshadi et al. 2016; Jagannath et al. 2017; Jujun
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et al. 2015; Li et al. 2015; Liu et al. 2016). Fungi, like Aspergillus sp. and Penicillium sp.,
are also reported for metal dissolution from e-waste (Dave et al. 2018; Narayanasamy et
al. 2017). Yeasts like Rhodotorulla sp. and Candida sp. are studied for their bioleaching
abilities from other sources (Jain and Sharma 2004), and Streptomyces sp., of the
actinomycete group, has the characteristics to biotransform the rock minerals (Abdulla
2009). The factors that influence the recovery of metals from e-waste are the type of
microorganism, its nutritional requirements, the genetic makeup of the strain, growth, pH,
temperature, oxygen requirement, e-waste particle size, pulp density, and mode of
operation (Liu et al. 2016). This process can be done in heaps, tanks, and bioreactors for
e-waste treatment and recovery of metals from the e-waste. A few genera of heterotrophs,
like Pseudomonas sp. and Bacillus sp., are also reported for bioleaching of metals. The
brief overview of the bioleaching of metals from e-waste conveys that bacterial

heterotrophs could be of choice due to their ambient physiological requirements.

2.5. BIOLEACHING

Bioleaching is the microbe-mediated transformation or mobilization of metals
from ores or metal wastes into the lixiviant (Priya and Hait 2017). The discovery of
Acidothiobacillus ferrooxidans from the acid mine drainages has led to studies on its
physiology and genetics for further application in biomining. This was noted due to the
dissolution of copper from sulfidic ores (Ehrlich 2004). Metal bioleaching by lithotrophs
from sulfidic ores is commercially implicated in the recovery of Au, Cu, Ni, U, and Co.
Non-sulfidic ores do not contain the energy source for lithotrophs and can be leached by
heterotrophs for metal recovery (Jain and Sharma 2004). Besides mining, bioleaching is a
credible technique adapted from the natural biogeochemical cycles to detoxify valuable
metals or redeem them from wastes like electronic scrap (Brandl 2002; Fu et al. 2016;

Heydarian et al. 2018; Nie et al. 2015; Yang et al. 2014).

2.6. SIGNIFICANT MICROBIAL MECHANISMS AND MODES OF
BIOLEACHING

A primary requirement for the microbe is to acclimatize itself to metal-containing
waste. To establish this, the organism expresses the cryptic metal-resistant gene clusters

in the plasmids or chromosomal DNA (Monballiu et al. 2015). Further, metal resistance
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is also attained through an active efflux of metal ions or entrapment by metal chaperones
(Martinez-Bussenius et al. 2017). Three main principles (Das et al. 2017) that govern the
microbial leaching of metals through contact and non-contact modes are (represented in

Fig. 2.1),

1. Redoxolysis accounts for metal solubilization through oxidation and reduction
reactions. Under aerobic and acidic conditions, the microorganism oxidizes ferrous to
ferric ions that act as oxidants for the insoluble metal forms. Additionally, ferric ion
catalyzed sulphuric acid formation in the case of metal sulfides and dissimilatory
reduction of ferric to ferrous ions result. This occurs in the following reaction cycle

(Bosecker 1997; Vera et al. 2013).

2. Complexolysis is a consequence of the secretome of the organism complexing with the
metals. The extracellular metabolites of the microbial cells either act as ligands, aid in
chelation, or directly complex with the metals. Siderophore-mediated iron chelation,
peptides binding the metals, and carboxylate anions from the carboxylic acids

complexing with the metals churn out soluble forms of metal complexes (Gadd 2000).

3. Acidolysis is the generation of inorganic and organic acids and the dissolution of
metals from the surface. The inorganic acid produced by the microorganism is usually
sulphuric acid which plays a role in solubilizing metal sulfides. Another group of
organisms excretes organic acids like citric, glutamic, and oxalic acids. The metals are

displaced from their surfaces by the protons from these carboxylic acids (Bosecker 1997).

2.6.1. Contact bioleaching

The corrosion of the metal surface occurs by direct physical or close proximal
interactions of the bacteria at the interface. This is a consequence of the loss of electrons
by the metal to an electron acceptor that is in contact with the metal exterior. A series of
redox reactions by the chemical species cause the release of metal ions into the solution.
In aerobic conditions, oxygen is reduced, and anoxic leaching evolves hydrogen. Another
critical factor contributing to contact leaching is the interaction in the biofilm matrix. The
bacterial cells form a biofilm by producing extracellular polymeric substances (slime) on

the material. The metals bind to the functional groups of the carbohydrates and proteins
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that constitute the proteinaceous surface layers (Beech and Sunner 2004; Pollmann et al.
2016). Chemotaxis and attachment to preferred sites of imperfection on the metal surface
mediate biofilm formation and dissolution (Bosecker 1997). The role of the bacteria is to
create a micro-environment at the interphase for electron and mass transfer reactions of
the bioleaching process (Bobadilla Fazzini et al. 2011). A recent development is using
genetically modified organisms that express the metal binding peptides as receptors on

the cell surfaces (Pollmann et al. 2016).

Redoxolysis

11,\
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0000000

e

Bioaccumulation Complexolysis

Fig. 2.1. Contact and Non-contact mechanisms of bioleaching (Minimol et al. 2021)

2.6.2. Non-contact bioleaching

The presence of metals in the environment of the planktonic state cells triggers
the production of various secondary metabolites, including organic acids and enzymes
(White et al. 1997). Even the release of CO: leads to carbonic acid attacks on mineral
surfaces (Abdulla 2009). The increased Fe** concentration in the solution is expected to
increase the redox potential (Yang et al. 2013). The suspended Fe?* ions in the leaching
medium lead to redoxolysis, as in the extracellular polymeric substance compartment
around the cells in a biofilm. The acid exudes into the medium, resulting in a protonic

attack on the critical bonds that hold the reduced metal to surfaces and solubilize them.
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The organic acid anions function as a ligand for complex formation to a certain extent,
along with the microbial secretion of chelating agents for complexolysis. Inorganic acids
like sulphuric acid would be produced in the case of sulfur-oxidizing bacteria (Awasthi et
al. 2016). Fermentation of organic compounds and catabolic pathways release ligands to
form metal complexes. The low molecular weight chelating agents like siderophores
solubilize Fe*" facilitating redoxolysis. The extracellular polysaccharides produce
complexes with the metal ions, although it has a signifying role in contact leaching (Jain
and Sharma 2004). A novel lipoprotein characterized as licanantase from the secretome
of the bacterium Acidothiobacillus thiooxidans has effectively enhanced the leaching rate
of copper from chalcopyrite (Bobadilla Fazzini et al. 2011). The modes of action of the
microbial cells on the metal-rich surface, both directly and indirectly, are illustrated in
Fig. 2.1. Investigating the expressions of energy conservation genes and the role of
planktonic and attached cells has better understood the combined mechanisms of contact
and non-contact leaching from chalcopyrite ore (Zhu et al. 2012). Based on the
mechanisms and modes of bioleaching, three methods could be applied to achieve metal
dissolution from the surface of the solid metal concentrates (Rasoulnia and Mousavi

2016).
2.7. REACTORS IN BIOLEACHING

Bioleaching can be carried out in different types of reactors. In mechanically
agitated stirred tank reactors, the internal moving components bring about contact
between the phases (Foucher et al. 2003; Zhou et al. 2009). The rotating drum bioreactor
rotates in the leaching liquor, wherein the perforations in the solid-containing drum allow
solid-liquid contact. The drum rotations establish uniform mixing (Rodrigues et al. 2015).
The packed columns allow only the lixiviant to pass through the solids, limiting the mass
transfer in the system (Yang et al. 2013). In the pulsed-plate column, the solids are loaded
on the perforated plates. The liquid and gas phases contact the solids through the
perforations in the plates. The movement of particles within the plates increases
bioleaching. Higher particle loading reserves free movement and reduces the yield

(Jagannath et al. 2017). The advantages and disadvantages of these reactors are presented
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in Table 2.1. An overview of the different bioreactors used for the bioleaching of metals

is presented in Table 2.2.

Table 2.1. Advantages and disadvantages of various bioleaching reactors

S. No.

Bioleaching Reactor

Advantages

Disadvantages

Stirred Tank Reactor

High volumetric
productivity (Cancho
et al. 2007).
Mixing/Temperature
control

et al. 2020; Zhou et
al. 2009).

(Rouchalova

Dominating microbial
population (Chen et
al. 2022).

Biofilm formation on
the internal moving
parts.
High energy
requirements.

Negative influence
on the bio-oxidation
of Fe** (Rodrigues et
al. 2015)
Shearing force
imposed by the
agitator blade on the
biomass (Xia et al.

2018a).

Rotating Drum Reactor

Provision for high
pulp densities and
coarse particle size
(Rodrigues et al

2015)

Impaired  bacterial
growth at high solid
loading.

Energy requirements

for drum rotation

Pulsed-Plate Bioreactor

Pulsation  improves
renewal of interfacial
area enhancing mass
transfer in a fixed bed
of solids (Jagannath

etal. 2017).

Higher frequencies
may cause cell
damage.
Lower frequencies
limit mass transfer

during bioleaching.
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Energy requirements

for pulsation.

Column bioreactor

Provides excellent
mass transfer and
used to simulate heap
and dump
bioleaching. Suitable
for scale-up (Benzal

et al. 2020a).

Clogging due to
biomass.
Channeling in the
bed.

Flow restrictions
cause mass transfer
limitation (Minimol

et al. 2020).

Air-Lift Reactor

No internal moving
parts.

Well defined fluid

circulation and
uniform mixing
conditions.

Clogging is
eliminated and
supports efficient

mass transfer.
High gas dispersion
and mixing (Minimol

et al. 2020)

Energy requirement
on fluid transport.
Shear due to
collision of cells and
particles.

Limitation on the
selection of media
due to properties like
viscosity or density
affecting the

bioleaching rate.

2.7.1. Fluidized-bed bioreactor for bioleaching
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Fluidized beds are preferred over packed beds to provide efficient contact of the
phases and overcome the mass transfer limitations. The technology is widespread for
many industrial applications which involve multiple phase contacts. Owing to its efficient
mixing and mass transfer characteristics, higher rates are achieved in fluidized-bed

reactors resulting in smaller-size reactors. The fluidized bed columns do not have moving




parts like stirred tank systems. It prevents shear-induced damage to cells and may reduce
energy consumption. Additionally, the surface renewability for contact is enhanced in the
column. Operational glitches like biomass clogging and channeling, frequently observed
in packed bed columns, are not encountered in fluidized-bed columns. Fluidized-bed
columns have been reported to show excellent mass transfer in liquid-liquid, solid-liquid,
and gas-liquid systems (Tisa et al. 2014). Thus, the absence of moving components,
improved process efficiency, and comparable reduction in requisite bioreactor capacity

persuade the option of a fluidized-bed bioreactor (Banerjee and Ghoshal 2016).
2.8. PROCESS ENGINEERING ASPECTS IN BIOLEACHING

Like other bioprocesses, bioleaching can be efficiently applied to recover metals
from e-waste in various application scales. Bioleaching involves the use of microbes, and
hence the biotic factors to be considered for its implication include the type of
microorganism, the inoculum concentration, its growth rate, the cell genotype, the ability
of the organism to resist the heterogeneity and toxicity of the e-waste (Minimol et al.
2020). Various abiotic factors like the physicochemical conditions, the e-waste loading,
its size and composition, and nutrients required by the microorganism also affect
bioleaching (Priya and Hait 2017). Based on the complete understanding of the principles
and modes of bioleaching by a suitable microbe and bioreactor design, the process can be
established by opting for either batch or continuous mode of operation. The choice of the
bioleaching process operation depends on the type of microbe chosen, the inhibitory
nature of the metals, and the metal-microbe interactions involved. The bioleaching

efficiency can be maximized by adequate optimization of process conditions.

2.8.1. Inoculum size and growth

The inoculum size is vital in the bioleaching of metals from e-waste by
influencing the substrate utilization rate and metabolites released. The increase in the size
of the inoculum was found to increase the production of organic acids to leach metals
(Rasoulnia and Mousavi 2016), increase the bioleaching of heavy metals (Chen and
Cheng 2019), and enhance copper recovery (Jagannath et al. 2017) from e-waste.

Inoculum size beyond a specific limit results in turbidity and clogging in the bioreactor,
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limiting the contact between the solids and cells within a short period leaving the
bioleaching of metals incomplete (Jagannath et al. 2017). The advantage of optimizing
inoculum size is to shorten the lag phase and obtain a higher growth rate while preventing
clogging. The growth rate indirectly triggers the process, analogous to natural
biogeochemical pathways at a faster rate and hence bioleaching (Rehm 2001). Pham and
Ting (2009) have found that in the presence of e-waste, Pseudomonas fluoresecens has
higher cyanide production due to a higher growth rate to achieve better bioleaching

efficiency (Pham and Ting 2009).
2.8.2. E-waste Load

E-waste loading up to the optimum positively affects the bioleaching efficiency,
whereas higher loading will limit the contact between the phases. Further, the available
cell concentration will not be sufficient for the bioleaching of the entire loading
(Jagannath et al. 2017). Increased loading of e-waste for bioleaching would also increase
pH, toxic metals, and hazardous compounds (above MIC), causing a decrease in the
bioleaching rate (Isildar et al. 2016; Yang et al. 2014). To overcome the inhibitory effect
on the specific growth rate of the organism and the production of organic acids, the
bioleaching process can be accomplished by a two-step or spent medium bioleaching
process (Narayanasamy et al. 2017). E-waste loading also affects specific metal
dissolution; increased loading increases copper leaching by non-cyanide leaching agents,
whereas gold removal is minimal, attributed to the inhibition of cyanide production
(Pham and Ting 2009). Higher e-waste load will affect attrition within the particles and
the cells where the mixing will be affected. The e-waste loading and particle size to be

chosen also depend on the type of bioleaching system operated.
2.8.3. Particle size

The particle size of the solid is another crucial factor in the hydrodynamics of
bioleaching, phase contact for efficient mass transfer, contact surface area, and the
collision between the solids and the cells. Coarse particles have lesser surface area for
contact, and the fine particles cause a collision of particles and attrition on the microbial

cells, which are detrimental, thereby decreasing the bioleaching efficiency. The metal
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leaching rate increases with the decrease in the size of e-waste (Arshadi and Mousavi
2014; Willner and Fornalczyk 2013; Zhu et al. 2011). A study by Li et al. (2015) reveals
that the set range of particle size was the least significant for bioleaching and was not
considered for the pre-treatment process. The order of significance of the biotic and
abiotic factors in their study reports to be pH > e-waste loading > inoculum size >
temperature > particle size. However, the significance of parameters may vary with

different bioreactor systems and the microorganisms used.

2.9. CO-CULTURE OF MICROORGANISMS FOR BIOLEACHING OF
METALS

The syntrophic behavior of naturally occurring microorganisms in the indigenous
environment, like landfills with e-wastes and mines, has resulted in efficient bioleaching.
Hence, the synergy in the co-culture of two or more organisms (consortium) can be
exploited by understanding its single-cell genomics and their roles in bioleaching for
industrial applications (Céardenas et al. 2016; Islam et al. 2021). This would reveal the co-
metabolic functions helpful in predicting the behavior of the microbial consortium and its
constituents in designing and optimizing novel strategies for metal recovery (Martinez et
al. 2015). A minimal system of this approach is the co-inoculation of two microbes for
enhancing the metal bioleaching rate due to co-metabolic pathways and simultaneous
recovery of two or more metals due to their individual functions. This is a consequence of
coupled molecular processes in the system (Bosse et al. 2015). The co-inoculation can be
a combination with two more lithotrophic bacteria (Cancho et al. 2007; Foucher et al.
2003; Zhou et al. 2009), two or more heterotrophs (Pradhan and Kumar 2012), or
lithotrophs and heterotrophs (Baniasadi et al. 2019). In all these reports, the metal
bioleaching has been enhanced, and different metals have been solubilized for recovery.
The co-inoculation may be done by initially adding the individual inocula in specific
concentrations in one-step bioleaching. In two-step bioleaching, the organisms grow
together without metal substrates and then add the solids or grow them individually and
mix them while adding the metal solids. This way, the bioleaching rate can be effectively

increased and scaled up for metal recovery.
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2.10. BIOLEACHING METHODS

The different methods of bioleaching are (i) One-step bioleaching, (ii) Two-step
bioleaching, and (iii) Spent medium bioleaching. Although the methods are for metal
mobilization (leaching or oxidation) from the e-waste solids, the action of microbial cells
or their secretome may lead to other processes after solubilization. Metal substrate type
and the microorganism used determines the bioleaching method for efficient metal
recovery (Rasoulnia and Mousavi 2016). A few recent reports that employed different

bioleaching methods are presented in Table 2.2.
2.10.1. One-step bioleaching

One-step bioleaching is a method in which the microorganism and the metal
concentrates are simultaneously added and incubated for solubilization (Baniasadi et al.
2019). This method would lead to a more prolonged lag phase as the cells require time
for acclimatization to the metal-containing media (Yang et al. 2008). The studies by
Yang et al. (2008) on the bioleaching of metals from fly ash has revealed that the one-
step method is feasible regarding metal yield and organic acid production only at lower
fly ash concentration. The reason behind this is speculated that the higher concentration
of metals and alkali could be toxic to the cells and hinder the metabolism, thus reducing
organic acid production. Morphological changes may occur as the cells are exposed to a
high concentration of toxic metals, and there might be deposition of e-waste particles on
the dividing mycelia inhibiting the leaching process (Narayanasamy et al. 2017). All the
cells inoculated may not be viable for growth or bioleaching in this method. The chances
of biosorption of metals onto the live or dead biomass may decrease the metal yield.
Jagannath et al. (2017) have reported the bioleaching of e-waste by Acinetobacter sp. in a
pulsed-plate bioreactor. With an increase in the concentration of Cu" ions in the leaching
medium as the bioleaching proceeds, the biosorption of Cu?** ions occurs, which is
revealed by the presence of Cu*on bacterial cell surfaces (Jagannath et al. 2017), which
decreases the metal recovery. In the case of precious metal bioleaching, the organisms
produce metabolites like hydrogen cyanide, and oxygen is required for the solubilization

process. Since the cells are actively growing, the cells might utilize the oxygen available,
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which may reduce the bioleaching efficiency where cyanide leaching is the target.
Bioaccumulation of leached metals in the cells may lead to cell death when their

concentration exceeds toxic levels (Baniasadi et al. 2019).
2.10.2. Two-step bioleaching

Two-step bioleaching is the addition of metal-containing solids after the pre-
cultured microorganism has attained the exponential growth phase (Baniasadi et al.
2019). According to Yang et al. (2008), two-step bioleaching increases the organic acid
production and metal yield by Aspergillus niger, and the lag phase is not applicable for
bioleaching. In the studies by Narayanasamy et al. (2017) on the leaching of precious
metals from PCBs by the two-step bioleaching method, since the fungi were pre-cultured
in the first step, the production of organic acid and the mycelial growth rate increased as
the cells were not exposed to metals in the first step. This has resulted in a faster rate of
bioleaching in the second step. Several reports proved that two-step bioleaching of e-
waste (Kumar et al. 2018; Natarajan and Ting 2013; Pradhan and Kumar 2012; Sodha et
al. 2020; Tay et al. 2013) and other materials (Qayyum et al. 2019) could be efficiently
employed with organisms that are susceptible and become metabolically inactive in the
presence of heterogeneous composition of the metal source. The two-step bioleaching
method is well established in organisms where redoxolysis is the mechanism of
bioleaching. The growth and generation of ferrous ions occur in the first step, followed
by the e-waste leaching in the second step (Nie et al. 2015). The other processes that
might occur in two-step bioleaching are similar to one-step bioleaching, which includes
bio-sorption, bio-accumulation, and precipitation of the metals in the leachate. However,
the metal yield in two-step bioleaching may reduce due to biosorption or bioaccumulation
of metals by the cell mass in the second step and due to precipitation of the metals by

forming complexes with the metabolites.
2.10.3. Spent medium bioleaching

Spent medium bioleaching is the dissolution of metals from the solids in cell-free
supernatant obtained after attaining the maximum cell density. The spent medium

contains extracellular proteins and secondary metabolites. This strategy would overcome
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the limitation of one-step bioleaching, in which the rate of production of metabolites is
inhibited by the presence of metals, especially when the pulp densities are high
(Baniasadi et al. 2019). Studies on spent medium bioleaching explain the role of
extracellular metabolites to bioleach the metals from e-waste. Efforts to improve the
production of secretory compounds that bioleach the metals without affecting the growth
and metabolism of the organism have been carried out. This is accomplished by allowing
the culture to grow and separate the cells, using the cell-free medium as a bioleaching
lixiviant (Natarajan and Ting 2013). The microbial cells can be optimized or genetically
engineered to produce a maximum amount of the metabolite, and the cell-free spent
medium can be utilized for leaching. This method also offers the advantage that there will
not be any biomass contamination of the recovered metals. As the cells are not in direct
contact with the e-waste, a continuous or fed-batch system with cell separation can be
employed, and bioleaching can be enhanced continuously (Natarajan and Ting 2015).
Before selecting this bioleaching method, a detailed study of the leaching mechanism
should be understood. Metal recovery may be higher in this process due to the absence of
bio-sorption or bioaccumulation. However, there are high possibilities of loss of

recoverable metals due to the precipitation of metals by enzymes or metabolites.
2.11. SEQUENTIAL BATCH BIOLEACHING

In batch bioleaching processes, depletion of nutrients in the media may occur,
causing the microbial growth to reach a stationary phase, which limits the action of the
organism on e-waste. Additionally, the culture medium gets saturated with the leached-
out metals preventing further solubilization of the targeted metal from e-waste. These
challenges can be circumvented by employing multistage or sequential bioleaching of the
e-waste to enhance the metal solubilization by bioleaching. After each batch of
bioleaching operation, when the metal concentration in the media remains constant or the
metal solubilization rate becomes slower, the leachate from the contactor may be drained.
Fresh media with inoculum may be added to the residual e-waste, and bioleaching may
proceed. This process enhances the overall recovery, considering the cumulative
recoveries from each sequential step. According to Jagannath et al. (2017), bioleaching of

copper from e-waste in a pulsed plate bioreactor as a batch process yielded 23% recovery
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of copper. In contrast, after five sequential bioleaching of the e-waste residue from each
previous batch run, the cumulative recovery was 63.5% copper. This method can also be
applied where different groups of microorganisms are employed for selective recovery of
metals in each batch of the sequential batch operation. In a two-step bioleaching process
by Isildar et al. (2016), the e-waste was treated with chemolithotrophic acidophilic
bacteria like Acidithiobacillus ferrivorans and Acidithiobacillus thiooxidans to solubilize
copper in the first batch run. This was followed by the residue treatment by cyanogenic
heterotrophic bacteria, Pseudomonas fluorescens, and Pseudomonas putida, to leach out
the gold from the residue of the first step. Thus, selective bioleaching with maximization

of target metal recovery may be attained in a single contactor.
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Table 2.2. Review on the previous bioleaching studies for metal recovery from various sources

Maximum %

S. Metal Bioleaching Bioleaching
Microorganism Bioreactor Metal Reference
No substrate method time
Recovery
Continuous
Chalcopyrite ‘ ‘ (Cancho et
1. Thermophiles One-step stirred tank 14 days 66% Cu
concentrate al. 2007)
reactor
Not (Yang et al.
2. Fly ash Aspergillus niger One-step Shake flask 98.7% Mn
mentioned 2008)
Sulfobacillus sp. Draft tube o
(Soleimani
3. | Sphalerite ore Acidithiobacillus One-step Fluidized bed 9 days 91.4% Zn 1 2009)
et al.
ferrooxidans Bioreactor
_ (Cell-mediated) ‘
Chalcopyrite | Leptospirillum ferriphilum Stirred tank (Zhou et al.
4. Method not 44 days 75% Cu
concentrate Acidithiobacillus caldus _ reactor 2009)
mentioned
Sulfobacillus 80% Zn
thermosulfidooxidans 64% Al (Ilyas et al.
5. PCBs One-step Column 280 days
Thermoplasma 86% Cu 2010)
acidophilum 74% N1
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Pseudomonas fluorescens

83% Cu

73% Au (Pradhan
Chromobacterium
6. PCBs ol Two-step Shake flask 7 days 49% Zn and Kumar
violaceum
13% Fe 2012)
Pseudomonas aeruginosa
8% Ag
(Natarajan
Electronic Chromobacterium Two-step )
7. . Shake flask 8 days 30% Au and Ting
scrap violaceum Spent medium
2013)
Acidithiobacillus (Y |
ang et al.
8. Copper ore ferrooxidans GF One-step Column 102 days 20.11% Cu 2013)
Acidiphilium sp. DX1-1
93% Cu ™
wase et
9. Platreef ore | Metallosphaera hakonensis One-step Column 304 days 75% Ni L 2014)
al.
53% Co
91% Al
Electronic Sulfobacillus Stirred tank 95% Cu (Ilyas and
10. One-step 15 days
scrap thermosulfidooxidans reactor 96% Zn Lee 2014)
94% Ni
Mixed Cu and Novel Until there 88.1% Cu (Jujun et al.
11. ' Pseudomonas chlororaphis Two-step .
Au particles designed was no 76.6% Au 2015)
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separated bioreactor further
from PCBs leaching
Sulfobacillus Rotating-drum (Rodrigues
12. PCBs One-step 8 days 85% Cu
thermosulfidooxidans reactor et al. 2015)
Acidithiobacillus Column (Chen et al.
13. PCBs One-step 28 days 94.8% Cu
ferrooxidans reactor 2015)
Pseudomonas fluorescens _
(Natarajan
Electronic Chromobacterium Two-step
14. ) Shake flask 8 days 30% Au and Ting
scrap violaceum Spent medium
2015)
Pseudomonas aeruginosa
Not 3.6% Au (Arshadi et
15. PCBs Bacillus megaterium Two-step Shake flask
mentioned 71.45% Cu al. 2016)
Acidithiobacillus
ferrivorans
One-step 98.4% Cu
Acidithiobacillus (Isildar et
16. PCBs Two-step Shake flask 7+2 days 44% Au
thiooxidans al. 2016)
(in sequence) (in sequence)
Pseudomonas putida
Pseudomonas fluorescens
Acidithiobacillus Stirred tank (Fu et al.
17. PCBs One-step 30 days 82.13% Al
ferrooxidans SWUST-01 reactor 2016)
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(Rasoulnia

Power plant ' Bubble column 83% V and
18. . Aspergillus niger Spent medium ' 7 days . )
residual ash bioreactor 30% N1 Mousavi
2016)
Electronic Chromobacterium Two-step (Das et al.
19. . Shake flask 8 days 30% Au
scrap violaceum Spent medium 2017)
Pulsed-plate 1+1+1+1+1 63% Cu (Jagannath
20. PCBs Acinetobacter sp. Cr B2 One-step
bioreactor days (in sequence) | etal. 2017)
(Cell-mediated) . 85.23% Zn .
Leptospirillum ferriphilum Stirred tank (Xia et al.
21. PCBs Method not 7 days 76.59% Cu
Acidithiobacillus caldus reactor 2017)
mentioned 70.16% Al
PCBs and (Wu et al.
22. Consortium of lithotrophs Spent medium Shake flask 9 days 93.4% Cu
Pyrite 2018)
>99%
WEEE Acidithiobacillus
Two-step 8 days+30 Ce, Eu, Nd (Marra et
23. shredding thiooxidans Shake flask
(in sequence) hours 80% La, Y al. 2018)
dust Pseudomonas putida
48% Au
Spent Acidithiobacillus 99.2% Li _
e (Heydarian
24. | Lithium-ion thiooxidans and Two-step Shake flask 16 days 50.4% Co L 2018)
et al.
batteries Acidithiobacillus 89.4% Ni
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ferrooxidans

Pseudomonas balearica 68.5% Au (Kumar et
25. PCBs Two-step Shake flask 7 days
SAEI 33.8% Ag al. 2018)
56.1% Cu
Purpureocillium lilacinum 15.7% Al
Stirred tank (Xia et al.
26. PCBs Aspergillus niger Two-step 27 days 20.5% Pb
. . reactor 2018a)
(dominant species) 49.5% Zn
8.1% Sn
One-step i |
1a et al.
217. PCBs Penicillium chrysogenum Two-step Shake flask 21 days 47% Cu 2018b)
Spent medium
18.16% Pb
Contaminated One-step (Qayyum et
28. ‘ Aspergillus flavus Shake flask 15 days 49.66% Cd
soil Two-step al. 2019)
65.73% Zn
73-100% Mn
51-60% Zn (Chen and
Sewage Consortium of Sulfur- Pilot-scale .
29. o One-step ‘ 24 days 38-52% Ni Cheng
sludge oxidizers bioreactor
17-43% Cu 2019)
1-38% Cr
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‘ Bioelectrical (Wet et al.
30. PCBs Acidithiobacillus (isolate) One-step 6 days 97% Cu
reactor 2019)
Sulfidic gold ~100% Au
One-step
ore Roseovarius tolerans and (ore) (Kudpeng
31. Two-step Shake flask 10 days
concentrate Roseovarius mucosus _ 1.6% Au et al. 2020)
Spent medium
and PCBs (PCBs)
Frankia sp. DDNSF-0 and
One-step 75% Au (Marappa et
32. PCBs Frankia casuarinae Shake flask 30 days
Two-step 94% Cu al. 2020)
DDNSF-02
Indigenously Until
. (Sodha et
33. PCBs Leptospirillum ferriphilum Two-step designed complete 99% Cu 1 2020)
al.
reactor recovery
Copper-gold Bacillus megaterium Two-step (Gorji et al.
34. ‘ Shake flask 4.5 days >80% Au
ore Pseudomonas aeruginosa Spent medium 2020)
Not (Li et al.
35. PCBs Pseudomonas fluorescens Two-step Shake flask 54% Au
mentioned 2020)
' (Sundramur
Sphalerite
36. Leptospirillum ferriphilum One-step Shake flask 20 days 96.96% Zn thy et al.
concentrate
2020)
37. PCBs Bacillus megaterium Two-step Shake flask 1.4 days 87.46% Au | (Zhou et al.

31




Pseudomonas putida 2020)
Sludge Cell-mediated 98.73% Zn | (Rouchalov
o Acidithiobacillus Stirred tank
38. mining (Method not ' 35 85.42% Fe aetal
. ferrooxidans ' bioreactor
sediment mentioned) 96.44% Cu 2020)
Stirred tank
bioreactor
Acidithiobacillus . (Benzal et
39. PCBs Spent medium (growth) 6 hours 80% Cu
ferrooxidans al. 2020a)
Column
(bioleaching)
Acidithiobacillus (Benzal et
40. PCBs Spent medium Shake flask 2 days 95-100% Cu
ferrooxidans al. 2020b)
Bacillus megaterium
SAGI, Lysinibacillus
sphaericus SAG2, Bacillus 87.5% Cu (Kumar et
41. PCBs Two-step Shake flask 7 days
sp. SAG3 73.6% Au al. 2021)
Chromobacterium
violaceum
Acidithiobacillus
. - (Liao et al.
42. | Mine tailings ferrooxidans One-step Shake flask 16 days 94% Zn 2001)
Sulfobacillus
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thermosulfidooxidans

90% Ag (Merli et al.
43. PCBs Pseudomonas aeruginosa Two-step Shake flask 7 days
20% Au 2022)
Zn plant 98% Zn (Faraii et al
araji et al.
44. | purification Aspergillus niger Spent medium Shake flask 7 days 100% Co 2;22)
residue 99% Mn
) 78% Zn
) o Continuous )
Contaminated Sulfur-oxidizing _ 90% N1 (Chen et al.
45. _ ‘ ‘ Two-step stirred tank 30 days
sediment microorganisms ‘ 88% Cu 2022)
bioreactor
68% Cr
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2.12. SCOPE AND OBJECTIVES
Scope of the Research Work

An increase in the use of contemporary electronic devices generates a significant
quantity of electronic waste, which mandates treatment due to its hazardous nature. Of
these wastes, the PCBs of mobile phones are rich in their metallic composition. The
metals can be recovered efficiently from PCBs by employing the bioleaching process for

their recycling. Based on the literature survey, the following research gaps were noted.

» The heterotrophic bacterial strains have not been applied widely for bioleaching
applications.

» The bioleaching mechanism by heterotrophic bacterial strains and its mode of
action on the PCB surfaces have not been clearly understood.

» Column bioreactors, especially Fluidized-bed columns, have excellent mass
transfer and mixing characteristics which can be employed for processes like
bioleaching.

» The application of heterotrophic bacterial bioleaching for metal recovery in a

Fluidized-bed bioreactor has not been reported.

Speculation that heterotrophic bacterial bioleaching would be beneficial over
lithotrophic bioleaching led to screening four previously reported metal-resistant
heterotrophic bacterial cultures. Choosing an appropriate reacting system/bioreactor was
crucial for the bioleaching process. This led to the hypothesis that heterotrophic bacterial
bioleaching can efficiently recover metals from PCBs in a Fluidized-bed bioreactor due
to its excellent mass transfer characteristics. In order to maximize the bioleaching
efficiency in any bioreactor, it is necessary to study the effect of the process operating
parameters such as particle size, inoculum size, and e-waste load and to optimize them.
Before conducting any column bioreactor study, preliminary shake flask studies are
necessary to test the media, microbe, and leaching activity with metal-microbe
interactions. An investigation of the mechanism and mode of bioleaching would confer
an in-depth understanding of the implication of the process. The simultaneous recovery

of different metals may require different organisms to be used as co-cultures. Further, to
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improve the metal recovery from e-waste, it may be necessary to develop a process
adopting different bioleaching methods with different modes of operation, such as batch
and sequential batch, to achieve maximum metal recovery. The following objectives were
framed based on the identified research gaps and scope of the research work mentioned

above.
Objectives

The current study aims to study the performance of a Fluidized-bed bioreactor in
bioleaching for enhanced metal recovery and understand the bacterial heterotrophic

mechanisms involved in the bioleaching of metals from printed circuit boards.
The precise objectives of the study are,

» Screening for a potent heterotrophic bacteria from the reported bioleaching
strains

» To study the performance of fluidized bed bioreactor for bioleaching of metals
from PCBs — effect of particle size, inoculum size, and solid loading

» To investigate the chemoorganoheterotrophic bacterial mechanisms and modes
of action in the bioleaching of metals

» To study the effect of co-inoculation on bioleaching in fluidized bed bioreactor

» To comparatively assess one-step, two-step, and spent medium bioleaching
methods in fluidized bed bioreactor

» To improve the recovery of metals by bioleaching with sequential batch mode
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CHAPTER 3

MATERIALS & METHODS

3.1. CHEMICALS

Nutrient broth, Tryptone, Yeast extract, Beef extract, Peptone, Spirit blue agar,
Agar agar, Bovine serum albumin (HiMedia Laboratories), NaCl (99.5%, Spectrum
Reagents and Chemicals), Glycine (>99%, Sigma Aldrich), conc. HCL (35%), conc.
HNO; (70%), L-Methionine (99%), Coomassie brilliant blue-G-250 (Loba Chemie Pvt.
Ltd.), KH2PO4 (99%), MgS0O4.7H20 (99%), Methyl Red Indicator (Nice Chemicals Pvt.
Ltd.), Methanol (99%, Rankem).

3.2. PCB PROCESSING

Mobile phone PCBs were collected from the service retailers. The make and
model of the mobile phones from which the PCBs were procured were heterogeneous.
These boards were pulverized in Wiley’s mill (Jagannath et al. 2017) after the manual
separation of the non-metallic components. A fine powder was obtained by further size
reduction in a mixer. The crushed PCBs were sieved, and particles of different sizes, i.e.,
I mm, 0.75 mm, 0.6 mm, and 0.35 mm, were stored for the experiments. The particles of
the above size fractions were further subjected to size reduction in a mixer to obtain the

material with the average particle size of 0.175 mm.
3.3. QUANTIFICATION OF METALS

The PCB powder obtained in the pan after sieving was used for screening the
bioleaching bacteria and the larger particle sizes for optimization. PCBs of different
particle sizes were subjected to acid digestion in Aqua regia (1:3 conc. HNOs:conc. HCI)
(Kumar et al. 2018; Marra et al. 2018; Petter et al. 2014). This was done by taking 2 g of
PCBs in a beaker to which, was added 20 ml of concentrated HCI and 5 ml of
concentrated HNO3 in a fume hood. An equal volume of distilled water (25 ml) was

added and heated to boiling until clear leachate was obtained. The leachate with the
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residue was left undisturbed and allowed to settle. The leachate was cooled and then
filtered through a Whatman No. 1 filter paper. The filtrate was then analyzed in
Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES, Agilent
Technologies 5100) at 242.79 nm, 328.06 nm, 327.39 nm, 238.20 nm, 231.60 nm, 220.35
nm, and 213.85 nm for the quantification of Au, Ag, Cu, Fe, Ni, Pb, and Zn in the
leachate respectively. The amount of metal leached per gram of e-waste (W ap, mg/g) was

calculated using Eq. (3.1),
Wap (mg/g) =c X v/w (3.1)

where ¢ is the concentration of metal in the acid digest/leachate (mg/L), v is the total

volume of the acid digest (L), and w is the weight of e-waste digested (g).

3.4. ACCLIMATIZATION OF MICROORGANISMS AND CULTURE
CONDITIONS

Metal-resistant heterotrophic bacterial strains, Acinetobacter sp. CR B2 (Narayani
and Vidya Shetty 2012), Ochrobatrum sp. CR B4 (Narayani and Vidya Shetty 2014),
Alcaligenes aquatilis (GenBank accession number KP772325) previously isolated from
the silver smith’s workbench dust were obtained from the Department of Chemical
Engineering, National Institute of Technology Karnataka. Chromobacterium violaceum
(MTCC 2656), a cyanogenic bacterium reported for bioleaching of precious and base
metals, was procured from Microbial Type Culture Collection (MTCC), Institute of
Microbial Technology (IMTECH), Chandigarh. The bacterial cultures were acclimatized
by a serial sub-culture every 24 hours by increasing the PCB concentrations (1%, 2%,
4%, and 5% w/v) (Heydarian et al. 2018). The adapted cultures were maintained in a
Nutrient agar medium at 4°C. As per the requirement, these cultures were freshly grown
in Nutrient broth at 28°C at 80 rpm for 12-18 hours for sub-culture and used as inocula

for all the bioleaching experiments.
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3.5. SCREENING OF HETEROTROPHIC BACTERIA FOR THE
BIOLEACHING OF METALS AND SELECTION OF BIOLEACHING MEDIUM

Duplicate experiments were conducted in 250 ml Erlenmeyer flasks with the four
strains of heterotrophic bacteria mentioned under section 3.3 in four different bioleaching
media. The compositions of the various media used for the study are presented in Table
3.1. Sterilized PCB powder was subjected to one-step bioleaching in 100 ml media in a

flask with 2% (w/v) e-waste loading and 5% (v/v) inoculum.

Table 3.1. Media composition for screening

Medium Composition
Medium 1 0.5% peptone
(Nutrient Broth) 0.5% NaCl
0.15% yeast extract
0.15% beef extract
Medium 2 1% tryptone

(Pradhan and Kumar

2012)

0.5% yeast extract
1% NaCl
0.5% glycine

Medium 3
(Jujun et al. 2015; Ruan
et al. 2014)

0.5% beef extract
1% peptone
0.5% NaCl
0.44% glycine

0.2% methionine

Medium 4
(Castro et al. 2000)

2% glucose

2% peptone

0.2% yeast extract
0.075% KH2PO4
0.03% MgS04.7H20
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The flasks were incubated at 30°C in a shaking incubator at 100 rpm for four
days. 15 ml of samples were drawn every 24 hours up to 96 hours, and the cell-free
supernatant was collected by centrifugation at 8000 rpm for 10 min. The sample was then
filtered through a syringe filter with pore size 0.2 p and analyzed for Au, Ag, Cu, Fe, Ni,
Pb, and Zn in ICP-OES at 242.794 nm, 328.068 nm, 327.395 nm, 238.204 nm, 231.604
nm, 220.353 nm, and 213.857 nm respectively. The same experiments were carried out
without the bacterial strain and served as the negative control. The amount of metal
bioleached per gram of e-waste in mg/g (WgL) was calculated using Eq. (3.1) similar to

that used to calculate W ap.
3.6. OPTIMIZATION OF Cu AND Ag BIOLEACHING FROM PCBs

Table 3.2. Experimental design for optimization of Ag and Cu bioleaching

Parameters Particle size Inoculum size % E-waste Load
1 mm 5% 2%
0.75 mm 5% 2%
Effect of
0.6 mm 5% 2%
Particle size
0.35 mm 5% 2%
0.175 mm 5% 2%
Optimum size 2% 2%
Effect of : :
Optimum size 5% 2%
Inoculum size
Optimum size 10% 2%
Optimum size | Optimum inoculum 2%
Effect of : : : :
Optimum size | Optimum inoculum 3.5%
E-waste load
Optimum size | Optimum inoculum 5%

The bioleaching of Cu and Ag by A. aquatilis was optimized by the One Factor at
a Time (OFAT) method in shake flasks and Fluidized-bed Bioreactor (FBR). The
experiments were conducted using the selected bioleaching media, which constitutes

0.5% Beef extract, 1% Peptone, 0.5% NaCl, 0.44% Glycine, and 0.2% Methionine. The
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batch bioleaching experiments were conducted by varying the process parameters like
particle size, inoculum size, and e-waste load, as shown in Table 3.1, and the metal

recovery was determined.
3.6.1. Bioleaching in Shake Flasks

All the bioleaching experiments mentioned in Table 3.2 were conducted by
adding the desired quantity of sterile PCBs to 100 ml of the bioleaching media in 250 ml
Erlenmeyer flasks. The flasks were inoculated with the required volume (to obtain the
desired inoculum size) of A. aquatilis culture at its exponential growth phase and
incubated for 96 hours at 28+3°C in a shaker at 100 rpm. At every 12 hours, 10 ml of
samples were drawn aseptically, and the flask was supplemented with 10 ml of sterile
bioleaching media to substantiate the decrease in volume. The samples were centrifuged
at 8000 rpm for 10 min to obtain the leachate free of the biomass and particles. The
bioleachate was analyzed in ICP-OES, and the amount of metal bioleached per gram of

PCB powder was calculated using Eq. (3.1) for the respective metals.
3.6.2. Fluidized-bed bioreactor

The Fluidized-bed bioreactor (FBR) used for the bioleaching of Cu and Ag from
PCBs 1s shown in Fig. 3.1 with its dimensions. The column bioreactor was set up using a
glass column of 600 mm in height and 40 mm in diameter. An air inlet is provided at the
bottom of the column with an open stop cock. The airflow rate was set at 3 LPM using an
airflow regulator and measured using a rotameter. A sintered glass disc of porosity grade
1 (100-160 microns) and a diameter of 40 mm was infused with the column at the bottom
to serve the gas dispersion and support the bed of PCB powder in the column. The aseptic
withdrawal of the samples from the column during the bioleaching process was facilitated
by suction of the samples from the column using a 20 ml capacity syringe with a 0.2-
micron filter, using a silicon sampling tube running from the bioleaching media to a

Falcon tube.
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Fig. 3.1 Schematic illustration of Fluidized-bed bioreactor

3.6.3. Bartsch Test

The Bartsch test estimated the foam destruction property of different antifoaming
agents (Darby et al. 2012). The test was performed by adding 0.01% of the antifoaming
agents like PEG 600 and natural oils (rice bran oil, coconut oil, and sesame oil) to 5 ml of
the bioleaching medium in a graduated screw-capped tube. No antifoaming agents were
added to the control tube with media. The tubes were closed and shaken vigorously to
induce foam. The total volume of the system (medium and foam) and the volume of the
medium alone were noted. The antifoaming activity was calculated by subtracting the

volume of the medium from the total volume of the system.
3.6.4. Lipolytic activity of the selected bacterial strains

Since the selected antifoaming agent was a natural oil, the lipolytic activity
(ability to utilize lipids as a carbon source) of A. aquatilis and C. violaceum was tested by
two different methods in duplicates. First, the organism was streaked in spirit blue agar

medium plates containing the anti-foaming agent. The plates were incubated at 28°C for
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24-48 hours and observed for the clearance zone around the streak. The second method
was well-diffusion in agar medium with 2% substrate and 0.01% methyl red indicator
(Samad et al. 1989). 100 ul of cell-free supernatant of 24 hours culture was added to the
wells and observed for a zone of clearance up to 18 hours, followed by color
intensification later for its lipolytic activity. The well-diffusion assay was also conducted

with the sterile broth as a control.
3.6.5. Bioleaching in Fluidized-bed Bioreactor

The FBR was set up, and the optimization for metal bioleaching was carried out
by varying the process parameters, as shown in Table 3.2. The required quantity of sterile
PCBs was added to 250 ml of bioleaching media, followed by a specified volume of
freshly growing (12-18 h) culture of A. aquatilis to achieve the desired inoculum size.
The airflow rate was fixed at 3 LPM after estimating the minimum fluidization velocity
with the highest e-waste load and particle size used in this study. 0.2% of an antifoaming
agent (coconut oil) was added to reduce the initial frothing caused by gas dispersion in
the bioleaching media. The bioleaching was conducted for 96 hours at an ambient
temperature of 28+3°C, and 10 ml of the sample was withdrawn from the column (FBR)
every 12 hours. After sampling, this volume loss was compensated by adding 10 ml of
sterile bioleaching media to the column. The samples were centrifuged at 8000 rpm for
10 mins, and the leachate (supernatant) was quantified for Cu and Ag in ICP-OES, and

the amount of metals per gram of PCB powder was calculated using Eq. (3.1).

3.7. STUDIES ON THE MECHANISMS OF ONE-STEP BIOLEACHING BY A.

aquatilis
3.7.1. Influence of PCBs on pH, redox potential, and Fe Concentration

Three mechanisms that govern the bioleaching process are acidolysis,
redoxolysis, and complexolysis via contact or non-contact modes. To investigate the
mode of action of A. aquatilis during one-step bioleaching, the experiments were
conducted in triplicates with and without PCBs in shake flask conditions, as described in

section 3.5.1. The samples were withdrawn every 12 hours until 96 hours and analyzed
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for the pH and the oxidation-reduction potential (ORP) of the bioleachate in the pH/mV
meter-LMPH9 from LABMAN to confirm if the cells produce or mediate any acid
production. Further, Fe plays a vital role in Cu mobilization through redox reactions.
Hence, the concentration of Fe in the leachate was analyzed, along with the metal

concentrations in an ICP-OES.
3.7.2. Effect of PCBs on extracellular protein concentration and cell viability

The cell-free samples withdrawn at different time intervals were quantified for the
concentration of proteins by Bradford’s method. The calibration was done using different
concentrations of the standard protein, bovine serum albumin (BSA- HiMedia), ranging
from 100-1000 pg/ml in deionized water. 250 ml of Bradford reagent was prepared by
dissolving 25 mg Coomassie brilliant blue G-250 in 12.5 ml methanol. 25 ml of 85%
ortho-phosphoric acid was added to this solution and diluted to 250 ml with deionized
water. This reagent was filtered through Whatman No. 1 filter paper and stored in an
amber reagent bottle at 4°C for the assay. 3 ml of Bradford reagent was added to 100 pl
of the standards and samples, mixed, and incubated for 5-10 min to obtain a blue colour.
The intensity of the colour is directly proportional to the concentration of protein. The
absorbance of the standards and samples was measured at 595 nm in a UV-Visible
spectrophotometer (Genesys 180 from Thermo Fisher Scientific). The protein
concentrations in the samples were obtained from the absorbance values of samples using

the calibration plot of BSA.

To assess the cytotoxic effects of PCBs and metals bioleached, the viability of the
bacterial cells in the presence and absence of PCBs was determined. This was achieved
by the drop-plate method (Herigstad et al. 2001), an alternative to the spread plate
technique. 1 ml of samples were aseptically collected from the flasks every 12 hours and
were serially diluted. 10 pl of the dilutions were placed as drops on the surface of the
sterile nutrient agar medium. The drops were allowed to dry and placed for incubation at
30°C for 24 hours. The petriplates were then observed for colony count, and the colony

forming units (CFU/ml) were calculated using Eq. (3.2).
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__No. ofcoloniesxdilution factor

CFU/ml

(3.2)

volume plated
3.8. ESTIMATION OF DIFFERENTIAL PROTEIN EXPRESSION BY SDS-PAGE

10 ml of the cell-free samples withdrawn from the shake flasks after conducting
the experiments in the presence and absence of PCBs at 48, 60, and 72 hours were
lyophilized (FD5 series Freeze Dryer from Gold SIM International). The freeze-dried
samples were reconstituted to 1 ml with molecular-grade water (HiMedia) to obtain the
crude protein samples. To prepare the sample for analysis, 150 pl of the crude protein
sample was heated at 95°C for 10 minutes with 50 pul loading dye. 20 pl of the prepared
samples were loaded in the wells of 6% stacking and 18% separating gel along with the 5
ul ladder (~11-245 kDa from HiMedia) in one of the wells. The protein electrophoresis
was carried out in the SDS-PAGE setup (BIO-RAD) at 100 V (power supply unit from
BIO BEE) in 1X Tris-Glycine gel running buffer (HiMedia). The gel was then stained
overnight in Coomassie blue and destained 2-3 times to visualize the protein bands for

any differential expression in the presence of PCBs.

3.9. MICROMORPHOLOGICAL CHARACTERIZATION OF PCBs AND A.
aquatilis CELLS

After the one-step bioleaching experimental run in the shake flask, the PCB
residue was obtained by filtration of the reactor content through Whatman No. 1 filter
paper to obtain the residue and the filtrate. The residue was used to visualize any cell
attachments on PCB particles. The filtrate was centrifuged at 10,000 rpm for 10 mins at
4°C to pellet out the free cells in the bioleaching medium. The PCB residue and the cell
pellet samples were freeze-dried through lyophilization and stored at -80°C until they
were characterized using Field Emission Scanning Electron Microscope (FESEM-—
7610FPLUS, Jeol, Japan). A small portion of the residue was washed in sterile distilled
water 3-4 times by vortexing to remove the attached cells. These particles were dried at
80°C for 6-8 hours in hot air oven and stored in a desiccator until they were characterized

using FESEM and Energy Dispersive Spectroscopy (EDS) for their micromorphological
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characteristics. The crushed PCB powder before bioleaching was also analyzed to discern

its morphology and elemental composition.
3.10. COMPATIBILITY TEST FOR GROWTH

The two selected bacterial strains, A. aquatilis and C. violaceum, were subjected
to compatibility tests in duplicates for growth by cross steak method (James and Mathew
2017; Santiago et al. 2017). The bacterial cultures were inoculated by streaking them
perpendicular to each other in Nutrient agar plates and incubated for 24 hours at 28°C.
The uninoculated plates served as control. The plates were observed for any antagonistic

activity at the intersecting points of the streaks.
3.11. CO-INOCULATION OF A. aquatilis AND C. violaceum FOR BIOLEACHING

The freshly grown bacterial cultures, 4. aquatilis, and C. violaceum, individually
and co-inoculated in different ratios, were used for the bioleaching of Au, Ag, and Cu
from PCBs. The bioleaching experiments were conducted in FBR and shake flasks under
the previously optimized conditions. The 5% inoculum was added in three ratios, 1:1, 1:3
3:1, of C. violaceum: A. aquatilis for co-inoculation. The one-step bioleaching was
carried out for 96 hours. The FBR and shake flask operated under the same conditions,
but uninoculated served as the negative control. 10 ml of samples were withdrawn every
12 hours, and an equal volume of sterile bioleaching media was added to substantiate the
volume loss. The samples were centrifuged for 10 min at 8000 rpm, and the cell-free
leachate was analyzed in an ICP-OES for Au, Ag, and Cu concentrations. Further, the
amount of metals leached (WgL) per gram of PCBs (mg/g) was calculated using Eq. (3.1).

The percentage bioleaching of these metals was calculated using Eq. (3.3).
% Bioleaching = (WsL/Wap)*100 (3.3)

where WpL is the amount of metals leached per gram of PCBs (mg/g), and Wap is the
amount of metal per gram of PCB sample (mg/g) initially.
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3.12. COMPARISON OF BIOLEACHING METHODS IN FLUIDIZED-BED
BIOREACTOR AND SHAKE FLASKS

A comparative study was performed on the different bioleaching methods, i.e.,
One-step bioleaching, Two-step bioleaching, and Spent-medium bioleaching. The
bioleaching experiments were carried out using 4. aquatilis and C. violaceum in a shake
flask and FBR under the previously optimized conditions of 0.175 mm particle size, 5%

inoculum, and 2% e-waste load for Au, Ag, and Cu recovery.
3.12.1. One-step bioleaching method

A one-step bioleaching process is performed by inoculating the bacterial strain
and adding metal substrates (Qayyum et al. 2019) to the medium. Consequently, metal
solubilization can be achieved during the microbial growth phases. To conduct the
bioleaching experiments in FBR, the air was supplied at a rate of 3 LPM from the bottom
of the column. Then, 250 ml of sterile bioleaching medium and 0.2% coconut oil for
foam destruction were added to the column. Further, 2% (w/v) of crushed PCB powder
was added as the initial e-waste load, and the column was inoculated with 5% (v/v) of the
respective bacterial strains. The same procedure was followed for conducting the
bioleaching experiments in a shake flask using a 100 ml bioleaching medium without

airflow and in the absence of the anti-foaming agent.

The bioleaching was performed for up to 96 hours in both FBR and shake flask.
The FBR and the shake flask experiments were conducted at a room temperature of about
28+3°C. The shake flasks were incubated in an orbital shaker at 100 rpm shaking
conditions. 10 ml of samples were aseptically withdrawn at the sampling intervals of 12
hours, and the same volume of sterile medium was added to substantiate the volume loss.
The samples withdrawn were centrifuged at 8000 rpm for 10 mins, and the bioleachate
was obtained as supernatant. The leachates were analyzed in ICP-OES for Au, Ag, and
Cu concentrations. The amount of metal bioleached (WgL) per gram of PCB particles
(mg/g) was calculated using Eq. (3.1). Further, the percentage of bioleaching was
calculated using Eq. (3.3).
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3.12.2. Two-step bioleaching method

The two-step bioleaching was carried out separately using both the bacteria, A.
aquatilis and C. violaceum. In the two-step bioleaching method (Natarajan and Ting
2015; Qayyum et al. 2019), the first step was established by culturing the bacteria in 250
ml bioleaching medium with 5% (v/v) inoculum in 500 ml Erlenmeyer flask at 28+3°C
with 100 rpm shaking for 24 hours in the absence of PCBs. The bioleaching was carried
out in the second step, where 250 ml of this 24 hour grown culture and 2% (w/v) of PCB
powder as e-waste load were added to the FBR with an airflow rate of 3 LPM. Similarly,
the cultures were grown in 250 ml Erlenmeyer flasks containing 100 ml bioleaching
medium with 5% (v/v) inoculum as step 1. The bioleaching in the shake flask was
initiated by adding 2% (w/v) PCB powder to the 24 hour grown culture, followed by
incubation in an orbital shaker in step 2. The bioleaching process proceeded for 96 hours
as described for one-step bioleaching in section 3.12.1, and the metal recovery was

calculated.
3.12.3. Spent medium bioleaching method

The cell-free supernatant of the fully grown microbial culture containing the
extracellular metabolites and proteins is used for bioleaching in this method (Natarajan
and Ting 2015). The cultures were grown in 500 ml Erlenmeyer flasks with 250 ml
bioleaching medium for FBR experiments and in 250 ml flasks with 100 ml medium for
shake flask studies with 5% (v/v) inoculum for 24 hours at 28+3°C and 100 rpm shaking.
The cell-free supernatants were obtained by centrifugation at 8000 rpm for 10 min. 250
ml of the obtained culture supernatant and 2% (w/v) of PCBs were added to the FBR for
bioleaching with an airflow of 3 LPM. Similarly, 2% (w/v) of PCB powder was added to
the conical flask containing 100 ml of cell-free supernatant for shake flask experiments.
The bioleaching processes in both systems were carried out for 96 hours, followed by the
determination of the metal recovery and bioleaching percentage, as explained for one-

step bioleaching in section 3.12.1.

48



3.13. SEQUENTIAL BATCH BIOLEACHING IN FBR FOR ENHANCED
METAL RECOVERY

3.13.1. Sequential batch bioleaching by one-step method

One-step bioleaching of Ag and Cu was performed under the optimized
conditions of FBR in three sequential batches (96 hours each for 12 days). All three
batches of the experiment were conducted with A. aquatilis following the operating
conditions explained in section 3.12.1, starting with the initial e-waste load of 2% (w/v)
in batch 1. Further, the subsequent sequential batch experiments were conducted using
the e-waste residue of the preceding batch. After removing the bioleachate from FBR, Ag
and Cu bioleaching in batch 2 was proceeded by adding fresh bioleaching medium and
inoculum. The e-waste residue of the first batch served to be the e-waste load for the
second batch. Similarly, the third batch of Ag and Cu bioleaching was continued with the
e-waste residue of the second batch. The bioleachates obtained every 12 hours in all the
sequential batch experiments were analyzed in an ICP-OES for their metal
concentrations. The percentage bioleaching of the metals in each batch with reference to
the initial e-waste load fed (to Batch 1) was calculated. Further, the cumulative
bioleaching percentage after every batch was also determined. The cumulative metal
bioleaching percentage after any “N” number of sequential batches was calculated using

Eq. (3.4).
. . . N Wai,
Cumulative metal bioleaching percentage= Zn=1 Wo x100 (3.4)
AD

where WgLn is the amount of metal bioleached at any stage (n) per gram of PCB taken

initially, n=1, 2, 3..., and Wap is the metal content in the PCBs
3.13.2. Two-stage sequential metal recovery by spent-medium and two-step method

Sequential bioleaching of Au, Ag, and Cu was attempted by employing two
stages: stage 1 was operated with the spent medium of 4. aquatilis, and stage 2 was
operated with two-step bioleaching of C. violaceum. Each stage was comprised of three

sequential batches. Each batch was operated for 96 hours and the entire process with two
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stages and six batches ran for 24 days. In the first stage, the first three batches of
bioleaching were carried out using the spent medium of A. aquatilis for Cu and Ag
bioleaching in FBR following the procedure described in section 3.12.3. The bioleaching
of Au and Ag was continued in the subsequent three batches in the second stage
following the two-step method with C. violaceum, as described in section 3.12.2. A 2%
(w/v) initial e-waste load was subjected to bioleaching in batch 1. The subsequent
sequential batches were accomplished with the e-waste residue from the preceding batch
up to six batches, as explained in Section 3.13.1 for sequential batch bioleaching using

the one-step method.

The bioleachates obtained after every 12 hours in all the sequential batch
experiments were analyzed in an ICP-OES for their metal concentrations. The cumulative
metal bioleaching percentage after “N” No. of sequential batches was calculated using
Eq. (3.4). After the six batches of sequential bioleaching, the leftover Au, Ag, and Cu

were quantified as described in section 3.2 after acid digestion.
3.14. STATISTICAL ANALYSIS

All the bioleaching experiments were conducted in triplicates unless otherwise
mentioned. The results are represented as their mean and standard deviation as error bars.
All the calculated metal recovery data from different bioleaching methods were subjected
to One-Way Analysis of Variance (ANOVA) using Tukey’s test to estimate the mean
differences between the methods at each time interval. The alphabets in the results
indicate this difference at a 0.05 level of significance (p < 0.05). Origin Pro 9 was the

software tool for statistical tests and graphical representations.
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CHAPTER 4

RESULTS & DISCUSSION

In this research work, the bioleaching of metals from PCBs was studied. The
study involved screening heterotrophic bacteria and suitable media for bioleaching of Au,
Ag, and Cu, followed by optimization of process parameters to achieve maximum metal
recovery in shake flask and FBR with a one-step bioleaching method. The mechanism of
bioleaching is also proposed. The studies on co-cultures, one-step, two-step, and spent
medium bioleaching methods are presented and compared in terms of metal recovery and
bioleaching efficiency. In order to improve the metal recovery, a two-stage process,
which combined the spent media bioleaching and two-step bioleaching, was carried out,
and the results are presented in this chapter. This chapter presents the findings of the

current study and the interpretation of the results, along with a detailed discussion.
4.1. PCB PROCESSING AND METAL QUANTIFICATION

The PCBs were collected, processed and quantified for their metal composition.
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On acid digestion with aqua regia, the initial metallic composition of PCB powder
as milligrams of metal per gram of PCB powder (Wap mg/g) was determined. The
amount of Au, Ag, Cu, Ni, Fe, Pb, and Zn present in one gram of the size-reduced PCB
powder (<0.175 mm) to be used for the screening of bioleaching bacteria is graphically
presented in Fig. 4.1. This shows that PCBs comprise of high concentration of Cu, 388.12
(mg/g) followed by Fe, 97.75 (mg/g), Ni, 62.65 (mg/g), Zn, 28.32 (mg/g), and Pb 25.88
(mg/g). Precious metals like Au, 0.61 (mg/g), and Ag, 0.46 (mg/g) were also present in
the PCBs. Hence, it is confirmed that the PCBs of mobile phones are a rich resource of
metals and can be used as a secondary ore for the recovery of metals for reuse, thereby

reducing their metal toxicity.

4.2. SCREENING OF HETEROTROPHIC BACTERIA FOR BIOLEACHING OF
METALS

This section presents the results of screening a suitable heterotrophic bacterial
strain for its bioleaching potential. Four metal-resistant cultures subjected to screening
studies are (i) Acinetobacter sp. CR B2 due to its bioreduction (Narayani and Vidya
Shetty 2012) and bioleaching (Jagannath et al. 2017) abilities; (i1) Alcaligenes aquatilis
due to its metal resistance and the ability to thrive in the presence of Ag (Kulal and
Shetty Kodialbail 2021); (iii) Chromobacterium violaceum (MTCC 2656) since it was
previously reported for precious metal bioleaching; and (iv) Ochrobactrum sp. CR B4
due to its heavy metal resistance and reduction property (Narayani and Vidya Shetty
2014). These bacterial cultures are shown in Fig. 4.2. The bacterial strains were also
screened in four different media to select a suitable bioleaching medium for the recovery

of metals from PCBs, and the results of this study are discussed in this section.
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a. Acinetobacter sp. CR B2

c. Chromobacterium violaceum d. Ochrobactrum sp. CR B4

Fig. 4.2. Heterotrophic bacterial strains used for the bioleaching studies, a. Acinetobacter
sp. CR B2, b. Alcaligenes aquatilis, c¢. Chromobacterium violaceum, and d.
Ochrobactrum sp. CR B4.

4.2.1. Bioleaching of metals in Medium 1

The bioleaching of metals in Medium 1 (Nutrient broth, a general-purpose
medium) was carried out using the four test organisms for 96 hours. The results are
illustrated in Fig. 4.3. Chromobacterium violaceum proved to be the best for bioleaching
of precious metals in this medium with 0.03 mg/g Au bioleached on day 3 and 0.06 mg/g
Ag bioleached on day 4. Similar precious metal bioleaching efficiencies have been

reported by C. violaceum due to its ability to produce biogenic cyanides by expressing
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the HCN synthase operon (Liu et al. 2016). 4. aquatilis could leach out a maximum of

0.05 mg/g of Ag from the PCBs on day 4. Acinetobacter sp. and Ochrobactrum sp.

leached out a relatively lesser amount of Ag. Au bioleaching by the other bacterial strains

except C. violaceum was negligible, with a maximum of 2 ug/g by Acinetobacter sp., Cu

bioleaching by A. aquatilis was the maximum at day 3 with 57.75 mg/g, and Cu was

solubilized by 4. aquatilis in high concentrations in Medium 1. This could be attributed

to prominent bacterial action and shows that the organism has maximum Cu bioleaching

efficiency.
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The other bacterial strains leached out Cu in concentrations lesser/similar to that
of the control, proving that the organisms could not leach Cu in sufficient quantities in
Medium 1. The maximum recovery of other metals through bioleaching in the leaching
liquor was, 0.46 mg/g (day 4) Fe by 4. aquatilis, 0.47 mg/g (day 4) Ni by Acinetobacter
sp., 0.05 mg/g (day 4) Pb by Ochrobactrum sp., and 0.28 mg/g Zn by A. aquatilis at day
3. The bacteria utilize the components in the medium for its growth and metabolism and
in the process leach out the metals into the medium. The presence of metals in control
may be attributed to the ability of the medium components to complex with the metals

present in the PCBs.
4.2.2. Bioleaching of metals in Medium 2

Bioleaching studies were carried out in Medium 2, Luria Bertani broth
supplemented with 0.5% Glycine. Fig. 4.4 indicates that a maximum of 177.75 mg/g Cu
is leached out by Acinetobacter sp. followed by 163.5 mg/g Cu by A. aquatilis in
Medium 2 on the fourth day. Ag bioleaching by A. aquatilis was the highest of about 0.03
mg/g on day 4. 0.06 mg/g of Au was solubilized by C. violaceum on day 3 of the
bioleaching process. The results show that medium 2 was better in bioleaching Ag, Cu,
and Au than Medium 1. The oxidative decarboxylation of glycine precursor in the
medium enhances the bacteria's cyanogenic pathway, consequently increasing the
bioleaching of precious metals from PCBs. A very high concentration of Cu in the PCBs
might consume the chelating agents responsible for the bioleaching of precious metals.
The unused glycine in the media complexes with cupric or cuprous ions releases free
cyanide, and removes the Cu layers in the process. Hence the precious metals are exposed
to the free cyanide/cells and get bioleached (Gorji et al. 2020). A similar influence of
glycine additive on Au and Ag bioleaching has been reported by Kumar et al. (2018) in

their studies on bioleaching by Pseudomonas balearica SAE] strain.

The results of the screening in the present study reveal that A. aquatilis had the
highest Ag bioleaching efficiency, Acinetobacter sp. and A. aquatilis showed high Cu
bioleaching efficiencies, and C. violaceum exhibited maximum Au bioleaching efficiency

in Medium 2. The strains which showed maximum solubilization of other metals in
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medium 2 are Ochrobatrum sp. for Fe (0.74 mg/g), Acinetobacter sp. for Pb (0.04 mg/g)

and Ni (0.38 mg/g), and Ochrobactrum sp. for Zn (0.3 mg/g) which occurred on day 1.

The medium components in the control could leach out modest quantities of the base

metals. However, the higher concentration of the metals in lixiviant with bacterial cells

than that with control has proved the bioleaching potential of the bacteria.
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4.2.3. Bioleaching of metals in Medium 3

Medium 3 contained the essential nutrients available in medium 1 and 2, along

with amino acids like glycine and methionine as additives to improve the bioleaching of

precious metals. Fig. 4.5 indicates that C. violaceum could mobilize a maximum amount
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of Au (0.07 mg/g on day 3), and 4. aquatil

is leached out a maximum Ag (0.06 mg/g on

day 4) among the test organisms in Medium 3. The maximum solubilization of Cu was

also achieved with 4. aquatilis amounting to 122.6 mg/g Cu leached on day 3.

Acinetobacter sp. bioleached a maximum amount of Fe (0.53 mg/g) and Ni (1.73 mg/g),

which occurred on day 4, Ochrobactrum

sp. could bioleach maximum amount of Pb

(0.04 mg/g) on day 2 and A. aquatilis bioleached maximum of Zn (1.74 mg/g) on day 4.
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A substantial increase in Au, Ag, Cu, and Zn bioleaching was observed on the

third day. The bioleaching potential of the bacteria in this medium was confirmed by the

leaching of a larger amount of metals in the presence of bacteria than that in control. The
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comparison of Fig. 4.5 with Fig 4.3 and Fig.4.4 reveals that the bioleaching of Au and Ag
by C. violaceum and A. aquatilis, respectively, was found to be higher in Medium 3 as
compared to that in Medium 1 and 2. This may be the result of increased cyanide
production augmented by the addition of methionine, as reported by Ruan et al. (2014),
who studied the bioleaching of Au, Ag, and Cu by Pseudomonas chlororaphis in the
same medium. Ferrous ions in the leaching lixiviant may also levitate the bioleaching of

Cu by redox reactions (Rodrigues et al. 2015).
4.2.4. Bioleaching of Metals in Medium 4

Medium 4, which consisted of 2% glucose, 2% peptone, 0.2% yeast extract,
0.075% KH2PO4, and 0.03% MgS04.7H>0, is a complete medium that provided carbon
and nitrogen sources for the growth of the organism. The bioleaching results studied in
Medium 4 are presented in Fig. 4.6. The bioleaching of Au was the maximum by C.
violaceum, with 0.029 mg/g achieved on day 4, much less than that obtained with the
other media studied. 4. aquatilis proved to be the best for Ag bioleaching of 0.02 mg/g
Ag in Medium 4, but the amount leached was the least in comparison to that in the other
media. The maximum amount of Cu was solubilized (18.3 mg/g) by A. aquatilis in this
medium. It is known that a particular group of heterotrophs like Pseudomonas sp. and
fungi like Aspergillus niger and Penicillium sp. are found to produce organic acids
(gluconic acid) from glucose (Castro et al. 2000). Castro et al. (2000), in their studies
assessed the involvement of acidolysis mechanism in bioleaching, using this medium to
ensure whether the organisms are acid-producing. However, the experiments conducted
in Medium 4 in this study showed that the medium was unsuitable for the bioleaching of
metals from PCBs by the test organisms. A maximum amount of Fe (1.55 mg/g) was
leached out by Ochrobactrum sp. on day 1, Ni (0.58 mg/g) by Acinetobacter sp. on day 4,
Pb (0.12 mg/g) by Ochrobactrum sp., on day 2 and 0.73 mg/g of Zn by A. aquatilis on
day 3.

During the time course of the bioleaching process, the amount of metals
bioleached was found to increase with time and then decrease in different media, as

observed in Fig. 4.3, 4.4, 4.5, and 4.6. During the period of contact of e-waste particles
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with the cells, along with the solubilization of metals from e-waste, other processes, such
as metal uptake and biosorption by the cells, may co-occur (Jagannath et al. 2017). When
the bioleaching rate is higher than the uptake or biosorption rate, a net increase in
concentration can occur, leading to an increase in the percentage of bioleaching.
However, when the metal concentration in the medium is very high or above some
threshold value, the rate of uptake and biosorption may dominate over the rate of

bioleaching, thus resulting in a decrease in the concentration of metal in the medium.
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b. Bioleaching of Cu and c. Bioleaching of Fe, Ni, Pb & Zn

When the concentration of metal ions in the medium is very high, the mass

transfer rate from the bulk liquid to the cell surface may enhance. Further, an enhanced
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rate of adsorption or uptake of the leached metals by the cells leads to a decrease in metal
concentration. The low efficiency in bioleaching of Au and Ag may be attributed to their
presence at low concentrations and their embedment deeper in the matrix of other
constituents of PCBs. Thus, they are less accessible to the secretory compounds in the
media. Further, Cu, which may be present in high concentrations due to its faster
solubilization, can selectively complex with the precious metal-binding ligands making it
unavailable for leaching Au and Ag. From Fig. 4.3-4.6 it was observed that Fe
concentration was found to decrease whenever there is an increase in the bioleaching of
Cu by A. aquatilis. This may be due to the recyclable role of Fe in the redox reactions for
the bioleaching of Cu and other metals from electronic scrap materials as represented in

the following reactions (Zhu et al. 2011).

4Fe + 0y + 4t S48 1+ 21,0

2Fe*" + Cu® — 2Fe* + Cu?*

The results indicate that 4. aquatilis leached out minimal concentrations of
hazardous metals like Ni and Pb along with the other metals, thus reducing the toxicity of
the lixiviant after the bioleaching process. The reason explained by Marra et al. (2018)
for the absence/lesser bioleaching of Pb is that the sulfate salts of Pb may be insoluble
and result in precipitation. The results of the control experiments show that the leaching

of Pb is higher in the absence of bacteria in Medium 3 that contains sulfur.

The dissolution of Cu was maximum in Medium 2 (42%), it was found that
Medium 3 facilitated substantial quantity of Cu bioleaching (32%) and a higher amount
of Ag bioleaching (12%) with A. aquatilis. Hence, Medium 3 was selected for further
studies on improving bioleaching efficiency. Au was also effectively leached out in this
medium by C. violaceum (12%). From the results obtained after screening for a suitable
media as represented in Fig. 4.7 and focusing on the simultaneous recovery of Au, Ag,
and Cu, Chromobacterium violaceum and Alcaligenes aquatilis were selected for further
bioleaching studies. To implement bioleaching on a larger scale, it is recommended to
enhance the contact between the e-waste particles and cells. This can be achieved by

good contactors proven effective in mixing and multiphase contacting. In view of this,
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the performance of a Fluidized-bed bioreactor which has been proven to be an excellent
multiphase contactor for adequate mixing and mass transfer was studied for the

bioleaching of metals from PCBs by 4. aquatilis in Medium 3.
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Fig. 4.7. Maximum bioleaching efficiency of metals in four different media a. Percentage

bioleaching of Au, b. Percentage bioleaching of Ag and ¢. Percentage bioleaching of Cu
4.3 PERFORMANCE OF FBR FOR Ag AND Cu BIOLEACHING FROM PCBs

This section presents the results and discussions on the optimization of
bioleaching studies with respect to the effect of particle size, inoculum size, and e-waste

load in FBR and shake flask conditions to maximize Cu and Ag recovery.
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4.3.1. BARTSCH TEST

Excessive foaming of the bioleaching medium in the FBR necessitated the
Bartsch test to select suitable antifoam. In this study, the Bartsch test estimates the foam
destruction properties of PEG 600, Coconut oil, Rice bran oil, and Sesame oil. The results

are represented in Fig. 4.8.
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Fig. 4.8. Foam destruction property of different antifoaming agents

The foam destruction by natural oils proved more rapid than PEG 600 and
control. The antifoaming activity of PEG 600 was 5 ml, and all three natural oils used as
antifoams had almost the same antifoaming activity of 0.1 ml. Coconut oil was selected
as the anti-foaming agent due to its availability. The defoaming property for oil-based
antifoams was bridging-dewetting and bridging-stretching mechanisms, which control the
foam for a longer time in a bioprocess. During the bridging-dewetting process, the foam
film becomes thin and deform into a lens shape causing an oil bridge. The film moves to
the next layer/opposite surface dewetting away from the bridge through capillary forces
resulting in film rupture. During bridging-stretching mechanism, the oil forms a bridge
between the foam films and stretches with time making the film unstable. The film

disintegrates at the thinnest regions and destroys the foam structure. PEG is the most
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investigated antifoam, but its ineffectiveness agrees with the antifoaming activity of PEG

conducted by (Routledge 2012).
4.3.2. LIPOLYTIC ACTIVITY OF A. aquatilis AND C. violaceum

A qualitative estimation of the lipolytic activity of 4. aquatilis and C. violaceum
was performed by streaking the cultures on the surface of the spirit blue agar medium

with the selected antifoaming agent (coconut oil).

Cell free
supernatant of
C. violaceum

B

Fig. 4.9. Lipolytic activity of 4. quatilis and C. violaceum (A) Growth and coconut

oil degradation in Spirit blue agar medium and (B) Well diffusion of cell-free

supernatant of the cultures in plain agar with methyl red indicator.

Proper growth of the organism was observed, and there was no zone of clearance
around the streak, as evident in Fig. 4.9 (A), which confirmed that the organism grew
well without utilizing the oil as its nutrient source. As evident from Fig. 4.9 (B), the same

was inferred after comparing the well-diffusion with cell-free supernatant and sterile
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broth where there was no initial zone of clearance followed by color intensification in

plain agar with coconut oil and methyl red indicator.
4.3.3. Cu bioleaching in FBR and shake flask conditions
(a) Effect of Particle size

The crushed PCBs were size separated as 1 mm, 0.75 mm, 0.6 mm, and 0.35 mm
to study the particle size effect. These different-sized particles were further crushed to
obtain a uniform particle size of 0.175 mm. The distribution of Au, Ag, and Cu in
crushed PCBs was found to vary with the size fraction of the particles, as presented in

Fig. 4.10.
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Fig. 4.10. Concentration of Au, Ag, and Cu in PCBs of different particle sizes

The concentration of Cu per gram of crushed PCB was the highest in the particles
of 0.75 mm size. The higher amount of Cu was retained in larger particle sizes of 0.75
mm, 0.6 mm, and 0.35mm. In contrast, the highest and lowest particle sizes of 1 mm and
0.175 mm were found to have comparatively lesser Cu concentrations. Ag was almost
evenly distributed in all the size fractions and found to be relatively high in 0.35 mm
particles. Au was retained in the larger size fraction. This heterogeneous distribution of
metal concentrations in various particle sizes mandated a further crushing of all the
particle sizes to <0.35 mm, which yielded an average size of 0.175 mm and was also used

as one of the sizes for particle size optimization.
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The effect of particle size was studied with 5% (v/v) inoculum and 2% (w/v) e-
waste load for the bioleaching of Cu from PCBs under shake flask and FBR conditions.
Fig. 4.11 (a) and (b) show the effect of particle size on Cu bioleaching in shake flask and
FBR, respectively. A maximum of 169.45 mg/g of Cu was leached at 84 hours with 0.175
mm particle size in a shake flask. In FBR, a maximum of 160.52 mg/g Cu was found to
be bioleached in 96 hours with 0.6 mm particle size. As observed in Fig. 4.11 (a), the Cu
bioleaching was not found to be initiated up to 36 hours in a shake flask with any of the

particle sizes except that with the least size of 0.175 mm.
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Fig. 4.11. Effect of particle size on Cu bioleaching from PCBs. a. Cu bioleaching in
Shake flask b. Cu bioleaching in Fluidized-bed bioreactor (Lowercase alphabets above
the error bars indicate the statistically significant difference/similarity at 0.05 significance

level).

Though Cu was found to have been bioleached from the 12" hour onwards with a
particle size of 0.175 mm, considerable bioleaching was observed only at the 60™ hour
and later. The bioleaching of Cu was initiated at 48 hours with 0.35 mm particles and
from 72 hours for the particles of size larger than 0.35 mm. The maximum bioleaching of
Cu was observed with the particles of 0.175 mm in size, even though the copper content
was the least in this fraction, showing that the least size favors the bioleaching process
owing to the large surface area available for the bioleaching reactions. The amount of
leached Cu increased with time up to a certain level, then decreased with a further

increase in time. The maximum bioleaching was achieved in the 84™ hour with all the
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particle sizes except that with 0.35 mm size, wherein the maximum amount of Cu was
observed in 72 hours. As the cells grow, they facilitate bioleaching, and thus the
concentration of copper increases. However, when the concentration of copper exceeds a
certain level in the medium, the rate of adsorption of copper may exceed the rate of

bioleaching, which may lead to a reduction in the copper level in the medium.

The results from One-way ANOVA showed that the particle size variation
significantly affected Cu bioleaching in the shake flask. In contrast, a statistically
insignificant effect of particle size on the bioleaching of Cu was observed in the FBR.
Particle size establishes contact surfaces that consequently affect a system's collision and
mass transfer between the metal substrate and cells (Arshadi and Mousavi 2014). The
collisions result in non-uniform mass transfer characteristics and surface area of contact
in the FBR due to size gradation along the column length, leading to variation in the
contact surface area. In a shake flask, due to the rotational shaking movement, the mixing
and mass transfer characteristics are uniform in the entire reactor volume. The
insignificant effect of particle size in FBR was confirmed from the mean comparisons of
the amount leached with various particle sizes at all the time intervals using Tukey’s test
in One-way ANOVA, which revealed statistical insignificance at a 0.05 significance
level. Birloaga et al. (2013) have also reported that the particle size effect is insignificant
in Au and Cu recovery from waste PCBs by hydrometallurgical methods. A maximum
recovery of around 160 mg/g Cu was obtained with particles of 0.175 mm in size in a
shake flask. The PCBs were crushed to obtain an average size of 0.175 mm and were

used for optimizing the inoculum size and e-waste load parameters.
(b) Effect of Inoculum size

Cu bioleaching with inoculum sizes 2%, 5%, and 10% (v/v) was performed under
a shake flask and FBR conditions using the optimum particle size of 0.175 mm and 2%
(w/v) e-waste load. Fig. 4.12 (a and b) present the effect of inoculum size on the
bioleaching of Cu in the shake flask and FBR, respectively. The inoculum size did not
affect the Cu bioleaching significantly until 60 hours in the FBR. However, there was a

statistically significant difference in Cu bioleaching with various inoculum sizes from 72
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hours and further. As determined through ANOVA, Cu bioleaching was significantly
affected by the inoculum size in shake flask studies. From Fig. 4.12 (a) and (b), the
maximum recovery of Cu is achieved with an inoculum size of 5% (v/v), and hence, it is

the optimum inoculum size in both the shake flask and FBR.
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Fig. 4.12. Effect of Inoculum size on Cu bioleaching from PCBs. a. Cu bioleaching in
Shake flask b. Cu bioleaching in Fluidized-bed bioreactor (Lowercase alphabets above

the error bars indicate the statistically significant difference/similarity at 0.05 significance

level).

The bioleaching of Cu was almost similar in the shake flask inoculated with 2%
and 10% (v/v) inoculum. With 5% inoculum size, the Cu recovery from PCBs reached a
maximum of 169.45 mg/g at 84 hours and decreased slightly after that in the shake flask.
In FBR, a maximum of 132.55 mg/g Cu was found to have bioleached with 5% inoculum
at the end of 96 hours. The Cu recovery using 5% and 10% (v/v) inoculum had no
statistically significant mean difference until 84 hours, but the difference was evident at
96 hours. As observed in Fig. 4.12 (a), considerable bioleaching in the shake flask was
observed at 48 hours with the lowest inoculum size of 2% (v/v), whereas a considerable
amount was bioleached at the 60™ hour with other inoculum sizes, indicating that the
initial rate of bioleaching was the maximum with the lowest inoculum size. With the
lowest inoculum size, cell toxicity may occur earlier by the bioleached copper, thus
causing no further bioleaching as indicated by almost the same amount of bioleached Cu

after 60 hours. However, considerable bioleaching was observed only at 60 hours with
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the inoculum size of 5% (v/v) and 10% (v/v) showing delayed initiation of bioleaching.
Cell overgrowth was observed at a high inoculum size of 10 % (v/v), which caused
nutrient and oxygen deprivation in the earlier period. Oxygen plays a vital role as an
electron acceptor in bacterial redox reactions, and this oxygen deprivation, along with
nutrient deficiency, might have hindered the bioleaching rate with an initial inoculum of

10% relative to the lower inoculum sizes used (Li et al. 2015, 2020).

A gradual increase in the Cu concentration with time in FBR inoculated with all
the tested inoculum sizes was noted. The media inoculated with 2% inoculum achieved
turbidity only after 18 hours of inoculation, and this lower growth rate may have resulted
in a lower rate of bioleaching. There was visible turbidity in the bioleaching media with
10% inoculum within 12 hours of inoculation. This may have limited the mixing
conditions and mass transfer characteristics in the FBR that do not favor high bioleaching
efficiency. The optimum inoculum size of 5% (v/v) provides sufficient growth rate and
favorable mixing/mass transfer characteristics in the FBR leading to maximum
bioleaching of Cu. Jagannath et al. (2017), in their studies on heterotrophic bioleaching of
Cu in a Pulsed-plate bioreactor, have also reported that inoculum size above 9% resulted
in the overgrowth of cells and decreased bioleaching efficiency. In the present study, the
Cu bioleaching efficiency of 47.99% in the shake flask and 37.54% in FBR could be
achieved under ambient conditions using heterotrophic bacteria as the bioleaching agent
with an optimum inoculum size of 5% (v/v). Chen and Cheng (2019) have also studied
the effect of inoculum size on thermophilic bioleaching of metals from sewage sludge in
a pilot-scale stirred bioreactor using chemolithotrophic bacteria and have obtained
bioleaching percentage of 17-39% as the inoculum size was varied in the range of 5-20%

(v/v), which also shows that the bioleaching efficiency depends on the inoculum size.
(¢) Effect of E-waste load

2%, 3.5%, and 5% (w/v) of E-waste load was used to determine the optimum load
for Cu bioleaching under FBR and shake flask conditions using 0.175 mm particles and
5% (v/v) inoculum. Fig. 4.13 (a) and (b) present the effect of e-waste load on the
bioleaching of Cu.
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level).

This showed that a 2% (w/v) e-waste load could significantly recover a maximum
of 169.45 mg/g Cu at 84 hours and 132.55 mg/g of Cu at 96 hours in the shake flask and
FBR, respectively. One-way ANOVA revealed that the e-waste load variations had a
statistically significant effect on the Cu bioleaching efficiency. The results show that an
increase in e-waste load has limited the bioleaching efficiency in both systems. The
minimum e-waste load of 2% (w/v) showed maximum bioleaching in the shake flask and
FBR. Xia et al. (2017) observed a similar trend in their studies on metal recycling from
pre-treated PCBs using mixed thermophilic organisms in a stirred tank reactor, and the
Cu recovery was reported to have decreased with increasing pulp densities. A gradual
increase in the Cu concentration with time is observed in FBR with all three e-waste
loads. In the shake flask, statistically significant bioleaching was observed from the 36"
hour onwards with a maximum e-waste load of 5% (w/v), though the Cu concentration
remained almost constant later. A considerable extent of bioleaching could be achieved
only from 60 hours onwards with an e-waste load of 2% (w/v) and 3.5% (w/v), with the
maximum being at 2% (w/v). The results show that a lower e-waste load favors the
bioleaching process. At high e-waste loads, the cells may be exposed to a larger available

surface area of PCBs which is heterogeneous in composition. This could result in
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inhibitory effects on bacterial growth and metabolism during bioleaching. This effect was
indirectly assessed by Rodrigues et al. (2015) in verifying the redox potential (Eh) using
thermophilic bacteria in a rotating drum reactor for Cu extraction from PCBs. The other
possible reasons for a decrease in bioleaching at higher e-waste load could be attributed
to cell toxicity at higher concentrations of leached metals and inadequate mixing,
instigating mass transfer limitations in the system, thereby minimizing the contact

between the cells and substrate.
4.3.4. Ag bioleaching in FBR and shake flask conditions
(a) Effect of Particle size

Particle sizes 1 mm, 0.75 mm, 0.6 mm, 0.35 mm, and 0.175 mm were studied for
the bioleaching of Ag in shake flasks and FBR with 5% (v/v) inoculum and 2% (w/v) e-
waste load. Fig. 4.14 (a and b) indicates that 0.175 mm is the optimum size at which a
maximum Ag recovery of 0.05 mg/g at 96 hours and 0.028 mg/g at 84 hours could be
achieved in the shake flask and FBR, respectively. In FBR, the Ag solubilization
occurred gradually with time, whereas a sudden increase in the Ag concentration was

observed at 60 hours and continued steadily until 96 hours in shake flask conditions.
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level).
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A further incubation time of up to 96 hours with 4. aquatilis has proven to
solubilize more Ag from the PCBs. Ruan et al. (2014) have also observed an increase in
the Ag bioleaching efficiency of P. chlororaphis up to the culture time of 72 hours (Ruan
et al. 2014). Ag bioleaching can be a result of redoxolysis (Jadhav and Hocheng 2013),
complexolysis (Kumar et al. 2018), or acidolysis (Dave et al. 2018). The particle size of
0.175 mm was the optimum, and the particle sizes used were also found to exhibit a
statistical mean difference through ANOVA. This confirmed its effect on Ag bioleaching
from PCBs in FBR and shake flask conditions, unlike in Cu bioleaching (FBR).

(b) Effect of Inoculum size

The effect of inoculum size (2%, 5%, and 10% (v/v)) on Ag bioleaching in FBR
and shake flask conditions were studied with 0.175 mm size particles and 5% (W/v) e-
waste load. From Fig. 4.15 (a and b), it is evident that inoculum size did not significantly
affect the Ag bioleaching of FBR in contradiction to shake flask bioleaching. A
maximum of 0.064 mg/g Ag was solubilized by 4. aquatilis when the inoculum size was
2 %. However, the bioleaching of Ag was found to decrease as the inoculum size was
increased with 0.05 mg/g Ag with 5% and 0.03 mg/g with 10% inoculum at 96 hours in
shake flask bioleaching. The bioleaching pattern gradually increased with time until
maximum Ag dissolution was achieved. At higher inoculum size, the medium was turbid
earlier, within 12 hours of the bioleaching period; hence, the Ag bioleaching was lesser.
Similar results were obtained by Li et al. (2020) while studying the effect of initial
additions of Pseudomonas fluorescens for Au bioleaching. Excessive initial bacterial load
causes a quick nutrient deficiency as a consequence of cell multiplication and causes
earlier cell death (Li et al. 2020). In FBR, the Ag bioleaching was highest at about 0.026
mg/g at 72 hours with 2% inoculum, 0.028 mg/g at 84 hours with 5% inoculum, and
0.029 mg/g at 96 hours with 10% inoculum. The ineffectiveness of inoculum size in the
FBR confirmed through ANOVA may be attributed to the selectivity of the cell/secreta to

leach out other metals in high concentrations efficiently rather than Ag.
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Fig. 4.15. Effect of Inoculum size on Ag bioleaching from PCBs. a. Ag bioleaching in
Shake flask b. Ag bioleaching in Fluidized-bed bioreactor (Lowercase alphabets above
the error bars indicate the statistically significant difference/similarity at 0.05 significance

level).
(c) Effect of E-waste load

The effect of e-waste loading (2%, 3.5%, and 5% (w/v)) on Ag bioleaching was
carried out in an FBR and shake flasks with 5% (v/v) inoculum and 2% (w/v) e-waste
load. Fig. 4.16 (a and b) clearly explains that shake flask conditions could solubilize
higher Ag concentration than in FBR conditions. A maximum of 0.05 mg/g Ag was
leached out in the shake flask at 96 hours with a 2% e-waste load. This was followed by a
5% e-waste load from which 0.02 mg/g Ag was solubilized at 96 hours, and in the
leaching medium with 3.5% e-waste load, a maximum of 0.003 mg/g Ag was bioleached
at 60 hours. In the shake flask, the Ag bioleaching from 2% e-waste load was observed
suddenly at 60 hours, gradually increasing. In FBR, 0.028 mg/g Ag was the maximum
recovery at 84 hours with 2% e-waste load, followed by 3.5% e-waste load, from which
0.022 mg/g Ag was found to bioleach at 96 hours. 5% e-waste load had a minimum Ag in
the bioleaching medium, with a recovery of 0.014 mg/g at 60 hours. Ag bioleaching was
significantly affected by the e-waste load in both FBR and shake flask conditions, proved
by Tukey’s test in ANOVA. Previous studies on Acidothiobacillus ferrooxidans for metal
bioleaching show that at lower loading of the metal substrate, the metals could be

extracted more successfully since higher pulp density affects the multiplication of cells
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and provides lesser oxygen to the cells, thereby decreasing the bacterial activity

(Rouchalova et al. 2020).
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Fig. 4.16. Effect of E-waste load on Ag bioleaching from PCBs. a. Ag bioleaching in
Shake flask b. Ag bioleaching in Fluidized-bed bioreactor (Lowercase alphabets above
the error bars indicate the statistically significant difference/similarity at 0.05 significance

level).

The higher e-waste loading conditions in the FBR may result in the attrition of
cells, with the e-waste particles causing cell damage, resulting in lesser bioleaching. At
lower loadings, the bioleaching had increased due to the good mixing conditions in the
bioreactor, which resulted in higher bioleaching. However, the results show that beyond a
specific limit of e-waste loading, the attrition effect may dominate the mixing effect.
With a higher e-waste load, the heterogeneous total surface area of e-waste available in
the reactor would be higher. This leads to greater exposure of cells to the e-waste both in
terms of exposure surface and contact frequency. The toxic substances present on the
surfaces may inhibit the growth/metabolism of the bacterial cells. Alternatively, the other
constituents released in higher concentrations from higher e-waste loads may form stable
complexes with the bioleaching metabolites of the cells competing with the metals from
PCBs (Li et al. 2020). These results show that the higher e-waste load adversely affects

bioleaching efficiency.
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Similar bioleaching experiments conducted by Ruan et al. (2014) using
Pseudomonas chlororaphis in shake flasks yielded 0.39 mg/L. amounting to 0.024 mg/g
Ag and 2.6 g/L, i.e., 162.5 mg/g Cu, which was lesser than the Ag dissolution with
comparable Cu solubilization achieved in FBR and shake flask in the present study. An e-
waste load of 2% (w/v) was the optimum, similar to Cu bioleaching. The possible reason
for an initial low bioleaching rate in the shake flask could be attributed to the growth
period of the bacterial cells in a metal-containing environment of up to 24 hours and the
initial interfacial steps of up to 48-60 hours. The initial interfacial steps of attachment and
pre-colonization of the cells to the e-waste surface (contact bioleaching) or the
cell/metabolite mediated generation of Fe** for the Cu mobilization (indirect bioleaching)
exhibit a low microbial activity (bioleaching) (Safar et al. 2020). This delay in the
initiation of Ag and Cu bioleaching was circumvented in the FBR, as the continuous air
supply favors the rapid growth of the bacteria and leads to the early initiation of Cu

bioleaching.

Arshadi and Mousavi (2014), who reported the statistical optimization conducted
for simultaneous Cu and Ni recovery, showed that the most influential factors for the
bioleaching of each metal are different. Similarly, the current study shows that the most
influential factors for Cu bioleaching are inoculum size and e-waste load but not particle
size, whereas e-waste load and particle size and not inoculum size for Ag bioleaching in
FBR. In shake flask bioleaching, all three parameters were statistically significant for Ag
and Cu dissolution into the bioleaching medium. The optimal conditions of Cu
bioleaching, i.e., 0.175 mm particle size, 5% (v/v) inoculum, and 2% (w/v) e-waste load,

were used for further studies.

4.4. MECHANISM OF ONE-STEP BIOLEACHING OF Cu FROM PCBs BY 4.

aquatilis

Three mechanisms, namely, acidolysis, redoxolysis, and complexolysis, can
achieve the solubilization of metals. Hence, the pH, ORP, Fe concentration, and protein
concentration in the bioleachates, along with the cell viability, were estimated in the

presence and absence of PCBs to uncover these mechanisms under shake flask
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conditions. Further, FESEM-EDS analysis of PCBs and cells was performed to

understand the mode of action of 4. aquatilis on PCBs.
4.4.1. Variation of pH and ORP during the one-step bioleaching process

The pH and ORP changes during the bioleaching process are evidenced in Fig.
4.17. There is a noticeable increase in the pH from approximately 6.2 to 9 (in the
presence and absence of PCBs). A decrease in the ORP from +46 mV to -113 mV with
PCBs and from +48.3 mV to -115 mV without PCBs of the bioleachates was noted with
time. The pH or ORP changes in the presence and absence of PCBs were similar in trend,
which reveals that the increase in pH and decrease in ORP was due to the normal
bacterial metabolism and not an effect of PCBs. This makes clear that the bioleaching
proceeded under alkaline conditions, and a redox potential was not generated due to pH
changes. The pH changes of cyanogenic isolates during the Cu bioleaching were alike

and proceeded under alkaline conditions (Arab et al. 2020).

10.0

1 ~W¥—-pH-With PCBs  =7%=—ORP-With PCBs L 40
9.5 1 - M- pH-Without PCBs - @= ORP-Without PCBs
0.0 ] v v [ 20
U — — _-..-. |
] _':_:I- el
T Ho
8.5 _;7 L
- L 20
8.0 I =
= 1 40 E
e 7.54 =
a4
1 - 60 O
7.0 4 2
] \t --80
6.5 \._‘
i \;- -—-e-__ - -100
6.0 -+ \*.ﬂ’:!-‘\-‘-_i
1 --120
5.5 T T T T T T T T
0 12 24 36 48 60 72 84 96

Time (hours)

Fig. 4.17. Variation of pH and ORP during one-step bioleaching of Cu

The pattern of pH changes with or without PCBs was similar to that observed

with the pH patterns with or without PCBs by a consortium of Aspergillus niger strains
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reported by Argumedo-Delira et al. (2019). These results contradict the observations
Aston et al. (2022) reported, where the heterotrophic bacteria Gluconobacter oxydans
produce organic acids, thereby decreasing the pH of the bioleaching lixiviant. The
patterns of pH and ORP changes in the present study do not agree with that of the pH and
ORP changes witnessed in the studies (Fu et al. 2016; Rodrigues et al. 2015; Trivedi et al.
2022; Wu et al. 2019; Xia et al. 2018b) that used acidophilic lithotrophs or organic acid
producing fungal strains. An acidolysis mechanism would display a decrease in pH and
an increase in the ORP, as evidenced in these reports where metal oxidation resulted due
to electron transfer from the metal to protons generated from the acids. Hence, it may be
concluded that Cu oxidation by 4. aquatilis was not caused by neutralization reactions of

the acids through a protonic attack.
4.4.2. Significance of Fe in one-step bioleaching of Cu

The Fe concentration in the bioleaching liquor has an influence on Cu
solubilization. As observed in Fig. 4.18, the Cu bioleaching rate was maximum during 48
to 60 hours. During the same period, there was a rapid decrease in the Fe concentration
from 19.29 mg/L to 3.69 mg/L, possibly due to Fe** to Fe*" conversion by 4. aquatilis.
From 60 to 96 hours, there was a further decrease in the Fe concentration, which
increased the Cu bioleaching. A. aquatilis, a heterotrophic bacterium that has proved to
be a potent bioleaching agent for Cu recovery under ambient conditions, could leach out
iron simultaneously. The Fe thus leached out is used for Cu mobilization from the PCBs.
These results are similar to those obtained by Rodrigues et al. (2015), in which the
variation in Fe concentration was observed where Cu extraction was achieved by the
bioleaching of PCBs using iron-oxidizing, thermophilic bacteria in a rotating drum
reactor. Their results prove that the initial iron concentration had a vital role in the
chemolithotrophic bioleaching process. 4. aquatilis could have used redoxolysis for Cu

bioleaching as one of the mechanisms during this process through electron transfer (Shi

et al. 2016).
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Fig. 4.18. Influence of Fe in Cu recovery from PCBs
4.4.3. Extracellular protein concentration and cell viability of A. aquatilis

This section discusses the variation in extracellular protein concentration and cell
viability during the bioleaching process using A. aquatilis. Fig. 4.19a distinguishes the
effect of PCBs on cell viability (also shown in Appendix I) during the bioleaching period.
A. aquatilis cells inoculated with approximately 107 cells (5% v/v) in the absence of
PCBs grow for 24 hours and remain viable with 10% -10'° cells with marginal variations
until 96 hours. A similar trend was observed in the presence of PCBs, but a cytotoxic
effect was noticed from 60 hours with a sharp decline in the number of cells and resulted
in complete cell death by 96 hours. This shows a decrease in cell viability as the Cu
concentration increases and with the exhaustion of nutrients. These results align with the
toxicity assay findings of Benzal et al. (2020), where the cells of Acidothiobacillus
ferrooxidans were unaffected until 48 hours of Cu bioleaching. The cytotoxic effects may
result only after this time interval with the upsurge in Cu and decline of nutrient supply in

the bioleaching lixiviant.
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Fig. 4.19. Variations of viability and protein concentration in the presence and absence of

PCBs, a. Cell viability and b. Extracellular protein concentration

The extracellular protein concentrations in the bioleachates were estimated in the
presence and absence of PCBs and represented in Fig. 4.19b and the calibration curve of
the standard protein in Appendix II. The protein concentration in the bioleachate with
PCBs is higher than that without PCBs. An increase in the concentration with a
maximum of 202 pg/ml of secreted protein was estimated at 72 hours of bioleaching. The
proteins secreted in the absence of PCBs were relatively much lower and were
approximately stable with trivial fluctuations. This clarifies that a differential protein

expression could have ensued with PCBs.

A comparable study by Argumedo-Delira et al. (2019) showed a slight difference
in the protein concentration of Aspergillus niger with and without PCBs. The difference
in the concentration of proteins in our study was noteworthy and thus played a vital role
in the bioleaching of PCBs. The results obtained earlier from the comparative study of
bioleaching methods showed that the Cu bioleaching efficiency was the maximum with
the spent medium of A. aquatilis, followed by the two-step method. This showed that the
secretome or the culture in its stationary phase of the bacterial strain with secondary
metabolites and extracellular proteins had a prominent role in Cu bioleaching. A steep
decline in the protein concentration from 72 hours coincides with the lower metabolic
activity caused by the decline in cell viability after 60 hours, necessitating a fresh

inoculum and medium for complete mineralization. This decrease can also be attributed
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to the complexation of Cu (or other metals) to the secreted proteins in the extracellular

space (Shi et al. 2016).
4.4.4. Differential protein expression by A. aquatilis during one-step bioleaching

The results obtained from the difference in protein concentrations with and
without PCBs directed its confirmation through an electrophoretic separation of proteins
in the bioleachates. The bioleachates from the time intervals of 48, 60, and 72 hours were
considered discerning the time intervals at which a steady increase in Cu bioleaching and
highest protein concentration was observed. The polyacrylamide gel picture with the
separated and stained protein bands is shown in Fig. 4.20. Three protein bands
approximately of sizes 63 kDa, 75 kDa, and slightly above 25 kDa were prominent in all
the lanes (indicated by dotted arrows). This depicts that these proteins are indigenous to
the A. aquatilis strain in the presence or absence of PCBs. The thickness of the bands
immediately above 25 kDa in lanes 3 and 5 are visibly higher than in lanes 2 and 4,
indicating their over-expression in the presence of PCBs at 48 and 60 hours. Three new
faint protein bands were observed in lane 3 at 48 hours with PCBEs, i.e., at the initiation of
Fe?" to Fe*" conversion. These differentially expressed proteins were between 25 to 48
kDa in size and were not spotted after 48 hours; therefore, these three proteins may
perhaps aid in the Fe conversions. Three new bands were evident in lanes 3 and 5, which
were proteins expressed with PCBs at 48 and 60 hours, respectively. One of these
proteins was between the size range of 25 and 35 kDa, another approximately 11 to 17
kDa, and the third was around <11 kDa in size. The thickness of the protein bands at 11
kDa and between 11 and 17 kDa was much higher at 60 hours than at 48 hours, indicating
that these proteins and the over-expressed protein <25 kDa had a vital role in Cu
bioleaching. Another observation was that no protein band separated in lane 7 with PCBs
at 72 hours. This might be due to the interference caused by high metal concentrations in
the protein sample though the highest protein concentration was noted at this time

interval.
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Fig. 4.20. Differential extracellular protein expression of 4. aquatilis in the presence and

absence of PCBs during one-step bioleaching

2-dimensional partial proteome analysis revealed several differentially expressed
proteins during the growth of Acidithiobacillus ferrooxidans. Identifying these proteins
that function to up/downregulate the energy metabolism during the bacterial growth on
iron, sulfur, and metal substrates disclosed the two energy pathways (Ramirez et al.
2004). Bobadilla Fazzini et al. (2011) identified a lipoprotein Licanantase that was
differentially expressed and enhanced chalcopyrite bioleaching (for Cu recovery) by a
lithotroph, Acidithiobacillus thiooxidans. An advanced 2-dimensional SDS-PAGE was
used to separate the secretome proteins and identify the differential spots through Liquid
Chromatography — Mass Spectrometry (LC-MS/MS) analysis. The present study focused
on confirming differential protein expression in the presence of PCBs and hence used a 1-
dimensional SDS-PAGE. A similar pattern of bands was obtained in a study conducted
by Vimalnath and Subramanian (2018) with and without Pb to understand the mechanism
of its biosorption by Pseudomonas aeruginosa in a 1-dimensional SDS-PAGE.
Therefore, the separation of extracellular proteins with and without PCBs in SDS-PAGE

revealed (i) overexpression of a protein (>25kDa) at 48 and 60 hours in the presence of
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PCBs, (ii) three new bands present at 48 hours were not there at 60 hours (25-48 kDa)
indicating their role in Fe*" to Fe*" conversion, and (iii) three differentially expressed
prominent bands (one between 25-35 kDa, one between 11-17 kDa and another <11 kDa)
obtained in the presence of PCBs at 48 and 60 hours proving their significance in

bioleaching.
4.5. CHARACTERIZATION OF PCBS AND A. aquatilis CELLS

The micromorphology of free and attached cells on PCB surfaces after
bioleaching was studied through FESEM analysis. The characterization of PCBs was
carried out in FESEM and EDS to understand the difference in the surfaces and elemental

composition before and after bioleaching.
4.5.1. Variation in PCB surfaces and A. aquatilis cell morphology

The differences in the surface characteristics of PCBs before and after one-step
bioleaching are presented in Fig. 4.21. Accordingly, rod-like and solid structures that
contain metals on their surfaces or inner layers were observed. From Fig. 4.21 a, ¢, and e,
it was clear that there were fissures or cracks in the PCB particles before bioleaching
under 1000x, 5000x, and 10000x magnifications, respectively. This might have been
caused during the austere crushing conditions and serves as the attachment sites of cells
for bioleaching. Apart from this, the PCB surfaces were smooth before bioleaching. Fig.
4.21 b, d, and f exhibit the changes in PCB surfaces of the bioleached residue. From
1000x and 5000x magnifications, it was clear that the smooth surface of the rod-shaped
PCB particles had been altered after bioleaching. There were pits formed on the surfaces
of particles in the residue as a result of microbial activity on the surfaces for bioleaching.
The modification of surface roughness and formation of pits indicates the leaching of
metals from PCBs, as such an observation matched with those made by Calgaro et al.
(2015) after the chemical leaching of PCBs with standard aqua regia solution. A 10000x
magnification of the surface of PCB residue revealed a completely rough and eroded

surface formed as a result of corrosion by the 4. aquatilis cells.
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PCBs before Bioleaching PCBs after Bioleaching

3

bioleaching at 1000x, 5000x, and 10000x, respectively. b,d,f. Surfaces of PCB residue
after bioleaching at 1000x, 5000x, and 10000x, respectively.

Aminian-Dehkordi et al. (2020) noted comparable microfissure initiation and
particle erosion in one-step bioleaching by Bacillus megaterium for Au bioleaching from

PCBs. The corroded surfaces provide more sites for cell attachment and metabolic
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activity when the residue is used for sequential bioleaching. These results also agreed
with the observations of Shabani et al. (2013) after the bioleaching of Cu from copper
oxide ore by Pseudomonas aeruginosa and Heydarian et al. (2018) after bioleaching of
lithium-ion batteries by acidophiles. These studies reported the morphological changes
during a two-step bioleaching that increased the porosity caused by bacterial activity. As
noticed in Fig. 4.20f, several spherical structures and powdery clumps were formed in the
residue, which may be attributed to bio-precipitation after the solubilization of metals
from PCBs by A. aquatilis. In Fluidized-bed columns, the time scale of mixing may be
much smaller than the time scale of the precipitation reaction (Baldyga 2016). So, before
the precipitation reaction can lead to the formation of new nuclei of precipitate, the
turbulence may sweep away the reacting molecules, thus preventing precipitation. In
shake flasks, precipitation overtakes after sufficient bioleaching occurs due to the higher
time scale of mixing compared to FBR. Similarly, on characterizing the sphalerite ore
before and after bioleaching of Zn by Leptospirillum ferriphilum, Sundramurthy et al.
(2020) found a layer of elemental sulfur on the surface of the residue due to sulfur

reduction.

The micromorphology of the free A. aquatilis cells from the bioleachate has been
captured under 5000x, 10000x, and 15000x magnifications and displayed in Fig. 4.22.
Most of the cells observed under 5000x (Fig. 4.22a) magnification have deformations in
cell structure or cell-wall disintegration after bioleaching. A magnified image of the same
field at 15000x (Fig. 4.22b) showed the deterioration with profound clarity and exposed
the precipitates on the cells as powdery clumps. A bio-precipitation was also noticed by
Hubau et al. (2018) during the bioleaching of PCBs by acidophiles. A cluster of free cells
visualized under 10000x (Fig. 4.22c) from another field endorsed all of these
observations (deformed cells, precipitates, and cell rupture) with precision. The
aggregation of cells might be a defensive mechanism to evade the metal concentrations,
as Vimalnath and Subramanian (2018) discussed in the presence of Pb during their
biosorption studies with Pseudomonas aeruginosa. To the best of our knowledge, there
are no reports on the characterization of bacterial-free cells in the lixiviant after

bioleaching. These results show that cell damage occurs with increased metal
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concentrations in the lixiviant. These were also the reasons for a decline in the cell

viability and protein concentration in the presence of PCBs after 72 hours.
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Fig. 4.22. A. aquatilis cell morphology after bioleachlng. a. Morphological changes at

5000x, b. Morphological changes at 15000x and ¢. Morphological changes at 10000x
4.5.2. Elemental composition of PCBs before and after one-step bioleaching

Fig. 4.23 and Table 4.1 discloses the elemental composition on the surface of
PCB particles before and after one-step bioleaching. Fig. 4.22a had peaks detected for Cu
and Au with weight percentages of 1.4 and 52.8, respectively. These results do not agree
with the results of metal quantification (Section 4.1) through acid digestion followed by
ICP-OES analysis, where the amount of Cu was found to be higher than that obtained by
EDS analysis which analyzes the metals on the surface. This proves that Cu is present in

low concentrations on the surface of PCB particles, and a major amount is in the particle
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interiors. These observations can be supported by the report of Rodrigues et al. (2015)
through SEM micrographs where Cu was present as internal layers in PCBs and was

exposed only after removing the outer coating.
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Fig. 4.23. Elemental composition of PCBs. a. EDS spectrum of PCBs before bioleaching

and b. EDS spectrum of PCBs after one-step bioleaching

The above discussions are supported by the results of EDS analysis presented in
Fig. 4.23b, where an increase in weight percentage of Cu and Au to 2.8 and 66.8 after one
step bioleaching was observed, confirming the presence of a substantial fraction of Cu
and Au in the particle interiors. The weight percentage of Ag showed a slight decrease
after bioleaching from 0.7 to 0.5, which shows that the solubilization of Ag from the
particle surface has occurred, and the weight percentage was approximately similar to

that obtained with the earlier quantification using ICP-OES (section 4.1) implying
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uniform distribution of Ag in the PCB particles. Similar observations were reported by
Marappa et al. (2020) and Narayanasamy et al. (2017), with a decrease in the
concentration of metals in the residue after one-step bioleaching. The higher weight
percentage of Au compared to the other metals in EDS spectra, unlike ICP-OES
quantification results, might be due to interference caused by the gold sputtering on the

surface of the samples.

Table 4.1. Elemental composition of PCBs before and after one-step bioleaching

Weight % Weight %
Element Before bioleaching After bioleaching
AlK 59 10.1
Si K 17.6 10.0
CaK 13.1 1.8
Mn K 8.2 8.0
Fe L 0.0 0.0
NiL 0.0 0.0
Cul 1.4 2.8
ZnL 0.2 0.0
AgL 0.7 0.5
AuM 52.8 66.8
PbM 0.1 0.0

4.5.3. Cell attachment on PCB surfaces in one-step bioleaching

Cell attachment is an important step during contact bioleaching and was
visualized in FESEM. Fig. 4.24 reveals the A. aquatilis cell attachment on PCBs during a
one-step bioleaching process. It is evident from Fig. 4.24a, focused at 3000x, that the
cells are embedded in the exopolysaccharides on the entire surface of the PCB particle.
Similar results have been discerned through Atomic force microscopic images captured

by Vera et al. (2013) during the mechanistic study on bio-oxidation of metal sulfides.
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Another field was focused on the rod-shaped structures (Fig. 4.24b), which revealed that
most cells were attached in the depressions or crevices and few on the plain surface. A
similar attachment of cells on porous solid support was observed by Hubau et al. (2018)

through Cryo-SEM during the bioleaching of PCBs and Sand et al. (2001) in an Atomic

force microscopic image.
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Fig. 4.24 Cell attment on PCB surfaces in one-step bioleaching. a. Cell attachment at
3000x, b. Cell attachment at 2500x, ¢. Cell attachment at 5000x and d.
Exopolysaccharide over the surface of cell-attached PCB particle

Magnification at 5000x (Fig. 4.24c) further confirmed the cell attachment to PCB
surfaces with better resolution. An exopolysaccharide layer over the cells and PCB

surface was observed at 10000x (Fig. 4.24d). It was also inferred that most of the free
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cells in the bioleachate showed cell damage, as in Fig. 4.22. In contrast, most of the
adhered cells have no cell disruptions where the exopolysaccharide layer protects the
attached cells, as reported by Vimalnath and Subramanian (2018) during the biosorption
of Pb by Pseudomonas aeruginosa as a defense mechanism. This confirmed a contact
mode of bioleaching and the action of secreted secondary metabolites/extracellular

proteins during the one-step method for Cu mobilization.
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Fig. 4.25. Possible mode and mechanisms of one-step bioleaching by A. aquatilis

Based on the observations from the role of Fe in Cu solubilization, difference in
protein concentration, protein separation through SDS-PAGE, and FESEM micrographs,
the possible mechanism for initial Cu dissolution is redoxolysis. Redoxolysis is a
sequence of oxidation and reduction of Fe through which Cu metal is solubilized from the
PCBs. The Fe?* in the medium is oxidized by A. aquatilis through enzymatic Fe*" to Fe**
conversions that generate Fe>*, which comes into contact with metallic Cu in the PCBs.
Cu’ in the PCBs gets oxidized to Cu?" by transferring its electrons to Fe**, reducing itself
to Fe?* again, and the cycle continues. From the cell attachment studies in section 4.5.3, it

was found that a contact mode of bioleaching could also occur along with the action of Fe
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in the bioleaching medium. Hence the redoxolysis mechanism of Cu bioleaching
proceeds in contact and non contact modes. Further bioleaching of Cu continues through
redox reactions coupled with complexolysis mechanism i.e., complexation with the
overexpressed or differentially expressed proteins in the bioleaching medium. This
complexation and solubilization occur in the bioleaching medium through a non-contact
mode. The same processes of complexolysis ensue at PCB-cell interfaces in a contact
mode. These processes have been depicted in Fig. 4.25 (Chen et al. 2015; Rodrigues et al.
2015; Sodha et al. 2020; Wu et al. 2018).

4.6. COMPATIBILITY TEST FOR THE GROWTH OF A. aquatilis and C.

violaceum

The results presented in section 4.2 have confirmed that A. aquatilis was efficient

in bioleaching of Cu and Ag, whereas C. violaceum for Au bioleaching.

@ Alcaligenes aquatilis Chromobacterium violaceum

Fig. 4.26. Compatibility test for the growth of 4. aquatilis and C. violaceum (A) Growth
of A. aquatilis in the presence of C. violaceum (B) Growth of C. violaceum in the

presence of A. aquatilis.

So, it was hypothesized that the use of these two bacteria as co-cultures in one

step bioleaching process may facilitate the simultaneous leaching of Cu, Ag, and Au from
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PCBs and improve their bioleaching efficiencies. An improvement in bioleaching
efficiencies by mixing two or more microbial cultures has been reported by several
researchers (Baniasadi et al. 2019). However, the application of bacteria as co-cultures in
bioleaching necessitates their mutual compatibility for growth in the same system. The
cross-streak method estimated the compatibility of A. aquatilis and C. violaceum. From
Fig. 4.26 (A and B), it is clear that the bacterial cultures can grow in harmony, and no
antagonistic activities exist. If there were any growth inhibition at the intersecting points
of the streaks of the two cultures, then the cultures would exhibit amensalism (Santiago et

al. 2017).
4.7. CO-INOCULATION OF A. aquatilis AND C. violaceum FOR BIOLEACHING

The effect of co-inoculation in different ratios of C. violaceum to A. aquatilis (1:1,
1:3, and 3:1) for simultaneous bioleaching of Au, Ag, and Cu was carried out. The
bioleaching was performed with the optimized conditions of 0.175 mm particle size, 5%
inoculum, and 2% e-waste load under a shake flask and FBR conditions. The 5% (v/v)
inoculum was provided in three different ratios and compared with the results of

bioleaching by individual cultures.
4.7.1. Co-Inoculation in Shake Flasks

The results of bioleaching of Au, Ag, and Cu obtained with co-inoculation studies
in a shake flask are illustrated in Fig. 4.27, and the statistical mean difference of the
results obtained from the ANOVA table is presented in Appendix III. The results indicate
that 4. aquatilis and C. violaceum play a significant role as sole strains in Cu and Au
bioleaching, respectively. The Ag bioleaching pattern demonstrates that the co-inoculated
cultures have better Ag dissolution abilities than their constituent cultures. A significant
mean difference in Au bioleaching was noticed with C. violaceum as a sole strain rather
than 4. aquatilis or co-cultures. Higher bioleaching of Au could be obtained with a
mixing ratio of 3:1 compared to that with 4. aquatilis or other mixing ratios in co-
cultures at all time intervals, with a maximum of 7.2% at 48 hours. The bioleaching of
Au with 4. aquatilis as a sole strain and in the mixing ratio of 1:1 was almost equal to or

lesser than the Au leaching in control, whereas the inoculum in 1:3 ratio could leach out
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slightly higher Au than these at 36 hours. The strains as co-cultures significantly
enhanced the Ag bioleaching in comparison to individual cultures, with 70.3%, 37.7%,
and 33.4% being achieved at 96 hours in a system inoculated with 3:1, 1:1, and 1:3 ratios,
respectively. The individual cultures of C. violaceum and A. aquatilis had a bioleaching
efficiency of 25.7% and 16.4% at 96 hours which was approximately equal and lesser,
respectively, than the control. The Cu bioleaching with co-cultures was found to be lesser
than that with the individual strain of 4. aquatilis, with the mean difference being

statistically significant at all the time intervals.
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Fig. 4.27. Bioleaching of metals by individual and co-inoculated cultures of A. aquatilis

and C. violaceum in shake flask a. Bioleaching of Au, b. Bioleaching of Ag and c.

Bioleaching of Cu.

Furthermore, the effect of co-cultures at different inoculum ratios was compared,

and the variation in Cu bioleaching with inoculum ratio was noticed to be statistically
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insignificant after 48 hours. This indicated that the co-inoculation did not affect the Cu
bioleaching in the shake flask. 4. aquatilis leached out a maximum of 47.9% of Cu from
PCBs in 84 hours. The co-culture inocula mixed in different ratios could yield 40-42% of
Cu between 72-96 hours. C. violaceum individually solubilized 34.1% Cu which was
higher than the control with 23.7% Cu at 96 hours. These results show that the
bioleaching efficiency is the maximum with the sole strain of 4. aquatilis, followed by
that with co-cultures and then with a sole strain of C. violaceum. The efficacy of A.

aquatilis as a sole strain in Cu bioleaching is evidenced in these studies.
4.7.2. Co-Inoculation in FBR

The bioleaching with the co-cultures of the strains was performed in the FBR and
the results are compared with bioleaching by the individual cultures. The bioleaching
percentages of Au, Ag, and Cu in FBR are shown in Fig. 4.28, and their statistical mean

differences through ANOVA are presented in Appendix III.
(a) Au Bioleaching by A. aquatilis and C. violaceum

The Au bioleaching trend of the selected bacterial strains as individual cultures,
co-cultures with different inoculum ratios, and uninoculated control in the FBR is
discussed in this section. The results are presented in Fig. 4.28a. The bioleaching of Au
from PCBs by the single strains or co-cultures is evidenced against the uninoculated
media. C. violaceum individually demonstrated a higher Au bioleaching with 9.2% (w/w)
at 48 hours than those with sole A. aquatilis or as co-culture. 4. aquatilis showed no
noticeable bioleaching ability as a sole strain. The co-cultures exhibited a statistically
significant difference in Au bioleaching only for up to 24 hours. A maximum Au
bioleaching of 3.3%, 2%, and 3.4% (w/w) was achieved with 1:1, 1:3, and 3:1 inoculum
ratios at 24 hours and decreased subsequently. The Au bioleaching trends of the co-
cultures follow the bioleaching pattern of C. violaceum for up to 24 hours and then that of
A. aquatilis. This denotes that C. violaceum had a significant role in the bioleaching of
Au rather than A. aquatilis during the process. The bioleaching medium contains amino
acid additives like glycine and methionine to accomplish cyanidation, which has been

proven to facilitate the accomplishment of enhanced Au bioleaching efficiency as
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reported by Li et al. (2020), wherein the bioleaching efficiency was found to be 54% at

pH 9 using Pseudomonas fluorescens, which was higher than the Au bioleaching in the

current study where the process was carried out at an initial pH of 6 — 6.5. According to

Kumar et al. (2018), the cyanide available for precious metal bioleaching was

competitively consumed for Cu bioleaching, reducing precious metal bioleaching. Since

the Cu concentration in their e-waste was minimal, Au bioleaching of 68.5% was

reported. This contradicts the results of the present study, wherein the concentration of

Cu in the PCBs is the highest. Moreover, Ag mobilization may also occur utilizing the

biogenic cyanide produced by C. violaceum resulting in a low Au bioleaching efficiency.
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Fig. 4.28. Bioleaching of metals by individual and co-inoculated cultures of 4. aquatilis

and C. violaceum in FBR a. Au Bioleaching, b. Ag Bioleaching, and ¢. Cu Bioleaching.
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(b) Ag Bioleaching by A. aquatilis and C. violaceum

Similar to Au bioleaching, C. violaceum individually exhibits a higher Ag
bioleaching of about 23.4% (w/w) at 84 hours, as evident in Fig. 4.28b. The 1:1 ratio of
the mixed inoculum attains a bioleaching percentage of 13.7% (w/w) followed by 9.1%
(w/w) Ag using A. aquatilis alone at 84 hours. The other mixing ratios had lesser Ag
bioleaching percentages but more than the control. A noticeable Ag bioleaching trend of
a 1:1 ratio of the inocula falls between the individual strains' bioleaching patterns. The
Ag bioleaching trend increased with 1:1 ratio inoculation that follows the C. violaceum
up to 36 hours, slightly decreased at the 48" hour, and further increased analogous to that
of the Ag bioleaching pattern of A. aquatilis.

The results also indicate a significant increase in the Ag bioleaching with time
that had the individual strains and 1:1 ratio as inoculants. It is apparent that both bacterial
strains play a role in the bioleaching of Ag, from which C. violaceum had the prime
function in the FBR though 4. aquatilis was found to have higher bioleaching efficiency
in shake flask conditions during the screening experiments. Moreover, A. aquatilis,
isolated from Silversmith’s workbench dust, possessed a tolerance mechanism to the
metal and was reported to facilitate silver nanoparticle synthesis (Kulal and Shetty
Kodialbail 2021). A maximum of 7.08% Ag was solubilized by the C. violaceum strain
when used individually, as reported by Pradhan and Kumar (2012), which increased
marginally to 8.42% on mixing C. violaceum with Pseudomonas aeruginosa in two-step
bioleaching process for 7 days. A higher Ag bioleaching of 23.4% was achieved with the
same bacterial strain of C. violaceum within 3.5 days which was a relatively lesser
bioleaching time accomplished with a one-step bioleaching process in the present study.
Similarly, Pseudomonas chlororaphis, a cyanogenic isolate, could leach out 12.1% Ag
(Ruan et al. 2014), which 1s comparatively lesser than the C. violaceum used individually

and as a co-inoculant with 4. aquatilis in a 1:1 ratio.
(¢) Cu Bioleaching by A. aquatilis and C. violaceum

As evidenced in Fig. 4.28c, Cu bioleaching of about 37.5% (w/w) could take

place at 96 hours with 4. aquatilis inoculated experiment, which was higher than that
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achieved in either a co-inoculated system, the system inoculated with only C. violaceum,
or in control experiments. The Cu solubilization of 30.4%, 25.2%, and 22.9% (w/w) was
yielded by 1:1, 1:3, and 3:1 ratios, respectively, at 96 hours and was found to be lower
than that with 4. aquatilis as individual culture. This shows that A. aquatilis had a greater
significance in Cu bioleaching. The redox mechanism could instigate the Cu bioleaching
by A. aquatilis as there is a simultaneous Fe bioleaching in the system. These Fe?" ions in
the leachate are oxidized to Fe** by the bacterium. Further, Cu® would supply electrons to
the Fe** ions and oxidize as Cu®*, reducing Fe’" to Fe?" for the next cycle of redoxolysis
(Pourhossein and Mousavi 2019; Rodrigues et al. 2015). C. violaceum independently had
a 10.8% Cu bioleaching efficiency at 96 hours which was higher than the control. The
pattern of Cu bioleaching in the co-cultured trials fall in between the bioleaching pattern
of the strains inoculated distinctly. The inoculation with an equal and higher fraction of
A. aquatilis demonstrates better Cu bioleaching efficiency than the process with a higher
fraction of C. violaceum. This endorses that A. aquatilis contributed largely to Cu
bioleaching with co-culture. Further, the Cu bioleaching achieved in the present study is
slightly higher than that obtained using a lithotrophic, iron-oxidizing strain of
Acidothiobacillus ferrooxidans that solubilized 32.44% Cu from Computer circuit boards

(Annamalai and Gurumurthy 2019).

The Au and Cu bioleaching percentages attained in the current study is much
higher than the results reported by Chi et al. (2011) using C. violaceum, with 11.31% Au
and 24.6% Cu in a longer bioleaching time of 8 hours obtained after supplementing O>
with H>O,. The same report has suggested reducing the Cu concentration from the PCBs
using an appropriate technique for enhancing the Au bioleaching efficiency. Pradhan and
Kumar (2012) conducted a similar bioleaching study, employing cyanogenic strains of P.
aeruginosa, P. fluorescens, and C. violaceum (MTCC 2656) by a two-step method in
shake flasks. Their results showed that a co-culture of P. aeruginosa and C. violaceum
could leach out a maximum of 83% Cu, 46% Au, and 8% Ag, whereas C. violaceum, as a
single strain, could leach out almost 79% Cu, 69% Au and 7% Ag after 7 days. The
present study reports a higher Ag bioleaching percentage in a lesser time of 4 days than

that reported by Pradhan and Kumar (2012). However, the lower bioleaching of Au and
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Cu reported in the present study, in comparison to that reported by Pradhan and Kumar
(2012), could be due to the lesser bioleaching period (4 days) involved the difference in
the bioleaching medium and bioleaching method (one step) employed in the present
study. Under similar physiological conditions of pH 7 and 25°C in the same bioleaching
medium of the present study, Ruan et al. (2014) could achieve 8.2% Au, 12.1% Ag, and
52.3% Cu bioleaching using Pseudomonas chlororaphis after optimizing to improve the
CN- production. Relatively higher bioleaching of Au and Ag, but lesser Cu bioleaching
efficiency is achieved in the present study. The co-culture of Acidithiobacillus
thiooxidans and Acidithiobacillus ferrooxidans (lithotrophic bacteria) increased the
bioleaching rate of Cu from chalcopyrite ore as reported by Bosse et al. (2015), which
exhibited the evidence of the occurrence of synergistic effect through co-metabolism
using coupled molecular processes that combine the polysulfide, iron oxidation, and
thiosulfate pathways than the constituent bacterial cultures separately (Bosse et al. 2015).
Several reports on mixing thermophiles and mesophiles, lithotrophs and heterotrophs,
using two or more lithotrophs or heterotrophs have efficiently increased the metal
extraction efficiencies (Arshadi and Mousavi 2014; Baniasadi et al. 2019; Pradhan and
Kumar 2012; Xin et al. 2009). However, the results of the present study show that C.
violaceum and A. aquatilis can co-exist in FBR and perform their individual functions but
cannot outperform the Au, Ag, and Cu bioleaching efficiency through coupled
intermolecular pathways as a mixture. So, further studies on bioleaching were conducted

with single strains of bacteria.

4.8. COMPARATIVE ASSESSMENT OF BIOLEACHING METHODS FOR
METAL RECOVERY

In order to improve the metal recovery by bioleaching, the bioleaching of Au, Ag,
and Cu was carried out by three different methods, viz., (i) one-step method where PCBs
were added with the inoculum, (ii) two-step method in which PCB powder was added to
a grown bacterial culture, and (iii) spent-medium method where the PCB powder was
added to the cell-free supernatant of the bacterial culture for bioleaching. 4. aquatilis and

C. violaceum as sole strains were used in shake flask and FBR to assess the different
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bioleaching methods. The results of the study are presented in the following sections, and
the statistical mean difference of the results between the three methods and the control is

shown in Appendix IV, obtained from the mean comparison table of one-way ANOVA.

4.8.1. Bioleaching Methods for Au Recovery

Figure 4.29 evidences the Au bioleaching trend of 4. aquatilis and C. violaceum
with different bioleaching methods in shake flask and FBR experiments. Both systems
show that C. violaceum has the Au solubilizing capacity with all three bioleaching
methods. Moreover, a maximum Au bioleaching of about 11.25% in FBR at 72 hours and
9.08% at 24 hours in a shake flask were obtained by a two-step method employing C.
violaceum. As reported in two-step bioleaching by Kumar et al. (2021), the same strain of
C. violaceum could bioleach 73.6% Au which is higher than the results presented in the
current study. This difference can be attributed to their optimized conditions of 1% e-

waste load containing only 0.08 mg/g Au, higher initial pH 9, and a more extended

bioleaching period of 7 days.
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Fig. 4.29. Au Recovery with different bioleaching methods using A. aquatilis and C.

violaceum in a. Shake Flask and b. Fluidized-bed Bioreactor

On the contrary, the present study uses a higher e-waste load of 2% containing a

much higher Au concentration of about 0.32 mg/g. The process was also carried out for a
shorter bioleaching period of 4 days at an initial natural pH of 7 that increases gradually

with time. Following this was a one-step method with 9.19% and 7.23% Au bioleaching
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in a shake flask and FBR at 48 hours, respectively. The cell-free spent medium of C.
violaceum could bioleach Au of 2.79% in FBR and 3.72% in shake flask conditions at 60
and 96 hours, respectively. These results show that Au bioleaching occurs with the
grown/actively growing cells of C. violaceum that produce cyanide as a secondary
metabolite. The steady increase in the Au solubilization in one-step bioleaching could
result from cyanide production by the actively growing cells with time. The absence of
PCBs in the log phase of growth accumulates the metabolite and is utilized for Au
cyanidation as the PCBs are introduced in the two-step method. Additionally, the PCBs
used in the current study contain high amounts of Cu that can be preferentially utilized by
the cyanide produced, thus reducing the Au recoveries (Kumar et al. 2021; Merli et al.
2022). According to Merli et al. (2022), a pre-treatment to remove Cu present in high
concentration in the PCBs was necessary to recover 44% Au by cyanogenic P.
aeruginosa employing a two-step method. In both these methods, the Au bioleaching
proceeds until the cyanides are exhausted. In the two-step method, the cells are precluded
from the high concentrations of metals and other toxic chemicals in the PCBs. This
would otherwise lead to the death of a small fraction of cells from the inoculum as in the
one-step method and might hinder the normal growth processes (Kumar et al. 2018). This
could be one of the reasons that the two-step bioleaching of Au with C. violaceum was

much more effective than the one-step method.

Under the same bioleaching conditions, 4. aquatilis could bioleach Au, where the
recovery was approximately 0.6% with any of the methods in the FBR. This was much
lesser than the Au bioleaching by C. violaceum but higher than the uninoculated negative
control, resulting in Au bioleaching as less as 0.2% in the FBR. Under shake flask
conditions, 4. aquatilis could leach out only negligible concentrations of Au, i.e., a
maximum of 0.4%, much less than the negative control (0.9%) with a spent-medium
method. This shows that the A. aquatilis cells are not cyanogenic or have no
cellular/metabolic activity for the solubilization of Au present in the PCBs, whereas C.
violaceum could serve as Au bioleaching agent with the maximum potential employing a

two-step method in either shake flask or FBR conditions.
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4.8.2. Bioleaching Methods for Ag Recovery

The Ag bioleaching efficiencies of 4. aquatilis and C. violaceum with different
methods in shake flask and FBR are shown in Fig. 4.30. The results obviate that the
operating conditions of the shake flask are favorable for the bioleaching of Ag by C.
violaceum. Moreover, the spent-medium bioleaching method enhanced Ag mobilization
in the shake flasks to a maximum of 91.84%. This infers that extracellular metabolites
and proteins play a vital role in Ag mobilization. Additionally, the mixing conditions and
oxygen mass transfer characteristics in the shake flask imparted through mechanical
rotational motion in the system with the spent medium may be better than that in one-step
or two-step methods. The media fluid properties such as viscosity and density increase in
the presence of cells leading to reduced mixing and mass transfer efficiencies. Ag
solubilization of about 52.47% and 25.66% were achieved with two-step and one-step
methods, respectively, by C. violaceum. From the shake flask studies, it is apparent that
the fully grown cells in the stationary phase and their secondary metabolites enhance the
Ag bioleaching in the two-step method rather than the cells growing in the presence of
PCBs in the one-step method. The presented results of shake flask experiments are much
higher than those obtained by (Kumar et al. 2018), where P. balearica SAEI1, a
cyanogen, could bioleach only 33.8% Ag after 7 days of employing a two-step method. A
similar investigation on Ag bioleaching using P. aeruginosa optimized for cyanide
production using a pre-treated lower e-waste load, higher initial pH, and more extended
bioleaching period of 7 days resulted in 90% Ag recovery with a two-step method (Merli
et al. 2022). The results of the present study reveal a slightly higher Ag recovery with
spent-medium bioleaching. However, the two-step bioleaching yields were comparatively
lesser due to the chosen experimental conditions that were previously optimized for Cu
bioleaching in FBR. The Ag leaching in the uninoculated control in the shake flask was
24.56% which was in proximity to the one-step method of bioleaching. The Ag
mobilization by A. aquatilis was relatively lesser than the uninoculated flasks indicating

that the shake flask conditions did not favor the Ag solubilization by 4. aquatilis.
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Fig. 4.30. Ag Recovery with different bioleaching methods using A. aquatilis and C.

violaceum in a. Shake Flask and b. Fluidized-bed Bioreactor

Ag bioleaching in FBR bodes well with the cell-mediated one-step and two-step
methods of bioleaching by C. violaceum, in contrast to the results of shake flask studies.
The Ag recovery was 23.68% and 23.4% at 96 and 84 hours, respectively, with two-step
and one-step bioleaching methods, whereas the spent medium could bioleach 13.6% at 96
hours in FBR. It can be deciphered that the C. violaceum cells grown in the presence or
absence of PCBs in the one-step or two-step methods were active bioleaching agents
rather than the extracellular compounds in the FBR conditions. The maximum Ag
bioleaching by A. aquatilis was around 9.14% with the one-step method, 7.98% with a
spent medium method, and 5.34% with the two-step method, which were all higher than
the control. The A. aquatilis cells bioleached Ag during the growth phases and mobilized
maximum concentrations during the stationary phase. The uninoculated trials did not
exhibit significant Ag leaching, which was only 2.42% in the FBR conditions. Both the
bacterial strains could solubilize Ag in the FBR, showing maximum efficiencies with the

two-step method by C. violaceum and the one-step method by A. aquatilis.

In contrast, only C. violaceum revealed a prominent Ag bioleaching in shake flask
conditions. The results indicated that the bioleaching of Ag is the maximum in the spent
medium of C. violaceum in the shake flask and the one-step or two-step methods by C.
violaceum in the FBR. Oxygen transfer plays a significant role in determining the activity

of cells, and the continuous supply of oxygen in FBR eliminates any mass transfer
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limitations. This ensures the proper transfer of oxygen required in the one-step and two-
step methods, which take place in the presence of cells leading to the simultaneous
occurrence of both contact and non-contact modes of bioleaching. However, in the shake
flask, oxygen limitations may exist in the media leading to lower growth and activity of
cells in the one-step and two-step methods, thus making the spent medium method more

effective in Ag bioleaching involving only the non-contact mode.
4.8.3. Bioleaching Methods for Cu Recovery

Fig. 4.31 displays the Cu recovery by A. aquatilis and C. violaceum with different
bioleaching methods conducted in shake flasks and FBR. The spent medium of A.
aquatilis showed a prominent Cu bioleaching trend with the highest Cu recovery of
53.59% at 36 hours and 52.17% at 96 hours in the shake flask and FBR, respectively. A
bioleaching efficiency of 93.4% was achieved with the bacteria-free cultural supernatant
of iron-sulfur-oxidizing bacteria (a consortium of lithotrophs with Leptospirillum
ferriphilum and Sulfobacillus thermosulfidooxidans being the predominant species) in 9
days (Wu et al. 2018). Followed by this, a two-step method could recover 43.07% at 36
hours and 31.46% at 96 hours in shake flask and FBR, respectively. From both these
methods, it can be discerned that higher Cu bioleaching by A. aquatilis ensued only after
the stationary phase of growth sets, which was evident in the shake flask results. The
obtained data are in parity with the results of Natarajan and Ting (2015) using 2% e-
waste load with approximately 50% Cu recovery by the spent-medium method followed
by the two-step method. With the one-step method, 4. aquatilis could bioleach 47.99%
Cu at 84 hours and 37.54% at 96 hours in a shake flask and FBR, respectively. In any of
the bioleaching methods, Cu bioleaching gradually increases with time. It reaches
maximum recovery only at 96 hours in the FBR, whereas, in shake flask conditions, the
maximum is achieved at earlier time intervals. In a one-step method, the cells in the
inoculum may undergo stress due to the presence of PCBs and hence a delay in the
initiation of noticeable Cu bioleaching until 48 hours. This initiation was achieved much
earlier with spent-medium and two-step methods since the cells were grown separately
without PCBs before bioleaching. In these cases, the cells have already reached their

stationary phases, and the extracellular secretory compounds are instantly available for
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Cu bioleaching as the PCBs are added. This phenomenon was evidenced in heterotrophic
bacteria (Aston et al. 2022) or fungi (Faraji et al. 2022; Trivedi et al. 2022; Xia et al.
2018b) that release organic acids to accomplish metal recovery through a spent medium
bioleaching approach. Similarly, the spent medium of iron-sulfur oxidizers (lithotroph)
was employed to generate a biogenic lixiviant containing Fe®" through bio-oxidation of
the supplied Fe?* (Wu et al. 2018) for 100% Cu recovery. Additionally, the protein
elements of the secretome can also be associated with enhancing the bioleaching rate

(Bobadilla Fazzini et al. 2011).
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Fig. 4.31. Cu Recovery with different bioleaching methods using 4. aquatilis and C.

violaceum in a. Shake Flask and b. Fluidized-bed Bioreactor

Under the same bioleaching conditions, C. violaceum also contributed to trivial
Cu solubilization relative to A. aquatilis from the PCBs to a maximum of 34.09%,
30.57%, and 25.85% at 96 hours in shake flasks with one-step, two-step and spent
medium methods respectively. In FBR conditions, C. violaceum could mobilize only
18.58% at 96 hours with spent medium, followed by 16.09% at 84 hours with the two-
step method and 10.8% at 96 hours with the one-step method. This signifies that C.
violaceum more efficiently bioleaches Cu only in the presence of cells rather than the
cell-free supernatant as in Au bioleaching. The Cu recovery by C. violaceum in the
current study does not concur with the findings of Kumar et al. (2021), which reported
87.5% Cu recovery with the same strain. This might be due to the relatively low Cu

concentrations in the PCBs used for their study, i.e., 23.39 mg/g Cu whereas the present
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study used PCBs containing 353 mg/g Cu. Further, their optimal experimental conditions
of e-waste load, higher initial pH, and more extended bioleaching periods contributed to
their high Cu recoveries. The uninoculated control had only 6.37% and 23.72% Cu
bioleaching in FBR and shake flask at 96 hours, which was lower than the results
obtained with the three bioleaching methods. These findings disclose that maximum Cu
bioleaching efficiencies were achieved with the spent medium of A. aquatilis followed by

a one-step method contrary to Au and Ag bioleaching by C. violaceum.
To recapitulate the findings,

1. Au bioleaching was maximum with two-step followed by one-step methods using
C. violaceum, whereas A. aquatilis did not contribute to Au mobilization.

2. Ag bioleaching was better with two-step and one-step methods by C. violaceum
analogous to Au recovery. However, significant Ag solubilization was
accomplished with the spent medium of C. violaceum. Though in trivial
quantities, A. aquatilis did contribute to Ag bioleaching through cell-mediated
methods.

3. Contradicting the precious metal bioleaching, maximum Cu recovery was
achieved with the spent medium of A. aquatilis, followed by its one-step
bioleaching method. Further, C. violaceum solubilized considerable quantities of

Cu with all three methods.

A previous report by Natarajan and Ting (2015) on a pH-adjusted spent medium
of C. violaceum could recover 30% Au and 95.7% Cu, and the two-step method yielded
11.3% Au and 86.2% Cu. The current study deviates from this report revealing that the
two-step and one-step methods contributed to higher Au bioleaching by C. violaceum and
agrees that the Cu bioleaching was efficient with the spent medium of A. aquatilis. A
comparison between one-step and two-step methods by Marappa et al. (2020) using
Frankia sp. exposed that a two-step over one-step bioleaching was effective for Au and
Cu recovery. Similar conclusions were made by Narayanasamy et al. (2017) for Ag and
Cu bioleaching by A. niger DDNSI1. The findings of the present study support these

results for Au and Ag recovery in shake flask, displaying a deviation with similar Ag
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bioleaching in FBR by C. violaceum. However, the present study, where the one-step was
more effective than the two-step method with A. aquatilis for Cu recovery, contradicts
the results reported by Narayanasamy et al. (2017). A comparative study of the three
bioleaching methods was carried out with two strains of iodide oxidizing bacteria as an
alternative to cyanogenic bacteria by Kudpeng et al. (2020) for gold recovery from e-
waste with meager Au recovery of <2%. These bacterial strains could bioleach 100% and
34% Au from the ore concentrate by a two-step method followed by spent medium and

one-step methods.

Table 4.2. Comparison of the bioleaching efficiencies of the present study with previous

reports
S. No. | Microorganism used Bioleaching Recovery Reference
method
l. Penicillium Spent medium Cu-76% (Xia et al.
chrysogenum One-step Cu-25% 2018b)
Two-step Cu-47%
2. Roseovarius tolerans Two-step Au-34%
Roseovarius mucosus | Spent-medium Au-28% (Rudpeng et al.
One-step Au-1.6% 2020)
3. Chromobacterium Two-step Au-11.3%
violaceum One-step Au-9.2% Present study
Spent medium Au-3.7%
4. Chromobacterium One-step Ag-23.7%
violaceum Two-step Ag-23.4% Present study
Spent medium Ag-13.6%
5. Alcaligenes aquatilis Spent medium Cu-52.1%
Two-step Cu-31.5% Present study
One-step Cu-37.5%
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The outcome of Au bioleaching in the present study partly agrees with this,
showing that the two-step method had maximum Au solubilizing capability. Hence, two-
step methods by C. violaceum for Au and Ag bioleaching and spent-medium of A.
aquatilis for Cu recovery were chosen for further experiments to enhance the recovery
through sequential batches. The metal bioleaching efficiency of the present study has
been compared with the above studies in Table 4.2. The choice of a suitable bioleaching
method depends on the microbial strain, its growth and metabolic activity, the metal to be
leached, specific metal-microbe interactions, mixing, and mass transfer in the reacting

systems leading to the bioleaching process.

4.9. SEQUENTIAL BATCH BIOLEACHING IN FBR FOR ENHANCED METAL
RECOVERY

The bioleaching by either of the methods could not completely solubilize the
metals in a single batch and mandated further bioleaching of the residue. The reasons
could be attributed to (i) the exhaustion of nutrients that diminish the microbial activity
and hinder the bioleaching process, (ii) the achievement of maximum solubility that
interrupts further metal solubilization, (ii1) the high concentration of the leached metal
inhibits further microbial activity, (iv) the high concentration of specific metals like Cu,
(v) the same bacterial strain may not bioleach all the metals of interest, and (vi) the co-
inoculation strategy was not effective for simultaneous metal recovery. So, a sequential
metal recovery was carried out in the FBR with 2% (w/v) initial e-waste load by
removing the leachate after the first batch and contacting the residue with fresh medium
and inoculum in the subsequent batches. The bioleaching efficiency in the FBR was
improved in two ways, (i) Ag and Cu were recovered in three sequential batches by a
one-step method, and (ii) Au, Ag, and Cu bioleaching was performed in two stages using
the spent medium of A. aquatilis for three sequential batches in the first stage for Cu
mobilization, followed by Au and Ag bioleaching with a two-step method by C.
violaceum in the second stage. The results of these studies are presented and discussed in

the following sections.
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4.9.1. Sequential metal recovery by one-step method

Ag and Cu bioleaching efficiency by A. aquatilis with a one-step method was
improved by increasing the number of sequential batches, as presented in Fig. 4.32. A
maximum Ag bioleaching of 10.57%, 11.89%, and 6.11% at 96 hours was obtained in the
first, second, and third batches, respectively. This consequently increased the cumulative
Ag recovery to 22.46% after two batches and 28.58% (0.09 mg/g) after three sequential
batches. Similarly, the cumulative Cu bioleaching reached 80% at 84 hours (282.55
mg/g), with 35.3% in the first, 29.31% in the second, and 15.41% in the third batch.
Moreover, further addition of sequential batches of bioleaching would have further
increased the recovery. These findings build on the evidence of bioleaching by Jagannath
et al. (2017) with an enhancement of recovery from 23% to 63% as the number of
batches increased from 1 to 5 batches (each batch for 48 hours) in a Pulsed-plate

bioreactor using a heterotrophic one-step bioleaching method.

30 - [ Batch 1 28.58% 80 7 I Batch 1
I A Batch2 I ABatch2
|l Batch 3 Il Batch 3

70 4

(&4
(2]

23.13%
60

(3
=]
|

50 4

40

30+

[
=]
1

204

Cummulative % Ag Recovery
=
W
Cummulative % Cu Recovery

2]
1

10

0 12 24 36 48 60 72 84 96 0 12 24 36 48 60 72 84 96
a. Time () b. Time (h)
Fig. 4.32. Sequential batch bioleaching by the one-step method in FBR a. Cumulative Ag

recovery, and b. Cumulative Cu recovery

A one-step bioleaching study conducted by Arab et al. (2020) showed that five
strains of cyanogenic isolates from the e-waste landfill could recover 31-96% Cu from
Cu powder with a bioleaching period of 10 days in shake flask conditions. The highest
recovery obtained from their investigation with 0.1% pulp density can be comparable to

the cumulative Cu recovery from a higher e-waste load (2% w/v) and 12 days. It is clear

106



that Cu bioleaching is highest in the first batch and decreases in the following batches
due to the decrease in the Cu concentration after each batch of bioleaching. Therefore, the
metals are less accessible to the organism or metabolites in the second or subsequent

batches, thus reducing the sensing metal concentration.

Concurrently, Ag has the highest bioleaching efficiency in the second batch after
considerable removal of Cu occurred but decreased in the third batch. This obviates that a
high concentration of Cu interfered with the initial bioleaching rate of Ag due to lesser
accessibility. The available reports on bioleaching show that the one-step method was
rarely used due to growth limitations in the presence of e-waste (Monballiu et al. 2015)
that would result in lesser metal recovery, which can be circumvented through sequential
batch bioleaching (Srichandan et al. 2014). The advantage of using this method is that a
pre-growth step or obtaining a cell-free supernatant after pre-growth was not required,

and a sequential batch process can substantiate the limitations.
4.9.2 Two-stage sequential metal recovery by spent-medium and two-step method

The comparative study on the bioleaching methods (Section 4.8) revealed that the
spent medium of 4. aquatilis was efficient in Cu bioleaching and the two-step method
using C. violaceum for Au and Ag bioleaching. Hence these two methods were combined
to recover the metals in two stages by sequential batch bioleaching with 2% (w/v) initial
e-waste load and the residue from the previous batch as e-waste load in the subsequent
batches. The two-stage sequential batch bioleaching was established by Cu recovery
using the spent medium of 4. aquatilis for three batches (stage 1), followed by Au and
Ag recovery with a two-step method of C. violaceum for the subsequent three batches
(stage 2). The results of the cumulative metal recovery are presented in Fig. 4.33. The
maximum Au, Ag, and Cu recovery was estimated in all six batches and tabulated in
Table 4.3. This contributed to a cumulative Au bioleaching of 21.9%, 36.75% Ag, and
99.43% Cu at 12 hours and 96 hours, respectively, after two stages of sequential batch
experiments. The leftover residue on acid digestion had 64% Ag and 0.15% Cu which

further authenticated the cumulative bioleaching percentage obtained for these metals.
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The Cu bioleaching in both stages proceeded until 96 hours, as observed for the

one-step method in sequential batches. Stage 1 with the spent medium of A. aquatilis

resulted in Cu solubilization of 92.96% after the three batches. Further bioleaching of the

residue for Au and Ag mobilization with the two-step method of C. violaceum

additionally contributed to achieving 99% Cu recovery along with precious metals in the

present study.
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Fig. 4.33. Two-stage sequential batch bioleaching (Stage 1 with spent medium of 4.

aquatilis and Stage 2 of two-step method by C. violaceum) in FBR. a. Cumulative Au

recovery b. Cumulative Ag recovery, and ¢. Cumulative Cu recovery

A 100% Cu extraction from a single PCB plate was reported by Sodha et al.

(2020), wherein they used bio-generated ferric iron lixiviant with a 9% FeSO4 supplement
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to maintain the oxidation-reduction potential high with stringent acidophilic conditions in
five cycles with each cycle for 4 hours using Leptospirillum ferriphilum dominated
consortium of lithotrophic iron-oxidizing bacteria. The biogenic Fe(Ill) of
Acidithiobacillus ferrooxidans could recover 80% Cu after 3 cycles of column

bioleaching in 6 hours (Benzal et al. 2020a).

Table 4.3. Cumulative metal recovery after each batch during the sequential bioleaching

experiments in two stages

Bioleaching Batch % Au % Ag % Cu
Methods Recovery Recovery Recovery
1 1.78 3.58 48.89

Spent medium

method — 4. aquatilis 4.41 10.08 70.42

7.20 12 14.08 12 92.96 96

14.16 | hours | 25.42 | hours| 96.47 | hours
17.57 33.75 98.47
21.90 36.75 99.43

Two-step method —
C. violaceum

AN |hA | WIN

The present study is a relatively slow process that uses the natural conditions of
the cell-free supernatant to achieve maximum efficiencies without any stringent
bioleaching conditions, which is an advantage over lithotrophs that mandates rigorous
bioleaching conditions. A study by Pakostova et al. (2018) reported a cumulative 87%
(32 days) and 50% (49 days) Cu extracted from the two fractions of Kupferschiefer ore,
respectively, with acid and bioleaching (bio-generated ferric iron from a consortium of
iron-oxidizing acidophiles). Ag bioleaching from the fourth and fifth batches in the
current work was maximum at 12 hours, contributed majorly by C. violaceum and
moderately by the spent medium of 4. aquatilis. As the bioleaching time extended, the
role of C. violaceum was trivial, but the spent medium of 4. aquatilis significantly
contributed to Ag mobilization. From this, it is apparent that both organisms promoted
Ag recovery. It was noticed that the highest Au and Ag mobilization was obtained from
the fourth batch after Cu removal. A marginal role of the spent medium of A. aquatilis in
Au bioleaching was observed at 12 hours, which decreased considerably during the

bioleaching period. A study conducted by Isildar et al. (2016) employed a step-wise
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recovery using a two-step method by a mixture of chemolithotrophs (4. ferrivorans and
A. thiooxidans) for Cu bioleaching with 98.4% yield in 7 days followed by heterotrophic
cyanogens (P. putida and P. fluorescens) for Au mobilization of about 44% in two days
from the residue. This was analogous to the current work that used heterotrophs in both
stages with three batches each for Cu & Au solubilization, and a spent-medium method

was employed for Cu recovery.

Mwase et al. (2014) investigated and observed that the Metallosphaera
hakonensis mediated bioleaching stage could remove 93% Cu in 304 days, followed by
90.3% Au in the cyanide leaching (chemical-mediated) stage in 60 days from Platreef ore
in column studies. Compared to these findings, the present study reveals a higher
bioleaching rate within a short period. Since the Cu concentration was high in the PCBs,
the first three batches focused on the solubilization of Cu from the initial 2% e-waste load
using the spent medium of A. aquatilis. The process was continued for Au and Ag
bioleaching from the residue employing a two-step method with C. violaceum for another
three batches. The findings of the study endorse the hypothesis that sequential batch
bioleaching with the same or different methods can achieve higher/maximum metal
recovery. The high concentration of Cu in a single batch saturates the medium and
inhibits further leaching (Isildar et al. 2016). Benzal et al. (2020), in their toxicity assays
on Cu bioleaching using Acidothiobacillus ferrooxidans, found that the microbial
metabolic activity is not affected up to 48 hours due to Cu bioleaching. The attainment of
inhibitory or toxic concentration levels may occur later. The high concentrations of
bioleached metal in the media and depletion of nutrients may also show an inhibitory

effect on cell growth and microbial activity for Cu mobilization.

Further, the metals readily available on the outer surfaces are extracted by the
metabolites or ligands produced by the microbial cells. Owing to diffusional mass
transfer limitation and exhaustion of the secretory bioleaching compounds, the inner
layers and interior of PCBs containing Cu remain unaffected, thus resulting in limited
bioleaching of Cu in a single batch. This necessitates further solubilization of the leftover
Cu from the residue, which can be achieved by subjecting it to bioleaching in the

subsequent batches with fresh bioleaching media and inoculum. Large-scale applications
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to treat high quantities of e-wastes require several batches for complete metal recovery.
Comparing the Cu recovery of the one-step method and spent medium sequential
bioleaching for three batches yielded 80% and 92.96%, respectively. One or more
additional batches of one-step bioleaching would substantiate the complete Cu recovery
rather than setting up an additional bioreactor for the growth and cell separation units to
obtain a cell-free biogenic lixiviant required to establish the spent medium bioleaching
process. Hence, the one-step method can also be chosen over the spent-medium method
for large-scale applications if the cell toxicity/viability issue caused by the PCBs is
trivial. Metal-specific bacterial strain selection and employing it in different stages can

accomplish a complete metal recovery from the PCBs.
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5. SUMMARY & CONCLUSIONS
5.1. Summary

In the present study, the bioleaching of metals from waste PCBs was carried out
using metal-resistant chemoorganoheterotrophic bacterial strains. The bioleaching of Ag,
Au, Cu, Fe, Ni, Pb, and Zn from the PCB powder of mobile phones using the metal-
resistant heterotrophic bacterial strains, Acinetobacter sp., CR B2, Ochrobactrum sp., CR
B4, Chromobacterium violaceum and Alcaligenes aquatilis was investigated through
shake flask experiments. Medium 3 was selected for further bioleaching experiments. A.
aquatilis was selected as the bioleaching agent due to its high Ag and Cu bioleaching
efficiencies. C. violaceum was also chosen for its Au and Ag mobilization ability. The
effect of particle size, inoculum size, and e-waste load on Ag and Cu bioleaching was
studied in a shake flask and fluidized bed bioreactor. Based on the statistical significance,
the influential factors were found to be inoculum size and e-waste load for Cu
bioleaching, whereas particle size and e-waste load for Ag bioleaching. The selected
optima were 0.175mm particle size, 5% inoculum, and 2% e-waste load. With a view to
maximize Cu recovery, the optimum process conditions of Cu bioleaching were used for
further studies, along with attempts to maximize Ag and Au bioleaching under these

optimum conditions by using various strategies.

The mechanism of one-step bioleaching of Cu was studied through analysis of
various parameters like pH, ORP, Fe concentration, extracellular protein concentration,
cell viability, and differential protein expression assessed during and after the process.
The experiments in the presence and absence of PCBs confirmed the cell-mediated
redoxolysis mechanism, and an extracellular complexolysis mechanism contributed to Cu
bioleaching. After bioleaching, the FESEM micrographs of A. aquatilis cells evidenced
the morphological changes, cell disruptions, and metal precipitation. The micrographs of
the residue with cells disclosed the cell attachment on the PCB surface. This validates a
contact mode of bioleaching and the non-contact mechanisms in the extracellular space.
The FESEM-EDS analysis of PCBs before and after one-step bioleaching displayed the

changes in surface characteristics.
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Co-inoculation of C. violaceum and A. aquatilis in 1:1, 1:3, and 3:1 ratios was
assessed for simultaneous recovery and improvement of Au, Ag, and Cu bioleaching.
This was compared to the bioleaching efficiencies of the individual cultures. In FBR and
shake flask, the Au and Cu bioleaching was maximum by the individual cultures of C.
violaceum and A. aquatilis, respectively. Hence, the individual strains proved effective in
FBR for Au, Ag, and Cu bioleaching. A comparative assessment of the one-step, two-
step, and spent medium bioleaching methods for Au, Ag, and Cu recovery was conducted
in a shake flask and FBR with A4. aquatilis and C. violaceum cultures. From the
experimental results, the spent medium of A. aquatilis for Cu recovery and a two-step
method with C. violaceum for Au and Ag recovery were chosen for sequential batch
experiments. Sequential batch experiments were carried out under the optimized
conditions with a one-step method (three batches) using the residue of the preceding
batch as an e-waste load. The same was done as a two-stage process with bioleaching in a
spent medium of 4. aquatilis as the first stage with three sequential batches, followed by
the second stage of the two-step method of C. violaceum with three sequential batches for

maximum metal recovery. Based on these studies, the following conclusions were drawn.
5.2. Conclusions

e A. aquatilis was selected for Cu and Ag bioleaching and C. violaceum for Au and
Ag bioleaching, based on screening.

e Medium 3 supplemented with glycine and methionine, was selected as the
bioleaching medium as it favored the bioleaching of Au, Ag, and Cu.

e The optimum conditions for Cu bioleaching in FBR were 0.175 mm particle size,
5% inoculum, and 2% e-waste load, which resulted in 37.5% recovery of Cu.

e The action of Fe in Cu mobilization through a redoxolysis mechanism was proved
as a major mechanism involved in the bioleaching of Cu by A. aquatilis, whereas
the complexolysis mechanism played a dominant role after the activity of cells

diminished.
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The occurrence of both contact and non-contact mode of bioleaching by A.
aquatilis cells is proposed based on the visualization of the surface morphology of
PCBs through FESEM before and after bioleaching.

A. aquatilis was more competent for Cu (37.5%) bioleaching and C. violaceum for
Au (9.1%) and Ag (23.4%) bioleaching as individual strains in the FBR.
Co-inoculation studies in the FBR revealed that 4. aquatilis and C. violaceum as
co-cultures were less effective in bioleaching Cu, Au, and Ag than the individual
strains.

On comparison of one-step, two-step, and spent medium methods of bioleaching in
the FBR, the two-step method using C. violaceum was found to be the best method
for precious metal bioleaching with 9% Au and 23.7% Ag bioleaching, whereas
the spent medium of A. aquatilis with which 52.2% Cu could be bioleached was
found to be the best for Cu bioleaching.

The metal recovery through bioleaching could be improved by three sequential
batch runs of one-step bioleaching in FBR with 4. aquatilis, yielding a cumulative
recovery of 80% Cu and 28.6% Ag.

A further improvement in the recovery was achieved through a two-stage
sequential batch operation involving a first stage of three sequential batches using
the spent medium of A. aquatilis, followed by a second stage involving three
sequential batches of two-step method with C. violaceum, accomplishing a

cumulative recovery of 99% Cu, 36.8% Ag, and 21.9% Au.

It may be concluded that FBR serves as a suitable bioreactor in efficiently

bioleaching precious metals like Au and Ag and base metals like Cu from PCBs using the

cells of A. aquatilis and C. violaceum. The process efficiency can be enhanced by

improving the metal recovery through sequential batch runs in multiple stages. The

bioleaching process developed in the present study can be conducted under ambient

conditions and may easily be adopted in large-scale industries to treat e-waste for metal

recovery. The process can potentially serve as a greener and more economical method for

metal recovery.
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5.3. Future Perspectives

e Study the effect of mixing the cultures (at stationary phase) or their spent medium
for simultaneous metal solubilization.

e Identification of the overexpressed and differentially expressed proteins of A.
aquatilis in the presence of PCBs.

e Scrutinize the mechanisms and mode of Ag mobilization in one-step bioleaching
from PCBs by A. aquatilis.

e Selective recovery of the metals from the bioleachate in metallic form for reuse.

e Decipher the mechanisms during two-step and spent medium bioleaching
methods for different metals.

e Investigation on the simultaneous recovery of different metals from PCBs using

more specific bacterial isolates as a consortium.
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APPENDIX I

This appendix displays the loss of cell viability of A. aquatilis by the Drop Plate
Method in the presence of PCBs during the one-step bioleaching period.

24 hrs

(i) — Without PCB

(ii) — With PCB (i) — Without PCB
ii) — Wit

(i) — With PCB

(i) — Without PCB
J (i) — With PCB

(i) — Without PCB
(ii) — With PCB

Viability Testing of A. aquatilis by Drop Plate Method. (A.) Cell viability in Medium 1
with (i) and without (i1)) PCBs in each dilution (each drop represents each dilution from
107! to 1077) every 24 hours. (B.) Cell viability in Medium 2 with (i) and without (ii)
PCBs in each dilution every 24 hours. (C.) Cell viability in Medium 3 with (i) and
without (i) PCBs in each dilution every 24 hours. (D.) Cell viability in Medium 4 with (i)

and without (i1) PCBs in each dilution every 24 hours.
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APPENDIX II

This appendix shows the calibration curve of the standard protein, Bovine Serum
Albumin, used for estimating protein concentration in the bioleachate by Bradford’s

method.
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APPENDIX III

Appendix III exhibits the statistical significance of co-inoculation studies through a One-way Analysis of Variance for Au,

Ag, and Cu bioleaching in shake flask and FBR.

Table 1a. Bioleaching percentage of Au in FBR and Shake flasks after co-inoculation of C. violaceum and A. aquatilis (Lowercase

alphabets indicate the statistically significant difference/similarity as superscripts at 0.05 significance level)

% Bioleaching of Au (Mean+SD at ¢=0.05)

T FBR Shake flasks

h

(h) Control A. e , ¢ 1:1 1:3 3:1 Control A. e . ¢ 1:1 1:3 3:1

aquatilis violaceum aquatilis violaceum

12 0.15+0* 1.34+0.6* 3.09+0.6%¢ 2.4840.7* | 0.62+0.22 1.6+0.32 0.15+0" 0.15+0" 1.7+£0.092 0.41+0.05" 0.47+0.1° 1.24+0.1¢

24 0.15+0"¢ 0.36+0.12¢ 7.64+0.54 3.25+1.22¢ | 2.01+0.5% | 3.36+0.6° 0.15+0" 0.15+0" 5.37+0.12 0+0P 0.05+0.05" | 2.58+0.1¢
b b a b b p | 0.21+0.05 b a b ¢ d

36 0.15+0 0.41£0.1 8.93+1 2.27+1 0.77£0.2° | 2.32+0.6 b 0.15+0 7.07+0.2 0+0 0.8340.1 1.7£0.1

48 0.15+0P 0.46+0.1° 9.18+1.12 1.08+0.4° | 0.57+0.1° | 0.98+0.2P 0.310P 0.15+0P 7.234+0.22 0+0Qbe 0.31+0P 0.46+0b4

60 0.15+0P 0.52+0.2P 8.93+1.22 1.03+0.4° | 0.62+0.1" | 1.13+0.3P 0.31+£0? 0.15+02d 6.5+0.1° 0+0¢d 0.41+0.12 0.88+0.1¢

72 0.1520P 0.52+0.2° 8.98+1.32 0.88+0.4" | 0.52+0.1* | 0.93+0.2P 0.46+0P 0.15+0¢ 5.52+0.12 0.26+0.05"¢ 0.46+0.1° 1.19+0.14

84 0.15+0P 0.57+0.3" 8.41+1.4* 0.83+0.3> | 0.52+0.1* | 0.77+£0.2> | 0.57+0.1* 0.15+0" 4.8+0¢ 0.26+0.05 0.57+0.1° 1.39+04

96 | 0.21+0.05 | 0.57+0.3" 8.26+1.72 0.83+0.3> | 0.52+0.1* | 0.77+0.2° 0.93+0" 0.15+0 4.28+0.12 0.26+0.05¢ 0.57+0.1¢¢ 1.55+0f

i

T




Table 1b. Bioleaching percentage of Ag in FBR and Shake flasks after co-inoculation of C. violaceum and A. aquatilis (Lowercase

alphabets indicate the statistically significant difference/similarity as superscripts at 0.05 significance level)

% Bioleaching of Ag (Mean+SDat 0=0.05)

FBR Shake flasks

h
(h) Control A. . . G 1:1 1:3 3:1 Control A. - . G 1:1 1:3 3:1

aquatilis | violaceum aquatilis violaceum
12 | 0.11x0.1* | 0.77+0.1* | 2.53%1.2® 2.15£1.22 0402 0.72+0.3* | 0.44+0.129 | 0.44+0.12¢ 0.5+02b4 0.11£0.06%¢¢ | 0.06=0.05% 0.33+0¢
24 | 0.11£0.13 | 0.61£0.12> | 9.25+] .42 4.24+2.32 0=02b 0.77+0.32* | 1.38+0.1" | 0.39+0.1¢ 2.81£0.32 0.17x0¢ 0.17+0¢ 0.1140.05¢
36 | 0.28+0.2%% | 2.64+1.4% | 14.37+£2.9% | 10.74£4.3* | 2.37+0.4*" | 1.65+0.6*® | 2.37+0.1° 0.33+0°¢ 6.33+0.5? 0.22+0.06¢ 0.394+0.05¢ | 0.72+0.05¢
48 | 0.44+0.2% | 5.23+£0.9% | 15.58+2.8¢ 8.64+1.32 | 4.02+1.12¢ | 2.37+0.6* | 4.35+0.2* | 0.77+0.1" 7.1£0.6¢ 4.02+0.242 3.91+£0.43* 4.24+0.2*
60 | 0.61+£0.2P | 7.65+1.3%P | 18.22+2.9%¢ | 12.4442.9% | 4.941.5%" | 2.31+£0.4" | 6.17+0.4%¢ | 4.57+0.1% | 9.75£1.2*" | 9.31£1.14%> | 10.46+1.87* | 15.8+0.9¢
72 | 0.94+0.1° | 8.37+1.5P | 19.77+3.72 | 12.99+£2.5%¢ | 5.4+1.4P | 2.75+0.4° 10.52+1P 9.14+0.1° | 12.94+1.2%4 | 26.48+1.22%4 19.66+24 37.2242.4*
84 | 1.32+£0.3" | 9.14+1.6" | 23.4+59? 13.71£2.33% | 534+1.5" | 2.15+0.3> | 13.77+1.2Y | 11.89+1P 15.8+2.1P 36.12+£2.15¢ | 26.43+£2.9* | 50.77+1.84
96 | 2.42+1.2%¢ | 8.75£1.8% | 23.02+8.4* | 12.94+1.9%¢ | 5.12+1.3P° | 1.98+0.5P° | 24.56+5.8% | 16.41£2%> | 25.66+2.7* | 37.66+2.15% | 33.42+3.37%¢ | 70.26+3.7¢
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Table 1c. Bioleaching percentage of Cu in FBR and Shake flasks after co-inoculation of C. violaceum and A. aquatilis (Lowercase

alphabets indicate the statistically significant difference/similarity as superscripts at 0.05 significance level)

% Bioleaching of Cu (Mean+SDat a=0.05)

FBR Shake flasks
(h) n C n C
Control | A. aquatilis , 1:1 1:3 3:1 Control | A. aquatilis , 1:1 1:3 3:1
violaceum violaceum

12 | 1.46+0.1* | 4.14+0.6* 3.15+1.12 2.7+0.22 4.29+0.4? 2.44+0.6* 2.42+0.2° 1.05+0.1> | 2.88+0.02° 1.96+0.4° 2.18+0.6° 8.25+1.32
24 | 2.07+0.2* | 9.68+4.7% 5.23+1* 5.64+0.7* 8.23+2¢ 4.6£1* 4.44+0.5* 0.95+0.1° 6.77+0.3¢ 1.73+£0.02%4 | 3.16+0.7* | 6.14+0.4%
36 | 2.39+0.3" | 19.72+4.9* | 8.38+1.5% | 18.12+£3.2* | 19.72+0.8? 12.7+3 420 5.7740.5% | 1.03+0.1°¢ | 13.2241.12¢ | 3.02+0.5¢ 11.62+£3.5* | 10.32+0.8%¢
48 | 3.25£0.3> | 29.39+1.73¢ | 9.74+1.7% | 23.33+4.2? 21+40.42 17.61£3ad® 7.88+0.7° 0.87+0.1¢ | 19.31+0.64 40.65+3* 45.3941.6* | 40.49+0.5°
60 | 3.62+£0.4° 34.01+4% 9.9341.5> | 25.55+3.7% | 22.394+0.93¢ 19.58+2.3¢ 9.8+1.1° 41.66+1.1* | 23.84+0.2¢ | 43.44+1.3* | 43.44+0.9* | 41.1+£1.6*
72 | 4.56+0.3" | 36.73+2.8%¢ | 10.63+1.4% | 26.64+4.5% | 21.52+0.8%d | 20.96+2.4%% | 12.03+£1.6" | 46.94+1.1° | 26.78+£1.7* | 42.71+1.4¢ 40.5£1.5¢ | 42.1540.8¢
84 | 556+0.2" | 35.83+0.3%¢ | 10.61£1.4> | 28.27+2.9* | 22.75+2.3% | 21.76+£2.2*0 | 17.27+£0.5 | 47.99+22 31.98+0.4¢ 41.8+1.2¢ 42.14+0.2¢ | 40.97+0.64
96 | 6.37+0.6" | 37.54+2%¢ 10.8+1.2° | 30.38+3.4* | 25.17+2.520 | 22944150 | 23.72+0.9" | 43.41+£1.4* | 34.09+£0.9¢ | 42.12+1.9* | 41.56+0.8* | 42.07+1.42
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APPENDIX IV

Appendix IV exhibits the statistical mean difference between the bioleaching methods

through a One-way Analysis of Variance for Au, Ag, and Cu bioleaching.

Table 2a. Au Recovery in FBR and Shake flasks employing different bioleaching

methods using 4. aquatilis and C. violaceum (Lowercase alphabets indicate the

statistically significant difference/similarity as superscripts at 0.05 significance level).

% Bioleaching of Au (MeanSD at 0=0.05) using A. aquatilis

T FBR Shake Flask
(h) One-step Two-step Spe.nt- One-step Two-step Spe‘nt-
Control medium Control medium
method method method method method method
12 | 0.15+0 1.3440.6* | 1.39+0.1° 1.19+0.42 0.15+0? 0.1540* | 0.2140.05* |  0.46+0
24 | 0.15£0° | 036+£0.1* | 0.67+0.05" |  0.62+0.1% 0.15+0° 0.1540° | 0.21+0.05* | 0.2120.05"
36 | 0.15:0" | 041+£0.05* | 0.5240.05® | 0.46£0.09% | 0.21£0.05* | 0.15£0* | 0.15+0 0.15+0?
48 | 0.1540% | 0.46£0.09" | 0.46+0" | 0.36:0.05" 0.3140% | 0.1540" | 0.2140.05* | 0.1£0.05%
60 | 0.15:0° | 0.52402° | 0.4140.05* | 0.36+0.05" 0.310 0.1540° | 0.15+0° 0.15+0°
T2 | 01550* | 0.5240.2* | 0.36+0.05" 0.31£0? 0.460? 0.15£0* | 0.15+0% 0.1540?
84 | 01550 | 0.57+02* | 0.36+0.05" 0.31£0? 0.57+0.1* | 0.15+0" | 0.1£0.05 0.15+0P
96 | 0.21+0.05* | 0.57+£0.2* | 0.36:0.05" 0.3120° 0.93+0" 0.15+0* | 0.210.05 0.15+0
% Bioleaching of Au (Mean+SD at 04=0.05) using C. violaceum
12 | 01520 | 3.1040.6* | 5.78£0.9" | 1.55+0.8% 0.15%0c | 1.740.09" | 7.43£0.5* | 2.32+0.09
24 | 0.1550° | 7.64£0.5> | 7.79+0.4P 1.34+0.9% 0.15£0° | 537+0.1° | 9.08+0.4° | 2.48+0.09°
36 | o.15+0° 8.93+1* | 1048+1.7* | 1.14+0.8> | 021+0.05¢ | 7.0720.1> | 8.36+0.3* | 2.53+0.05¢
48 | 0.15+00 9.19£1* | 11.15£1.7° 1.6+1.3 031+0° | 7.23+0.1* | 7.38+0.1* | 2.89+0.1"
60 | 0.15£0 | 893412 | 10.89+1.5% | 2.79+2.2° 0.31+0¢ 6.5£0.09* | 6.76+0.1* | 3.05+0.05"
T2 | 0.1540" | 8.98+1.3* | 11.25£14% | 031402 0460 | 5.5240.1° | 6.1440.1* | 3.41+0.09¢
84 | 0.15+0° | g41£14* | 1053£13% | 1.45+0.6" 0.57+0.1* | 4840 | 5.68+0.05¢ | 3.36+0.05
96 | 021+0.05" | g26+1.7* | 9.60+0.8* 1.8620.8" 0.93+0% | 428+0.1" | 5.47+0.1* | 3.72+0.09°
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Table 2b. Ag Recovery in FBR and Shake flasks employing different bioleaching

methods using A. aquatilis and C. violaceum (Lowercase alphabets indicate the

statistically significant difference/similarity as superscripts at 0.05 significance level).

% Bioleaching of Ag (Mean=SD at 04=0.05) using A. aquatilis

T FBR Shake Flask
(h) One-step Two-step Spent- One-step Two-step Spent-
Control medium Control medium
method method method method
method method
12 | 0.1120.1° | 0.770.1% | 1.27+0.1% | 1.87+402% | 0.44£0.1° | 0.4440.1* | 0.55£0.06* | 0.33+0"
24 | 0.1120.1% | 0.6120.1* | 1.82£0.4% | 0.99£0.3* | 1.38£0.06* | 0.39+0.06* | 3.8£0.1 | 1.49£0.9*
36 | 028:02% | 2.64+1.4° | 248£02° | 2.0940.6* | 2.37+0.06* | 0.33+0® | 2.81£0.3* | 0.22+0.2"
48 | 0.44x02° | 5.2320.8" | 2.86+0.1% | 1.65£0.7% | 4.35£02°¢ | 0.77£0.1" | 8.04%1.1* | 1.71+0.9b
60 | 0614020 | 7.65£1.3% | 4.0720.3% | 424+£0.7% | 6.17+0.4" | 4.57+0.1° | 12.33+1.8" | 3.8+1.1°
T2 | 0.9440.06" | 8.37+1.5* | 4.68+0.2% | 5.4+0.8° | 10.5241* | 9.14+0.1" | 16.0842.2> | 5.34+2.7%
84 | 132100% | 9144150 | 5.07+04% | 743420 | 1377412 | 11.89+0.9" | 18.78£1.9* | 6.5+1.4P
96 | 242+1.1% | 875+1.8" | 534403* | 7.98+2.1° | 24.56£5.8% | 16.41£1.9% | 22.02+1.8% | 7.65+1.9b
% Bioleaching of Ag (Mean+SD at 0d=0.05) using C. violaceum
12 | 01120.0% | 2.53+12° | 2.48+0.8 | 4.5120.5% | 0.44+0.1° 0.5+0P 3.96£0.1* | 4.1840.2°
24 | 0.1120.1° | 925+1.3% | 7.21403% | 7.27+2* | 1.38+0.06" | 2.81402° | 7.6:04° | 14.26+£0.7%
36 | 0.28+02% | 14.3742.9* | 16343.6* | 103+3% | 2.37£0.06" | 6.33+0.4% | 12.77+0.3¢ | 25.05+1.7*
48 | 0.44+02% | 15.5822.7% | 19.05+4.4* | 9.25+3.4% | 435:02° | 7.1£0.6" | 19.77£0.2¢ | 38.65+2.8°
60 | 061+02% | 18.22+2.8% | 19.2243.6* | 10.6842.6% | 6.17£0.4" | 9.75£1.1° | 25.22+0.7¢ | 48.34%2.5°
T2 | 0.94+0.06" | 19.77+3.7* | 20.65+4.6* | 8.7+2.7% | 10.52+1 | 12.94+1.1° | 34.69+0.7¢ | 62.88+3.6*
84 | 130100m | 2344580 | 21914537 | 14.0444% | 13774120 | 15.842.1° | 41.02+0.5¢ | 71.85+2.5%
96 | 2.42+1.1* | 23.02483% | 23.6846.2% | 13.6£1.7° | 24.56£5.8% | 25.66£2.6" | 52.47+1.6" | 91.8442.9¢
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Table 2¢. Cu Recovery in FBR and Shake flasks employing different bioleaching

methods using A. aquatilis and C. violaceum (Lowercase alphabets indicate the

statistically significant difference/similarity as superscripts at 0.05 significance level).

% Bioleaching of Cu (MeanSD at 0=0.05) using A. aquatilis

T FBR Shake Flask
(h) One-step Two-step Spent- One-step Two-step Spent-

Control medium Control medium

method method method method
method method
12 1.46+0.1° 4.14+0.5 12.59+1.32 12.2+1.22 2.42+0.12 1.05+0.072 6.69+3.32 30.23+2.40
24 2.07£0.1¢ 9.68+4.72¢ | 22.26+3.8* | 23.68+2.9* 4 .44+0 .4 0.95+0.07* | 37.12+1.7* | 53.52+1.3¢
36 2.39+0.29 | 19.7244.9%* | 26.66+1.9* | 33.57£1.9%¢ | 5.77+0.5" 1.03£0.09" | 43.07+2.22 53.59+42
48 3.25+0.3¢ 29.39+1.7* | 28.56+2.2% | 40.2442.1° 7.88+0.74 0.87+0.09> 39.8+1.5¢ 48.22+1.82
60 3.62+0.34 34.01+42 28.86+3.2%0 | 44.04+2.9% 9.8+1°¢ 41.66+1? 38.57+1.5* | 48.03+0.3P
72 4.56+0.29 | 36.73+£2.8%¢ | 30.55+2.3Y | 49.05£5.2* | 12.03+1.6° 46.94+1* 35.62+1.5" | 48.17+1.9%
84 5.56+0.2¢ 35.83+0.3Y | 30.3542.5" | 49.74+5.4* | 17.27+0.5¢ | 47.99+1.92 34.9+1.6° 46.48+1.52
96 6.37+0.6¢ | 37.54+1.92¢ | 31.46+1.3b¢ 52.17+62 23.72+0.8¢ | 43.42+1.4* 35.21+1Y 45.19+22
% Bioleaching of Cu (MeanSD at a=0.05) using C. violaceum

12 1.46+0.12 3.15+1.12 3.71+1.22 3.78+0.12 2.42+0.12P | 2.88+0.022P | 5.86+0.5%¢ 3.78+1?
24 | 207+0.1% | 523+£0.9* | 6.84+1.4%™ | 4.86+0.4° | 444404 | 6.77+0.2" | 10.72£0.9° | 6.62+0.5"
36 2.39+0.2¢ 8.38+1.5% 11.79+0.32P 5.81+12¢ 5.77+0.5* 13.22+1P 13.89+0.7° 8.88+1%
48 | 3250037 | 9.74+1.6" | 14.31£0.5% | 9234270 | 7.88+0.7°¢ | 19.3120.6% | 17.44+1.6% | 12.542°
60 3.62+0.3 ¢ 9.93+1.52 14.87+0.1%> | 13.12+4.72 9.8+12d 23.84+0.2¢ | 20.31+0.32¢ | 15.04+2.22
72 4.56+0.2 2 | 10.63+1.32 15.5+1.22p 13.68+4.1* | 12.03£1.6> | 26.78+1.6* | 23.91+£0.5* | 20.04+2.5%
84 5.56+0.22 10.61+1.4* | 16.09+0.32 16.13+62 17.27+0.5% | 31.98+0.3 | 26.44+0.4* | 22.22+2.92
96 6.37+0.6? 10.8+1.12 15.87+£0.7* | 18.58+6.5* | 23.72+0.8* | 34.09+0.9%¢ | 30.57+£0.22¢ | 25.85+2.92
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