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Abstract: The palladium (Pd)-catalysed reaction has attracted
much attention, making Pd the most valuable of the four
major precious metals. Several different forms of Pd can be
used as a catalyst; nanoparticles (NPs) have the advantage
of a high surface area:volume ratio. Since the chemical
production of Pd NPs is not environmentally friendly,
biological synthesis interest has grown. However, the
production mechanism remained unknown in several
cases and was recently described for the electroactive
bacterium Shewanella oneidensis MR-1. The application of
these green synthesised NPs was established in different
fields. This review discusses the production pathway and
the novel biological-inspired methods to produce tailored
biogenic palladium nanoparticles (bio-Pd NPs), with their
broad application fields as biogenic nanocatalysts. Two sig-
nificant applications — reductive bioremediation of persistent
organic contaminants and energy-producing microbial fuel
cells — are discussed in detail. The current challenges
in optimising bio-Pd NPs production and the potential
research directions for the complete utilisation of its
novel catalytic properties are highlighted.
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Graphical abstract: Novel application of bio-Pd NPs

1 Introduction

Palladium (Pd) is a metal belonging to the platinum
group metals (PGM), extensively used due to the remark-
able properties. Their surfaces are excellent catalysts for
chemical reactions involving hydrogen (H,) and oxygen
(0,), such as the hydrogenation of (un)saturated organic
compounds [1-3]. Under suitable conditions, Pd adsorbs
more than 900 times its volume of hydrogen [4]. This
metal is an essential catalyst for energy conversion, che-
mical reaction, and abiotic electrochemical processes
[5,6]. The Pd is frequently applied in different methods
due to its catalytic activity; therefore, it is often used as a
catalyst in its nanoparticle (NP) size [7]. Smaller sizes
allow a monodisperse distribution of the particles and
provide a high surface area that increases the catalytic
activity [8]. The NPs can be chemically/electrochemically
or biologically produced [6,8,9]. Chemical synthesis of
palladium nanoparticles (Pd NPs) requires the use of a
series of toxic and expensive agents, whereas strong
reductants and stabilisers are required to reduce the
metals to zero-valent and as carrier materials [10]. Elec-
trodeposition of Pd is also used and is obtained by using
an underpotential deposition condition, e.g. potentials
higher than the Nerst one [11,12]. Biological synthesis is
less harmful to the environment than chemical produc-
tion as no secondary toxic wastestream is produced [13].
Furthermore, the presence of the microbial surface serves
as the capping agent and stabiliser, and thus no
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expensive chemicals are needed. This makes the process
energy-efficient and cost-effective [14-16].

Production of biogenic palladium nanoparticles (bio-
Pd NPs) occurs through microorganisms or plants, where
they are responsible for the conversion of Pd** to Pd°
[16-19]. Different microorganisms and plants have been
used through extensive research to obtain a higher func-
tionality [20-22]. When biological carriers are used for
the production of bio-Pd NPs, all Pd?" that is taken up
inside or on the biological carrier will be converted to Pd°
[19,23]. For this review article, no difference in termi-
nology is made for bio-Pd NPs inside or outside the cells
when production occurs through microorganisms. While
the production pathway of most of the microorganisms
remains unknown, it was recently unravelled for Shewa-
nella oneidensis MR-1. It was shown that NADH dehydro-
genase and hydrogenase enzymes played an important
role in the production of bio-Pd NPs, when converting all
Pd?" present in the cell to Pd° [24-27]. It was found that
Escherichia coli was still viable after exposure to Pd, and
hence metabolic active but not culturable [28]. For plants,
the biomolecules are responsible for the production, e.g.,
polyols, proteins, flavones, flavonoids, and tannins [29,30].
Besides these carriers, the potential use of anaerobic gran-
ular sludge for production was recently discovered [31,32].
Other than using different biological carriers, the perfor-
mance of bio-Pd NPs can be tuned through modification
in production methods. One of the commonly used techni-
ques is the formation of bimetallic NPs; Pd has been com-
bined with other metals of interest, e.g., gold (Au), silver
(Ag), iron (Fe), and ruthenium (Ru) [33-35].

The produced bio-Pd NPs are widely utilised to remediate
micropollutants in the environment (e.g., pharmaceuticals
and antimicrobial agents) [10,36,37]. Several “hard to
degrade” micropollutants such as diatrizoate, trichlor-
oethylene, diclofenac, chromate, chlorophenols, and lin-
dane have been efficiently transformed by bio-Pd NPs
[10,38,39]. Microbial degradation often stalls or slows
down at micropollutant relevant concentration range
due to mass transfer limitation across the cell membrane
[40-42]. Some of the micropollutants are even resistant
to microbial enzymes; nevertheless, enzymatic removal
of micropollutants can also produce toxic by-products
whichis not desired [43]. Therefore, oxidative techniques
are often used; however, dangerous explosive compounds
are needed [44]. Hence, developing alternative sustain-
able approaches is of utmost importance. The bio-Pd NPs
hold promise to overcome the hurdle of micropollutants
removal in a sustainable way — (1) reusable, (2) bio origin,
environment-friendly production, and (3) high catalytic
activity.
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A more recent application of bio-Pd NPs can be found
in electrochemical systems. The bio-Pd NPs are coated on
anodes and used to increase electricity generation in a
microbial electrochemical fuel cell (MFC) [45]. The bio-Pd
NPs can also be fixed on electrodes to increase the elec-
troconductivity of the electrochemical cell. The electro-
active bacteria used for the bio-Pd production and Pd will
increase the electro-conductivity. This improved electro-
conductivity results in an increased electron transfer and
thus a higher catalytic activity [46,47].

Some recent reviews have mainly underlined the
potential use of green synthesis for metal NP production
with their advantages and general applications [48-50].
However, the overview of the mechanisms and optimisa-
tion of production methods specific for bio-Pd NPs with
their novel applications such as in electrochemical sys-
tems are missing. A summary of different methods spe-
cific to how to increase the catalytic activity of the
produced bio-Pd NPs is also present. There is a clear
need to acquire a better understanding of the role of
bio-Pd NPs in electrochemical cells as the pathway of
the microbial production. Hence, this review article
focuses on two major topics of bio-Pd NPs: (1) new
technologies that have been explored for the produc-
tion and enhancing the catalytic activity of the bio-Pd
NPs and (2) applying bio-Pd NPs in an electrochemical
system. First, the mechanisms behind the production of
bio-Pd NPs will be discussed (Section 2). In Section 3,
the optimisation of its catalytic activity and production
methods can be found. Later, the application of electro-
chemical systems is highlighted (Section 4). A brief dis-
cussion on the application of bio-Pd NPs in the treatment
of challenging micropollutants is provided in Section 5. In
Section 6, the importance of a circular economy for Pd will
be briefly discussed. The review will show future research
directions which can be crucial for developing highly effi-
cient bio-Pd NPs and, subsequently, an innovative biore-
mediation method to remove micropollutants.

2 Biological mechanism of bio-Pd
production

Different types of microorganisms are capable of producing
metal NPs. These NPs are made on the cell wall or within
the cell membranes or cytoplasm, depending on the type of
bacteria [51]. Although each bacteria is different, bio-Pd
synthesis mainly depends on the outer membrane c-type
cytochrome and hydrogenase enzyme [10,17,24,25,27].
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The c-type cytochrome is responsible for transporting
the electrons across the bacterial cell to the metals [52].
At the same time, the hydrogenase contains redox proteins
that are important for reducing metals and consequently
contribute to the formation of metal particles. Here, the
Pd?* will be converted to Pd®; hence, the formed particles
can be found on the cell wall, inside the cell membranes,
or cytoplasm [25,51-54].

The electroactive bacterium, Shewanella oneidensis
MR-1, is a well-established microorganism for the pro-
duction of metal NPs. It has the characteristics to perform
the biological dissimilatory metal reduction process (DMR).
In this biological process, various metal(loid)s, outside the
microorganism, are used as a terminal electron acceptor.
Energy is conserved by oxidising an (in)organic matter and
reducing a metal [20,54-56].

The mechanism used by the microorganisms depends
on the type of metal used for NP production [27,55-58].
The production process of bio-Pd NPs can be in general
described in three steps: (1) biological adsorption (bio-
sorption) on the cell surface, (2) bioreduction of Pd** to
Pd° in- and outside the cell wall, and (3) autocatalytic
reduction, of Pd*" to Pd°® which is not enzymatic and clus-
ters onto the Pd NPs of the cell wall [10,23,59]. The produc-
tion of bio-Pd NPs by Shewanella oneidensis MR-1 will be
discussed in detail here, due to the general and beneficial
character of the microorganisms for the production of bio-
Pd NPs. First, biosorption of Pd?* on the cell wall can occur
by ion exchange, electrostatic interaction, complexation,
and physical adsorption which was shown in FT-IR ana-
lysis by Xu et al. [23]. Independent of the type of biosorp-
tion process, the Pd*" is converted to Pd®, by chemical or
autocatalytic conversion [10,52,59]. When ion exchange,
electrostatic interaction, or complexation occurs, the func-
tional groups of the cell surface have an essential role and
are responsible for attaching the Pd*" to the cell wall.
Nevertheless, it is also possible to have physical adsorp-
tion, where the functional groups do not intervene in
attaching the Pd*" to the cell wall [23]. However, besides
the biosorption, the cell wall can convert the Pd** to Pd°
which was observed in scanning electron microscopic
energy-dispersive X-Ray spectroscopy (SEM-EDX) and
transmission electron microscopic (TEM) images [23].
This indicates that bioreduction can be achieved through
the hydroxyl group present on the cell surface. Interest-
ingly, Yang et al. [26] found that this bioreduction of Pd**
to Pd® occurs through the c-type cytochrome on the cell
wall, more specific Cym A (such as OmCA and MtrC).
Furthermore, the production of bio-Pd NPs inside the cells
is also present. Yang et al. [26], suggested that the NADH-
dehydrogenase, [FeFe]-hydrogenase (HydA), and [NiFe]-
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hydrogenase (HyaB) are essential for the bio-Pd pro-
duction, as they influence the size, distribution, and the
number of bio-Pd NPs (Figure 1). These enzymes are
mainly responsible for the formation of bio-Pd NPs in-
and outside the cell membrane [26]. Whereas [NiFe]-
hydrogenase produces hydrogen from formate and
oxidises hydrogen, [FeFe]-hydrogenase works together with
formate dehydrogenases in the form of formate-hydrogen
lyase that generates hydrogen from formate [26]. Dundas
et al. [54] stated that the hydrogenase enzymes play an
essential role in facilitating the reduction process of Pd**
by Shewanella oneidensis MR-1. It was observed that this
process followed the pseudo-first-order kinetic model [52,54].
Furthermore, it was found that [NiFe]-hydrogenase had
greater activity than [FeFe]-hydrogenase; therefore, [NiFe]-
hydrogenase is more involved in the synthesis of bio-Pd
NPs [26]. Yang et al. [26] stated that bio-Pd on the outer
membrane was produced by NADH dehydrogenase, while
production in the periplasm was provided by [FeFe]-hydro-
genase and [NiFe]|-hydrogenase [26]. Deplanche et al. [27]
provided evidence that mainly [NiFe]-hydrogenase, loca-
lised in the periplasm, is essential for facilitating the produc-
tion of bio-Pd NPs. This was supported by other researchers
as well [10,26,27,52,58,60]. This [NiFe]-hydrogenase enzyme
can form and oxidate H, in a bidirectional function. When
oxidation of H, occurs, electrons are released and used to
reduce Pd?* [22,26]. Anaerobic conditions are often required
before reducing Pd** as only under these conditions [NiFe]-
hydrogenase is expressed [22,60]. This enzyme can release
electrons by oxidation of H,, H, also needs to be added as
an electron donor for the conversion [52]. The production
of bio-Pd NPs does not only come from [NiFe]-hydrogenase,
50% of the converted Pd** comes from other enzymes [52].
The formation of bio-Pd NPs inside the cytoplasm was also
found by other microorganisms, e.g., Escherichia coli and
Bascillus benzeovorans [22,61]. This was due to the simila-
rities between Ni** and Pd?", according to Deplanche et al.
[59]. The Ni** is a key component for many metalloenzymes,
that are located in the cytoplasm and will be simultaneously
transported by the Ni** “trafficking system” through the cell
membrane. Due to the chemical similarities Pd** is trans-
ported across the membrane in the same way [59]. The
Pd** taken up by the cytoplasm is deposited as NPs, how-
ever, this cannot substitute for the Ni** function [62]. Never-
theless, after the uptake and deposition of the bio-Pd NPs,
the metabolic activity could be detected through flow cyto-
metry [35]. Once the Pd?* is taken up inside the cytoplasm the
Pd*" starts forming Pd° “seeds”, the formation of these
“seeds” results in a loss of cell viability [63]. Besides the
biological reduction of Pd?*, the chemical conversion also
appears in this production mechanism. The added electron
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Figure 1: Production mechanism of bio-Pd NPs inside and outside the microorganisms: (1) Adsorption of Pd?* on the cell wall, (2a)
conversion of Pd®* to Pd® inside the cell, (2b) on the cell wall, and (3) autocatalytic conversion of Pd** to Pd® outside the cell. The figure was

inspired by Deplanche et al. [27], Ng et al. [52], and Yang et al. [26].

donor can also be used for the chemical reduction of Pd*"
without the use of microorganisms. These chemical-pro-
duced NPs are going to attach to the existing bio-Pd NPs,
causing particle aggregation [9,59]. Chemically produced
NPs have a negative zeta potential and attract the Pd**, by
the van der Waals forces, and finally attach to the newly
formed bio-Pd NPs [18,64]. The particle aggregation nega-
tively influences the catalytic activity [9]. The bio-Pd NPs
are often detected as NPs in spherical form, where the size
can vary abundantly [19]. Besides this, recently it was found
that microbes were able to dissolve Pd° which is an inter-
mediate form of Pd** towards Pd NPs during micro-
bial reduction by Shewanella oneidensis MR-1 cells [65].
Furthermore, 2D structured nanomaterials of Pd were
also discovered; nevertheless, the 2D structured Pd NPs
are not synthesised with biological carriers, but are che-
mically produced [66].

The presence of metals, like Pd, in microorganisms
has a significant impact on the viability of the cells
because of the high toxicity. Once the NPs are formed,
the bacteria die [31]. However, the toxicity of the metal to

the microorganisms is strongly dependent on the type of
metal, concentration, and microorganisms. In some cases,
the presence of metals can enhance cellular viability
which is strongly dependent on the concentration of the
metal, by enhancing the decomposition of reactive oxygen
species (ROS) [9,67-70]. When high concentrations of
metals are present, microorganisms tend to produce ROS
due to the stress caused by the presence of the heavy
metals [28,69,71]. It was suggested that Shewanella onei-
densis also produces ROS when heavy metals are present,
causing damage to essential proteins responsible for trans-
port and respiration inside the cell [71]. The presence of
ROS damage proteins which directly reduces the ability of
the cells to survive or thrive. Second, it also damages pro-
teins that can release irons in the cultures, resulting in a
higher stimulation of ROS production and is more fatal
because it occurs when the damaged cells are recovering
[71]. The influence of ROS causing inviable cells, due to the
presence of Pd was also observed for Bacillus wiedmannii
MSM and Escherichia coli [28,69]. It was found that a con-
centration of 0.07mM Pd** had a positive effect on
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microbial metabolism [68]. This was due to the exhibited
high catalytic activity of the microorganisms towards the
production of H,, an essential intermediate for the energy
metabolism [68,72]. However, it was found that for a
concentration of 1mM Pd?*, submitted to a glassy carbon-
modified electrode with Pd-free Desulfovibrio desulfuricans,
interference occurred for the natural enzymatic electron-
transfer pathways and catalytic reaction [68]. Chen and
Chen [69] found that 900 mg L™ cells of Bacillus wiedmannii
MSM were inhibited at a Pd** concentration of 100 mg L™,
while De Windt et al. [9] observed that for 50 mg L™
Shewanella oneidensis the cells were inviable at a Pd?*
concentration of 125mgL™" [9,69]. It was also found
that bio-Pd NPs were more toxic for Gram-positive
than Gram-negative bacteria [73]. Nevertheless, depending
on the type of metal and bacteria biological conversion can
still occur independently of the viability of the bacterial
cell due to the presence of specific organic functional
groups on the cell wall [74]. Joudeh et al. [28] reported
that an exposure of Pd to Escherichia coli caused a differ-
ential expression of 709 of 3,098 genes. This differential
expression also occurred for the functional genes, whereof
the highest changes can be found for genes responsible for
amino acid transport and metabolism, carbohydrate trans-
port and metabolism, transcription, post-translational mod-
ification, protein turnover, and chaperons. Compared to
other heavy metals, Pd caused higher protein damage
due to cross-linking, disruption of the 3D structures, and

Microorganism Plant

DE GRUYTER

allosteric movements. It was found that the microorganism
was still metabolic active, and hence viable after exposure
to 100 pM sodium tetrachloropalladate, but not culturable.
This is due to the downregulation of the repair genes and
up-regulation of carbohydrate metabolism genes [28]. How-
ever, it was found that higher resistance toward the toxicity
of Pd can be solved by genetic modification. Elahian et al.
[75] showed that the modification of Pichia pastoris allowed
the modified yeast to have a biosorption of 493.35 mg g* for
Pd. This was obtained due to the overexpression of Cyb5R of
the Pichia pastoris cells which is responsible for reinforcing
the antioxidant system of the yeast to protect the cells from
oxidative stress caused by the presence of Pd [75]. Neverthe-
less, genetic modification is expensive and labour-intensive.

3 Optimisation and different
methods for bio-Pd production

3.1 Production methods of bio-Pd NPs

The production of bio-Pd NPs can be performed by using
microorganisms, plants, and anaerobic sludge (Figure 2,
Table 1). Microorganisms are often used for production
due to their lower cost and environmental sustainability
(Table 2) [76]. The use of Shewanella oneidensis and

Anaerobic sludge
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Figure 2: Overview of the production methods for bio-Pd NPs by using microorganisms, plants, and anaerobic sludge.



DE GRUYTER

Novel biogenic palladium nanoparticles synthesis and applications

— 3109

Table 1: Overview of the different bio-Pd NPs production methods and mechanisms for microorganisms, plants, and anaerobic sludge

Category Place of production

Production mechanisms Ref.

Production of bio-Pd NPs inside and
outside the microbial cells

Microorganism

Synthesis of the bio-Pd NPs inside the cells is mainly
established by the NADH-dehydrogenase, [FeFe]-

[9,26,59,63]

hydrogenase (HydA), and [NiFe]-hydrogenase (HyaB)
Outside the cell, production can be established by (1) by
autocatalytic conversion of Pd?* to Pd® by the formed bio-
Pd° “seeds,” and (2) through the aggregation of the
chemically converted Pd°

Plant Production can occur throughout the
plant, in specific parts, or in plant
extractions

Synthesis of bio-Pd NPs occurs

inside the anaerobic sludge

Anaerobic sludge

Bio-Pd NPs synthesis by plants occurs through
biomolecules e.g., polyols, proteins, flavones, flavonoids,
and tannins

Production of the bio-Pd NPs occurs inside and outside the
cells, together with biosorption of Pd?* on the cell wall.

[30,179]

[32,86,89,180]

However, the conversion strongly depends on the type of
electron donor

Desulfovibrio desulfuricans are well known for their
highly active production of nanocatalysts. However,
after the production, an extra washing step is needed
to remove the produced H,S which is poisonous to the
catalyst [22,77,78]. In contrast, the toxification of the
catalyst from H,S can be prevented by using Escherichia
coli and Rhodobacter sphaeroides [27,79].

The formation of the bio-Pd NPs by Gram-negative
or Gram-positive microorganisms is different due to cell
wall differences which play an essential role by influen-
cing the metals’ binding onto the surface [59,73]. Various
Gram-negative and Gram-positive strains have been tested
for the production of different-sized bio-Pd NPs, where a
significant difference in size was found. The bio-Pd NPs
produced by Gram-negative bacteria tend to outcome
small NPs equally distributed around the cell wall. While
in contrast, Gram-positive bacteria produce a few large
NPs [59]. This difference was not caused by the distinct
metabolic activity, but potentially by biosorption. Sorption
of Pd** was higher for Gram-negative strains than for
Gram-positive strains. Resulting in higher concentrations
of Pd®" in the solution for Gram-positive bacteria. Subse-
quently, more chemical conversions are appearing, hence
the generation of larger NPs [59].

Plants are also often used for the production of bio-
Pd NPs. Different plants and forms — (e.g., powder or extract)
and complete parts of plants (e.g., stem, leaf, root, fruit,
flower, and seed) can be used (Table 2) [18,74,80]. They
have the capability of accumulating metal ions that can be
reduced to NPs [74,81]. However, the use of entire plants is
prevented, as this results in the production of NPs of different
sizes and shapes throughout the plant. This is caused by the
difference in penetration and localisation of the metal ions in
the plant due to the diverse reduction capacities of the plant

parts [82]. Consequently, complex methods are needed to
extract, purify, and increase the recovery of the particles
[74,81,82]. Therefore, plant extracts are often preferred in
general due to the instant conversion of metals into NPs,
absence of penetration, higher recovery, and less variation
in size and shape [80,83-85]. This is due to the functioning of
biomolecules from the extracts as reducing and stabilising
agents [29,74,84]. Advanced XRD images have proven that
the bio-Pd NPs are crystallographic planes of face-centred
cubic bio-Pd NPs. Additional characterisation of the shape
and size was also made by TEM and SEM analyses which
showed a series of aggregates with oval and spherical NPs
being present. The size found for these NPs varied between
10nm and 35nm [19]. Nevertheless, production in plant
extracts occurs at higher temperatures and pressures in con-
trast to the synthesis with microorganisms [80,83,84]. How-
ever, a higher yield can be obtained because of the higher
stability and considerable amount of phytochemicals [49].
A new approach for bio-Pd NPs production can be
obtained through anaerobic granular sludge which is
mainly used to treat wastewater [32,86]. The benefit of
using anaerobic granular sludge is (1) treatment of waste-
water, (2) recovery of Pd** from wastewater, and (3) the
catalytic activity of the NPs. This is without any addi-
tional cost and energy [2,38]. However, the reduction of
Pd?* through anaerobic sludge is strongly dependent on
the type of electron donor. Hence, different types of elec-
tron donors were tested. Nonetheless, only H, and for-
mate showed a biological and chemical reduction of Pd**
which was not found for pyruvate, lactate, acetate, and
ethanol [86]. A part of the Pd** present in the wastewater
remained unconverted both biologically and chemically.
Besides, the latter two mechanisms, the third mechanism
of conversion occurred through biosorption of the metal
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Biological carrier Name Type Advantage (+)/Disadvantage (-) Ref.
Microorganism Shewanella oneidensis Gram- + Electroactive bacteria [9]
negative + Metal-reducer
— Washing steps after production
Microorganism Desulfovibrio Gram- + High hydrogenase activity [59,166]
desulfuricans negative + Metal-reducer
Microorganism Rhodeobacter sphaeroides Gram- + No washing steps after production [79]
negative
Microorganism Escheria coli Gram- + No washing steps after production [22]
negative
Microorganism Geobacter sulfurreducens  Gram- + Electroactive bacteria [167]
negative + Broad variation in metal reduction
Microorganism Cupriavidus necator Gram- + Small NPs [168]
negative + Well-suspended Pd® NPs
Microorganism Serratia sp. Gram- + Accumulates metal [59]
negative
Microorganism Bacillus sphaericus Gram-positive  + High resistance towards metals [61]
Microorganism Anthrobacter oxydans Gram-positive  + Production in aerobic conditions [59,169]
+ Metal resistant
+ Accumulates metal
Microorganism Enterococcus faecalis Gram-postive  + Withstand harsh environmental conditions [170]
+ Responsive and accumulation for low concentrations of
heavy metals
Microorganism Micrococcus luteus Gram-positive  + Accumulates high amounts of metals [59]
+ Growth in aerobic conditions
+ Metal-reducer
Plant Pulicaria glutinosa Whole plant + Bio-Pd NPs showed catalytic activity towards Suzuki [171]
coupling
— Difficult extraction of NPs
— Variation in NP sizes
Plant Cinnamon zeylanicum Bark + Ultra-low cost production of bio-Pd NPs [18]
Plant Moringa olifera Peel extract + Bio-Pd NPs showed antibacterial activity [172]
Plant Glycine max Leaf extract + Bio-Pd NPs showed activity towards degradation of [173]
azo-dyes
+ Cost-effective production
Plant Filicium decipiens Leaf extract + Bio-Pd NPs showed high antibacterial activity [82]
Plant Sapium sebiferum Leaf extract + Bio-Pd NPs showed high antibacterial activity [174]
+ Photocatalytic active bio-Pd NPs
Plant Melia azedarach Leaf extract + Bio-Pd NPs showed antibacterial activity [175]
+ Bio-Pd NPs also have antifungal activity
Plant Prunus x yedoensis Leaf extract + Bio-Pd NPs showed antibacterial activity [176]
Plant Phoenix dactylifera Leaf extract + Bio-Pd NPs showed antibacterial activity [177]
+ Bio-Pd NPs showed catalytic activity towards
4-nitrophenol
Plant Phyllanthus emblica Seed extract + Bio-Pd NPs showed antibacterial activity [178]

ion which is the bonding between the Pd** and sludge, by
chemisorption [86]. Extracellular ligands induced this
binding with weak acid organic functional groups asso-
ciated with organomonometallic complexation [86—-88].
This biosorption was also caused by the interaction between
the organic functional groups on the cell wall (e.g., amine,
amide, phosphoryl, and carboxyl groups) and the Pd*
(86,89,90]. However, an inhibitory effect was also observed
on the microbial community due to the exposure of bacteria

to Pd. The bio-Pd NPs affected the bacterial and archaeal
community as well as the produced total volatile fatty acids
[32,86]. When an increase in volatile fatty acids is present,
this indicates a failure of the anaerobic sludge, more speci-
fically the inhibition of the microbial community present in
the sludge [91,92]. Volatile fatty acids are normally produced
and used by the microorganisms present in the anaerobic
sludge [91,93]. However, when there is an increase in the
volatile acids, this indicates that some of the microorganisms
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are inhibited, consequently resulting in a decrease in pH and
an inhibition of the other microorganisms that are present
[94]. Hence, this inhibitory effect on the anaerobic sludge is
undesired, as the sludge is responsible for treating the waste-
water. This toxic effect is different for each microbial commu-
nity in the granular sludge due to their characteristics and
spatial organisation in the sludge. The bacterial community
is present in the outer layer, while the methanogens are in
the granular sludge’s core [95]. However, contradictory
results were obtained regarding the inhibition effect on
the different methanogenic archaeal communities — aceto-
clastic and hydrogenotrophic methanogens. According to
Pat-Espadas et al. [86], the inhibition was stronger for
the acetoclastic methanogens than the hydrogenotrophic
methanogens. Inhibition of 92% of acetoclastic metha-
nogens occurred at a concentration of 0.96 mg Pd*" L™,
while 96% inhibition was found for the hydrogenotrophic
methanogens at 2.7mg Pd?" L! [86]. Nonetheless,
Quan et al. [32] reported that the hydrogenotrophic metha-
nogens were more sensitive to the bio-Pd NPs than the
acetoclastic methanogens. Hence, the difference could be
resulted due to the distinct in environmental conditions of
the treated wastewater. However, the inhibition of the core
microorganisms is a hurdle that cannot be neglected, due to
the important functioning of these methanogens.

The disruption of the biological conversion of Pd*"
can also be affected by the binding of Pd onto proteins or
by the replacement of essential metals for the function of
the proteins. This replaced or bound Pd can disrupt the
enzyme function and structure which results in the loss of
their essential functional proteins [32,96].

3.2 Enhancing the catalytic activity of
bio-Pd NPs

3.2.1 Enhancement by a modified production process of
the NPs

Reductions are needed to trigger the well-known catalytic
activity of bio-Pd NPs such as dehalogenation or hydro-
genation reactions. Therefore, different compounds can
be used, such as pyruvate, lactate, acetate, formate, and
H, [46,86]. Based on research, H, is the most efficient
electron donor to activate the dehalogenation or hydro-
genation processes by the catalytic activity of the bio-Pd
NPs. The Pd adsorbs H, and converts it into atomic
hydrogen which is very reactive as a reduction agent
[97,98]. The hydrogen radicals adsorbed onto the NPs
contribute significantly to the high catalytic activity of
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bio-Pd NPs [9,51]. However, the catalytic efficiency of
bio-Pd NPs can be influenced by (1) the size and distribu-
tion of the NPs on the cell wall, and (2) the activation
method of the bio-Pd NPs [20,24].

Small bio-Pd NPs can be obtained without using
extreme conditions and toxic chemicals through the pre-
sence of the biological carrier [9]. The size of the NPs has
a direct influence on the catalytic activity [99]. Therefore,
small NPs give a high ratio of surface area:volume which
results in high surface energy combined with high reac-
tivity [100,101]. This catalytic activity can be optimised by
changing the size and distribution of the NPs. The afore-
mentioned optimisation depends on the Pd:cell dry weight
(CDW) ratio which affects the viability of the biological
carrier, hence the microorganism [9,62,99]. According to
De Windt et al. [9] and Hou et al. [24], a lower Pd:CDW
ratio gives a higher biological conversion of Pd** into NPs.
This results in small and uniformly distributed NPs
throughout all the cells. On the contrary, a high ratio
gives large NPs due to the abrupt death of cells because
of the high Pd?* concentration, which is toxic, compared
to the CDW [9]. Hence, a low ratio is desired when bio-
Pd NPs are produced [9,24].

Dehalogenation and hydrogenation by the catalytic
activity of bio-Pd NPs occurs mainly through the addition
of H, as an electron donor. This can be optimised by
changing the activation method [9,101,102]. Activation
agents such as potassium hydroxide (KOH) and sodium
hydroxide (NaOH) are often used as bioinorganic cata-
lysts, due to their reaction ability with inert carbon
materials that create desired pores in the carbon pre-
cursor [103,104]. Optimised catalytic activity of bio-Pd is
established by applying KOH as an activation agent. This
method is altering the shape of microorganisms and Pd
NPs, as the composition of the Pd NPs, by the thermal
treatment of KOH. This thermal treatment carbonises the
cells and starts the production of porous structures
by guiding the reaction between KOH and the carbon
[20,103]. Two reaction mechanisms contribute to the
formation of the large porous structure: (1) decomposition
of functional groups of microorganisms resulting in a high
porosity and surface area combined with the release of
some volatiles (e.g. H,0, CO,, and CO). Furthermore, (2)
the release of H,0 and CO, is contributing as well, through
the physical activation of CO, and steam. The dispersed Pd
NPs are spread throughout the carbon hybrid material.
This stabilises the Pd NPs and facilitates the diffusion of
the target compounds and electron donors to the catalyst’s
active sites. The elevated temperature also influences the
Pd NPs by increasing the crystallinity of the NPs which
showed a substantial effect on the catalytic performance.
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The advantages of this method are (1) an increase in dis-
persion of small NPs on the carrier, (2) having more binding
sites and surface anchoring groups, and (3) enhancing the
catalytic activity by improving the hydrophilicity of the
nanostructures [20]. It is also possible to use hydrothermal
processes to increase the activity, when producing alloys,
such as PdAu alloys which contributes to the heteroatom
doping of Pd and Au. To maintain and prevent aggregation
from occurring, graphene oxide was used. The benefits of
this process are (1) an increase in catalytic activity and (2)
higher durability compared to commercial Pd/C NPs [105].

3.2.2 Enhancement through bimetallic NPs production

Another method to increase the bio-Pd NPs activity is by
adding a different metal to produce bimetallic NPs [34].
The added value of the second metal lies in the syner-
gistic interaction between the two metals [21,35]. Extended
research has been carried out to produce different types of
bimetallic NPs, e.g., bio-Pd/Au, bio-Pd/Ru, bio-Pd/Fe, and
bio-Pd/Pt [21,27,34,35]. Omajali et al. [35] reported that the
addition of Ru would give a higher conversion efficiency
and facilitate the catalytic hydrogenation transfer. This
hydrogenation transfer is used to synthesis “drop in fuel”
precursor (DMF) from upgrading biomass processing waste.
The standard procedure for converting 5-(hydroxymethyl)
furfural (5-HMF) to 2,5-dimethyl furan (DMF) is generally
expensive because of the strict conditions that are needed,
high temperature (>260°C) and high pressure, combined
with a long reaction time [35]. Hence, the use of bio-Pd/Ru
is more environmentally and economically friendly. A
combination of bio-Pd with Fe and magnetite (Fe30,),
bio-Pd/Fe@Fe;0, was also reported by Wei et al. [106].
Here, the magnetite from the core is surrounded by nano
zero-valent iron and bio-Pd. This bio-Pd/Fe@Fe;0, increases
the Fenton reaction and hence accelerates the dehalo-
genation of diclofenac. The Fe on the bio-Pd NPs releases
nano-zero-valent iron through oxidation [106,107]. This
oxidation will result in Fe®* that reacts with H,0, and
forms *OH, contributing to the dehalogenation of diclo-
fenac [108]. However, Fe;0, present in the reaction also
functions as a catalyst and reduces the oxidised nano-zero
valent ions. A synergistic effect is created between the Pd°
and the nano zero-valent iron. The Pd provides reactive
sites for the generation of *OH from H, and enhances the
generation of *OH from H,0, [106]. Hence, the type of
metal used for the production of bimetallic NPs is essen-
tial. However, on the contrary, this leads to an extra cost
that can increase strongly, depending on the type of metal.
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4 Applying bio-Pd in
electrochemical systems

4.1 Bio-Pd NPs effect on electrochemical
systems

The search for an alternative energy source is emerging as
the depletion of fossil fuels increases. Fuel cell technologies
present low carbon energy, high energy-density, zero-emis-
sion of CO,, and relatively easy production [45,47,109]. Two
types of cell technologies are commonly used, hence elec-
trochemical cells: (1) MFC and (2) Microbial Electrolysis Cell
(MEC). Lately, research has been focusing on the use of
these cells combined with catalysts due to their higher effi-
ciency. One of the commonly used elements for this is Pd
[110-112]. It has been proven that the use of Pd can enhance
the reaction rate, conductivity, and charge transfer, hence
the generation of current [46,111]. The bio-Pd NPs have also
been applied in electrochemical cells [46].

The MFC is a bio-electrochemical system that uses
microorganisms to transform chemical energy into elec-
tricity [113,114]. Only electroactive bacteria can be used
through the process, as they serve as biocatalysts, hence
generating bio-energy [115,116]. These microorganisms
transfer electrons, directly (DET) or mediated (MET), to
the electrode, by oxidising organic compounds, e.g., glu-
cose, formate, and acetate, which serve as carbon sources
[115]. By oxidising the organic compounds, microorgan-
isms make electrons available. This is transferred to the
anode, and from there to the cathode through a circuit
where they reduce the oxidant [110,117]. Hence, the effi-
ciency of this transfer from chemical to electricity drama-
tically depends on the anode. The anode is the primary
location where the microorganisms attach [47,118]. There-
fore, a variety of carbon-based materials enhance bac-
terial attachment and hence the transfer of electrons
[47]. Recently, attention is gained to the use of bio-Pd
NPs to cover the anode. This increases the performance
of the MFC, by enhancing the generation of current. The
combination of bio-Pd NPs with the anode establishes
the use of the MFC for electro-oxidation, here, Pd pre-
sent in the anode is electrocatalytic active [112]. The bio-
Pd NPs serve as an electroactive catalyst that enables
the degradation of organic compounds which increases
the number of electrons [47]. This improves the transfer
of electrons and reduction in resistance of charge transfer
in the electrochemical systems (Figure 3). It was found
that a higher loading of bio-Pd NPs could increase the
Coulombic efficiency from 14% (1mg bio-Pd cm™) to
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Figure 3: Coating anode with bio-Pd in the MFC system to increase the generation of energy. The figure was adapted from Hou et al. [24].

31% (2 mg bio-Pd cm™2) compared to the anode without
bio-Pd NPs [47]. Matsena et al. [119] also found an
increase in bio-energy generation from 31.1 to 59.6%,
with 2 to 4 mg bio-Pd cm?, respectively. This was com-
pared to the electrode without bio-Pd NPs [119].
Besides, the loading of bio-Pd NPs on the electrode
is the type of organic compound also essential for
improving the generation of bio-energy. Quan et al.
[47] and Matsena et al. [119] reported the inadequate
use of glucose to improve bio-energy generation. This
is due to the absence of direct electro-oxidation by bio-Pd
NPs and hindered utilisation from the microorganisms to
generate power [6,47,68,110,119]. Hence, it is important to
use a suitable organic compound for the electro- and
microbial oxidation. The advantage of having bio-Pd in
the electrochemical systems are (1) the presence of micro-
organisms to oxidise the organic compounds and (2) bio-
Pd to catalyse the oxidation of the organic compounds
further which improves the energy generation [16,47,119].
While energy is produced in MFC, MEC partially
reverses the process using the energy for the production
of H, or degradation of contaminants. The H, is consid-
ered an alternative to fossil fuels [120]. The advantage of
this system is that there is no emission of CO,, clean end-
products, and has high-energy-density [45,121]. The MEC
principles are based on the hydrogen evolution reaction
(HER) which is a cathodic reaction that electrochemically
split water in the cathode [122]. The HER process is a com-
bination of hydrogen adsorption and desorption from
the electrode surface where an optimal level of bonding
strength between catalytic surface and hydrogen atoms
needs to be achieved aiming not to favour one step over
the other. If the bonding between hydrogen and the cata-
lytic surface is weak, adsorption is inadequate, and the
overall efficiency would suffer. Besides, if the bonding

between hydrogen and the electrocatalytic surface is too
strong it is not desorbed from the surface effectively, low-
ering overall efficiency [123]. To increase this reaction, a
catalyst can be used, e.g. platinum and Pd, by coating the
metal onto an electrode [124]. The Pd is often used because
of having the best properties in hydrogen-storage, under
suitable conditions Pd adsorbs more than 900 times its
volume of hydrogen [4,111,125]. It also plays an impor-
tant role in the redox reaction. The use of bio-Pd accel-
erates the reaction as it serves as a catalyst which
increases the HER and, consequently, removes contami-
nants. This is due to the higher concentration of electron
donors which can be used for catalytic activity [24,126].
However, the characteristics of the bio-Pd NPs to achieve
a high catalytic activity are different for electrochemical
systems and in suspension [9,24]. In electrochemical sys-
tems, increased conductivity is obtained by interconnecting
all bio-Pd NPs, and hence, smaller NPs in size are not crucial.
This results in the activation of every particle in the electro-
chemical system and thus an enhanced catalytic activity.
Therefore, the electrochemical active surface area (ECSA) is
an important parameter in conductivity and is directly influ-
encing the catalytic performance [24]. However, the size
does play an important role in the catalytic activity of bio-
Pd NPs in suspension [9]. The highest catalytic activity is
obtained when small NPs are present. This is due to the ratio
in size of NPs versus uncovered areas of the cell with Pd [24].
Hou et al. [24] observed the difference in catalytic activity
between bio-Pd in electrochemical systems and suspen-
sions. The bio-Pd NPs with a 6:1 Pd:CDW ratio showed the
biggest NPs of 54.3 + 16.4 nm, while 25.8 + 7.8 nm particles
were obtained for the 3:1ratio. As indicated by De Windt et al.
[9], the ratio of Pd:CDW determines the size, extracellular
distribution, and coverage of the Pd NPs in the cell.
Nevertheless, the highest current densities were obtained
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due to the high ECSA, and hence, favourable catalytic
activity in the electrochemical system was reached with
the NPs produced with a 6:1 Pd:CDW ratio [9,24]. However,
the highest catalytic activity of bio-Pd in suspension was
obtained for a 3:1 Pd:CDW ratio. Hence, high coverage of
Pd NPs on cells can negatively impact the catalytic
activity depending on the use [24].

4.2 Increasing the electro-conductivity

In the previous Section (4.1), it was mentioned that the
presence of bio-Pd NPs in an electrochemical cell would
enhance the conductivity and thus the catalytic activity.
However, this conductivity is often hindered due to
(1) the coating agent used for the fixation of bio-Pd on the
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electrodes and (2) the limited conductivity of the microor-
ganisms [6,24,46,47]. When bio-Pd NPs are fixed onto the
electrode, a restricted increase in conductivity occurs.
Only the bio-Pd NPs in contact with the electrode receive
the electrons efficiently; this means that the rest, hence
the majority, are not electrochemically active [24,127]. There-
fore, it is important to overcome this hurdle which is pos-
sible by using different conductive materials to promote
electron transfer throughout the electrode. It was suggested
that carbon nanotubes (CNT) would solve the low increase
in conductivity by functioning as an electron bridge between
the fixed bio-Pd NPs and the electrode (Figure 4). Here, bio-
Pd NPs are trapped between the CNT and form a network
between the bio-Pd NPs present throughout the electrode.
This network promoted electron transfer and simultaneously
increased the current density and reduction of the con-
taminant [46]. However, it was also found that the use of
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Figure 4: Fixing bio-Pd on an electrode, to increase the conductivity in a 3 - electrode system through CNT, graphene oxide, and biofilm
production by Geobacter. The figure was adapted from Hou et al. [126], Cheng et al. [46], and Hou et al. [125].
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graphene oxide (GO) during the bio-Pd production can also
improve conductivity. A synergistic effect is created between
Pd and the reduced GO (rGO), by increasing the nucleation
sites to reduce Pd*" and, hence, available active catalytic
sites which established an enhanced electron transfer [125].
When the electrodes containing CNT and rGO were com-
pared, both containing an equivalent amount of Pd and
carbon loading, it was observed that 25 times more CNT
loading was needed to obtain similar electrocatalytic con-
ductivity as the Pd-cells-rGO electrode. This shows that rGO
has a higher conductivity than CNT [46,125]. However, the
use of both methods has a disadvantage, hence the extra
costs on the conductive materials. Therefore, it was found
that a biofilm can be used as a conductive network which
can be synthesised by the Geobacter bacteria [126]. This net-
work showed an increase in electrochemical activity and
potential from —0.30 to —0.70 V. Compared to the control,
an enhanced ECSA and HER were also observed, by 20 and
19.5 times, respectively. Besides, the economical feasibility it
also has high stability over time (100 days) even under elec-
trochemical- and mechanical stress due to the inherent fila-
mentous structure of Geobacter [126].

4.3 Advantage of bio-Pd vs electrodeposited
Pd vs chemical Pd NPs

The Pd NPs can be made in several different ways, and
the most explored methods are through biological, elec-
trochemical, and chemical production [6,8,9]. The Pd is
often directly deposited on the electrode, because of
the low cost and vital role in the redox reaction [128].
However, the restricted surface area for deposition and
limited efficiency, hence transfer of electrons, are disad-
vantages compared to bio-Pd NPs. The drawbacks found
in chemical production are the extreme conditions with
the use of several toxic and environmentally unfriendly
agents, resulting in high costs. Researchers demonstrated
the use of bio-Pd over electrochemically deposited and
chemically produced Pd NPs [6,128—-130].

According to Wu et al. [6], the electron transfer and
electric conductivity of the electrochemical cell were
enhanced by the presence of bio-Pd NPs compared to
electrodeposited Pd NPs. It was shown through the oxi-
dation of formate, that bio-Pd coated on the electrode
needed less activation energy and had better electrocata-
lysis than electrodeposited Pd NPs. It was also observed
that a current of more than an order magnitude was needed
for the electrodeposited Pd compared to the bio-Pd coated
electrode [6]. Nevertheless, the electrodeposition of Pd
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has its benefits, absence of additives, and cultivation of
microorganisms [128]. Besides electrodeposition, che-
mical production of Pd NPs is also possible; this method
has been studied thoroughly, e.g., photochemical, seed-
mediated growth, polyol reduction, and thermal decompo-
sition [131]. A combination of the latter methods was shown
by Nguyen et al. [130] for the generation of Pd NPs in octa-
hedrons (24 nm), tetrahedrons (22nm), and cubes (20 nm).
Temperatures of 160°C were used together with polyvinyl-
pyrrolidone (PVP) as stabiliser and silver nitrate (AgNOs) to
control the sizes of the particles [130]. This shows that the
production of chemical Pd NPs requires extreme conditions
and is expensive.

5 Use of bio-Pd for bioremediation

Reductive dehalogenation converts the pollutants into
less complex compounds that can be further treated by
current wastewater treatment systems. The “bioreduc-
tion” of pollutants through bio-Pd NPs has also been
expanded to remove azo-dyes and persistent antibiotics
such as ciprofloxacin, 17p-estradiol, ibuprofen, and sulpha-
methoxazole [1,2]. Different mechanisms can be responsible
for this reduction process. However, hydrogenation and
reductive halogenation have been studied the most [13,51,97].
Reductive halogenation of mainly chlorine, hence dechlor-
ination, has been investigated thoroughly, e.g., trichlor-
oethylene and diclofenac [14,97,132].

5.1 Bioreduction of persistent azo-dyes

Increasing urbanisation and industrialisation have led to
a tremendous release of emerging compounds like dyes
[133]. They are used in many different fields, e.g., paper,
cosmetics, agriculture, and pharmaceutical industries [134].
Dyes are structurally stable and have shown high resistance
to microbial degradation. It also has a significant impact on
the ecosystem and human health through the carcinogenic
and mutagenic effects. Furthermore, it disturbs the rate of
photosynthesis in the aquatic environment by reducing
light penetration, and hence the oxygen levels [133,135].
Therefore, it is crucial to remove dyes before discharge in
the environment [136,137]. However, secondary waste pro-
ducts and toxic sludge are currently produced by the
removal of azo-dyes; hence, effective and environmentally
friendly treatment is essential. Research has been focused
on removing azo-dye which consists of an azo (-N=N-)
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chromophore, the largest class in dyes (Table 3) [133,137,138].
Therefore, bio-Pd NPs have been used in different manners
for the removal of these azo dyes. Wang et al. [138] reported
the improved removal of the azo-dye through bio-Pd NPs.
The presence of bio-Pd NPs resulted in a higher decolour-
isation of methyl orange compared to viable Klebsiella
oxytoca GS-4-08 without Pd. Hence, bio-Pd could be used
as (1) a catalytic surface for the chemical reduction, and
(2) the NPs would accelerate the extracellular electron
transfer needed for the reduction of the azo-dyes [138].

Another method for removing azo-dyes is with the in-
situ produced bio-Pd NPs from granular sludge which
was reported by Quan et al. [2]. It appeared that bio-Pd
was able to enhance the decolourisation of Congo Red,
Evans Blue, and Orange II. Decolourisation was also
observed without the presence of an electron donor.
This originates from the endogenous metabolism of gran-
ular sludge which provided the necessary electrons, H,,
and energy. Among all the different tested electron donors,
formic acid gave the best removal (99%) in Orange II for
bio-Pd from granular sludge due to the similar reactivity of
H, [2,139].

5.2 Degradation of emerging antibiotics
Antibiotics are used worldwide for treating diseases in

humans and animals. The pharmaceutical compounds
have properties of being highly chemical stable. Hence,

Table 3: Overview of the micropollutants removed by bio-Pd
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they are often not entirely metabolised by the patients,
and approximately 70% of all the antibiotics used remain
unaltered and excreted. They are released as active meta-
bolites that go to the municipal wastewater systems which
are inefficient to treat these pharmaceuticals [1,140-142].
Consequently, antibiotics are frequently detected in sur-
face-, sea-, ground-, and drinking water [140-142]. There-
fore, it is crucial to minimalise the release and accumulation
of these pharmaceuticals in the environment, as they are
persistent, have a relatively long residence time, and
induce resistance in microorganisms [1,143,144]. Among
the antibiotics, ciprofloxacin is heavily used and belongs
to the fluoroquinolones group [145]. Fluoroquinolones can
inhibit DNA replication and have genotoxic and carcino-
genic effects on organisms; hence, removal is essential
[141,145]. However, treatment of these compounds requires
extreme conditions and are hazardous and expensive, e.g.,
ozone and advanced oxidation process (UV/H,0,, UV/O;,
and UV/TiO,) [146-149]. The bio-Pd NPs offer an environ-
mentally friendly and economically feasible approach
(Table 3) [1,141]. Both He et al. [141] and Martins et al.
[1] reported the use of bio-Pd NPs for the removal of
ciprofloxacin, through different methods.

He et al. [141] observed the influence of the presence
of H, on the removal of ciprofloxacin with bio-Pd NPs. It is
speculated that the protonation of the piperazine N atom of
ciprofloxacin plays a significant role here [141,150-152]. In
the absence of H, 28.90% and 32.95% of ciprofloxacin was
removed. This removal can be explained by the adsorption
of the antibiotic on bio-Pd and the surface of unconverted

Category Micropollutant Removal of micropollutants Ref.

Pharmaceutical Diclofenac Continuous removal in MEC systems, with 57% lower removal efficiency [97]

Pharmaceutical Ciprofloxacin According to Martins et al. [1] was the removal negligible as 35 and 49% of ciprofloxacin  [141]
was removed by active- and non-active catalyst, respectively

Pharmaceutical Sulfamethoxazole 85% Removal was accomplished after 24 h, with a removal rate of 0.110 h™* [1]

Pharmaceutical Ibuprofen
by the bacterium
Pharmaceutical 17B-estradiol

respectively

No removal of the painkiller by bio-Pd produced by D. vulgaris; however, it was removed [1]

Low removal of the compound, 35 and 11%, by catalytic activity and adsorption, [1]

Dyes Methyl orange Removal of 75% of the dye in the presence of AQS with bio-Pd [138]

Dyes Acid blue Removal over 70% of the dye in the presence of AQS with bio-Pd [138]

Dyes Reactive black Removal over 70% of the dye in the presence of AQS with bio-Pd [138]

Dyes Acid Red Removal over 70% of the dye in the presence of AQS with bio-Pd [138]

Dyes Congo Red Anaerobic sludge containing Pd NPs showed a 2.3 times higher removal compared to non-  [2]
palladised anaerobic sludge

Dyes Evans Blue Anaerobic sludge containing Pd NPs showed a 10.0 times higher removal compared to [2]
non-palladised anaerobic sludge

Dyes Orange Il Anaerobic sludge containing Pd NPs showed 5.1 times higher removal compared to non-  [2]

palladised anaerobic sludge
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Pd?*. The unconverted Pd*" forms a complex with ciproflox-
acin molecules and is attributed in this way to the removal
of the antibiotic; however, the underlying mechanism using
this complex is not discovered yet [141,153]. When H, was
present, the removal of ciprofloxacin was 87.70%, 3.03
times higher than in the absence of H,. This was caused
by the sorption of H, onto the bio-Pd NPs that formed an H,
hybrid, which is a very strong reductant, reacts with the
antibiotic, and subsequently degraded the compound [141].

Martins et al. [1] reported the use of Desulfovibrio
vulgaris to produce bio-Pd NPs to remove ciprofloxacin.
The bio-Pd NPs produced by Desulfovibrio vulgaris did
not remove ciprofloxacin efficiently; nevertheless, removal
did occur for sulfamethoxazole [1]. This observation of
Martins et al. [1] contradicts He et al. [141]. The differ-
ence can be explained by the use of different types of
microorganisms which can aid in the degradation of the
antibiotic. It is also possible that a different pH was
used which influenced the solubility and hence the
availability for degradation. However, more extensive
research needs to be carried out on the use of bio-Pd
NPs to remove different types of antibiotics in an environ-
ment-friendly way.

6 Metal recovery towards a circular
economy

Industrial activities are important for the economy and
development, however, they also play a significant role
in the pollution of the environment. One of the major
sources responsible for pollution is heavy metals which
are discharged through wastewater. These heavy metals
are highly toxic and have a strong impact on living
beings. They accumulate in different parts of the human
body due to their nonbiodegradibility, causing undesir-
able health effects [154]. Therefore, recovery of these
heavy metals is important before discharge into the
environment. Biological recovery is preferred, due to the
effectiveness, low cost, and eco-friendly approach, no
increased energy consumption, and addition of chemi-
cals [154,155]. Nowadays, recovery of metals present in
wastewater, mines, metal processing plant efflux, and
natural mineralised areas can be realised through microor-
ganisms, by the production of NPs. Production of a well-
defined size and shape of NPs is highly demanded [156].
However, the use of microorganisms has its difficulties;
hence, the toxicity of the heavy metals that has a
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substantial effect on the viability of the cells [157].
Therefore, microorganisms have evolved genetic and
proteomic responses to control metal homeostasis which
allows the cells to detoxify the metals. These microbes are
called metallophilic bacteria and survive in environments
that contain high concentrations of mobile heavy metal
ions [156].

The Pd is one of the precious metals that requires to
be recovered, due to the price increase which reached in
2019 ca. 45 k€ kg™', and demand [158]. However, it is
expected to keep increasing; therefore, alternative sup-
plies need to be found. Recovery of Pd is also important
due to the high environmental burden it has on a per
kilogram comparison compared to other non-PGM ele-
ments [159,160]. For these reasons, increasing interest
has been found in urban mining for the recovery of pre-
cious metals, as electronic wastes are increasing and
mines are depleting [160]. Depending on the origin of
the electronic waste, different treatment methods for
the recovery of metals are established. The Pd from urban
waste, more specifically printed circuit boards, has been
recovered via chemical, pyrometallurgical, or hydrome-
tallurgical treatment. First, the electronic parts that con-
tain Pd will be de-soldered which is alloyed with silver,
subsequently, different treatments are used here, and a
mixed solution of metals containing Pd is obtained,
whereafter further purification steps are needed to derive
the Pd from the other metals. The disadvantage of these
methods is the use of several chemicals and high tempera-
tures which is expensive and environmentally unfriendly,
and this also generates a secondary wastestream that needs
to be treated [161-163]. A more eco-friendly approach
can be obtained through the use of microorganisms, in
the production of bio-Pd NPs. Here, microorganisms
that are known to have the DMR process are often
used [55]. These microbes are able to recover precious
metals by reducing the metals and possibly producing
NPs. The benefit is the catalytic activity of the NPs that
can be used for (1) the removal of micropollutants, (2)
recovery of metals, and (3) preventing the discharge of
undesired metals into the environment. Recovery of
Pd and Au from electronic scrap leachates has been stu-
died, by the use of Desulfobibrio desulfuricans which
required a prepalladisation of the microorganisms due
to the presence of Cu [164]. Environmental friendly
recovery of metals has also been found by the use of
Thauera selanatus for selenium oxyanios from water
drainage [165]. Nevertheless, more investigation on the
recovery of Pd by microorganisms is required.
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7 Conclusion and future
perspectives

Finding environmentally friendly technologies to remove
emerging pollutants because of population growth and
intensive industrialisation remains a grant challenge for
the twenty-first century. To make the burden of industrial
processes as small as possible, both chemical and biolo-
gical catalysts often play a crucial role. They serve as an
activator, creating faster reaction rates and higher efficien-
cies with lower energy demands. This article reviewed the
sustainable production and application of biogenic Pd
catalysts developed at the interphase of biology and
chemistry and can have broad applicability in various
fields like bioremediation, energy generation, and energy
storage.

The efficiency, hence the catalytic activity of the bio-
Pd NPs, was proved; however, an improvement could still
be made in the particles production (1) to overcome the
problem of chemical precipitation and concurrent aggre-
gation of Pd NPs during the biogenic production, (2) it is
essential to microbially deplete the Pd** present in solution
when the bio-Pd NPs are synthesised, hence avoiding losses
and further processing. Advances are also needed regarding
the conductivity of bio-Pd NPs on the electrodes, without
the use of expensive fixation chemicals (Nafion, CNT, and
graphene oxide). Furthermore, with the increasing prices of
Pd over the last years, the use of primary resources of Pd
has become an obstacle. Therefore, it is important to have
an economically feasible method to produce bio-Pd NPs.
The bio-Pd NPs proved their efficiency for the removal of
micropollutants and can therefore be used as a polishing
step after the secondary treatment. This tertiary treatment
poses the possibility of leaching Pd** from the detached
Pd® which came from the bio-Pd NPs, as the presence of
Pd*" in the wastewater. This can be solved by incorporating
an electrochemical cell in the tertiary treatment. Here,
the Pd®>* will be electrodeposited, and the electrochemical
system will also be responsible for sustainably producing
H, which is needed for the dehalogenation or hydrogena-
tion by the catalytic activity of the bio-Pd NPs.
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