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ARTICLE DETAILS ABSTRACT

Article History: “Green” synthesis is attracted considerable interest in materials science as a reliable, durable, and
environmentally friendly approach to fabricating a wide range of nanoparticles such as metal oxide. Green
production of metal nanoparticles was used to host a variety of biological components (such as fungi, algae,
plant extracts bacteria etc.). Shewanella oneidensis MR-1 was employed in this biosynthetic investigation of
palladium nanoparticles (Bio-Pd) to produce Cr (VI) under aerobic circumstances. By adjusting the ratio of
microbial biomass to palladium precursors, it was possible to control the distribution and size of Bio-Pd. The
Pd ratio had the smallest average particle size at 6.33 1.69 nm. Additionally, it has a formic acid oxidation
electrocatalytic potential of -0.132 V, which is 0.158 V smaller than that of commercial Pd/C (5%). The entire
catalytic reduction of a 200 mg/L Cr (VI) solution could be achieved by the tiny, uniformly distributed
extracellular Bio-Pd within 10 minutes, but commercially available Pd/C (5%) required at least 45 minutes.
Over five cycles, the Bio-Pd material offers a high decrease rate. Microbes have a substantial effect on the
entire process of effectively reducing Cr (VI), dispersing palladium nanoparticles, and adsorbing Cr (III). The
findings of this study will serve as a guide for the advancement of effective and environmentally acceptable
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bio-Pd catalysts for pollution control in straightforward and reasonable situations.
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1. INTRODUCTION

Palladium (Pd) has been used to catalyze the reduction and conversion of
a variety of contaminants, including chlorine compounds, oxyanions, and
aromatics, by activating an organic molecule and releasing atomic
hydrogen (Pan and Chen, 2019; Chaplin et al., 2012; Nieto-Sandoval et al.,
2021; Hosseinkhani et al.,, 2014). Metal precursors typically underwent
molecular rearrangement rather than chemical transformation (Chen and
Ostrom, 2015). It was discovered that in the hydrothermal process, a
chemical reaction happens at a temperature and pressure higher than the
boiling point of the solvent (Fu et al,, 2013). Electrochemical deposition
therefore occurs because of an electrochemical cell's current density
switching from its oxidized state in solution to its metallic state on the
surface (Lee et al,, 2007). The chemical synthesis may use photo reduces
or chemical reducing agents to get the desired outcomes (Zhao etal. 2021a
; Zhao et al. 2021b). However, these procedures could have several
drawbacks, including the use of harmful solvents, the production of
hazardous materials, and excessive energy consumption (Chen and
Ostrom, 2015). It was discovered that microorganisms are very reactive to
the binding of metal ions and, in moderate situations, cause the
precipitation of nanomaterials (Martins et al, 2017). By binding
palladium nanoparticles (Pd NPs) and preventing their aggregation, the
microbial cell not only works as a synthesizer by catalyzing the reduction
of Pd (II) to Pd (0) through enzymatic activities (such as hydroase and
cytochrome) (Pat-Espadas et al, 2014; Mikheenko et al., 2008). Metal
nanoparticles produced through biosynthesis are therefore playing a
bigger role in pollution prevention as greener materials.

The use of microbes withinside the organic nanomaterials are a

straightforward, affordable, and ecologically pleasant manner to generate
excessive mono dispersity nanoparticles. Since its discovery (Klaus et al.,
1999). Pseudomonas stutzeri was employed to produce silver-based
crystalline nanostructures. Biosynthesis of steel NPs has advanced quickly
due to its long-term likelihood and environmentally friendly conditions
(El-Gendy and Nassar, 2021; Xiong et al, 2015; Yuan et al., 2021; Tian et
al, 2017).

Desulfovibrio desulfuricans and the human gut microbiota was used to
demonstrate the ability of some microorganisms to produce Pd NPs (Wu
et al, 2011; Yin et al, 2019). An aqueous Pd (II) solution containing the
electron donors’ formate, dihydrogen, and acetate is applied to the cells.
Additionally, even though bacteria in palladium-treated furniture interact
with Pd NPs, the factors affecting catalytic entertainment may also apply
to those of chemically prepared Pd NPs, increasing cell involvement. The
mass ratio of mobile microorganisms to Pd (II) (mobile:Pd) determines
the size, extracellular distribution, and insurance of Pd nano wastes on
mobile soils. These characteristics of Bio-Pd have a significant impact on
the catalyst's overall catalytic performance.

The immediate use of Bio-Pd as a catalyst for the reductive dehalogenation
of waste chromate, aromatic nitro compounds, and chloride (Quan et al.,
2019; Tan et al, 2019; Ng et al,, 2019). One of these is Cr(VI), an inorganic
contaminant that is extremely poisonous, mutagenic, and carcinogenic
(Dayan and Paine, 2001). It's crucial to convert Cr(VI) to Cr (III) The
removal of Cr(VI) from wastewaters has been demonstrated to work via
precipitation, chemical decomposition, ion exchange, electrodeposition,
membrane methods, and adsorption ( Zeng et al., 2021; Mutongo et al.,
2014). This kind of reduction is a great way to get rid of Cr(VI) from
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wastewater. With the use of metal-based catalysts that contain Pd or a
two-step procedure including dehydrogenation without the creation of
intermediates, formic acid is an affordable and environmentally safe
reducing agent that can catalyze Cr(VI). reduce (2002) (Besharat et al.).
Numerous target enzymes of microorganisms can recapitulate Cr(VI)
discounts by selling electronic switches to Cr(VI) as electron acceptors
(Rahman and Thomas, 2021). However, when exposed to oxidants during
water intake, Cr(III) can become Cr(VI) (Wangetal., 2021; Lee and Hering,
2005). Therefore, chromium elimination in general is equally crucial.

Biosynthesized Pd NPs display unusually lengthy particles, poor
dispersion, and high intracellular distribution (Wang et al.,, 2018; Mabbett
et al, 2006). To increase Cr(VIunexpectedly )'s modest arousal, overdose
is necessary and takes hours. Additionally, general chromium exclusion
was not currently recognized in this investigation (Humphries and
Macaskie, 2005; Chidambaram et al,, 2010). Therefore, it is crucial to
assemble bio-Pd catalysts with short length and perfect dispersion in
order to drastically reduce Cr(VI) and eliminate common chromium.

In these findings, S. oneidensis MR-1 was converted into a circulatory
system that can efficiently catalyze Cr (VI) reduction and be employed for
Pd production at room temperature. Cells improve Pd NPs' size,
extracellular dispersion, and formic acid (FA) oxidation capacity. Pd. In
constructed Pd NPs, reduction of Cr(VI) utilizing formic acid (FA) as an
electron donor has been researched. With a maximal hole redox capacity
of 0.215 V, many cells generate NP Pd, and Pd catalyzes the
electrochemical oxidation of formate. Infrared spectroscopy was used to
identify advantageous tissue modification in the microbial lumen both
before and after nanoparticle creation. In this study, we investigated how
the structural preferences of Pd NPs with microorganisms during the
catalytic conversion of Cr (VI) influenced how well nanoparticles were
assembled and used.

2. MATERIALS AND METHODS
2.1 Chemicals

In this research K2Cr207 (99.8%, Sinopharm Chemical Reagent Co., Ltd.),
Commercial Pd/C (5%, Sigma-Aldrich), Sodium Tetrachloropalladate
(98%, Aladdin), Sodium Formate (99%, Aladdin), Formic Acid (Aladdin),
Luria-Bertani broth (LB) (LP0042, LP0021, OXOID), and Pd/C were
utilized without additional To create phosphate buffer (PBS), K2HP04, an
analytical grade reagent, and other products, potassium phosphate
(KH2PO4) salt is used (Sinopharm Chemical Reagent Co. Ltd.). All
solutions were arranged in 18.2 M cm of ultrapure water.

2.2 Bacterial Strains and Growth Conditions

S. Oneidensis MR-1 was reported aerobically overnight at 30°C with 150
rpm shaking of the Luria-Bertani (LB) medium. In comparison to
conventional nitrogen cleaning solutions, our solution has noticeable
amounts of dissolved oxygen. S. Oneidensis cells were then separated by
centrifugation (4000 g, 15 min), and they were purified three times with
distilled water and a 10 mM Hepes bulffer.

Preparation of bio-Pd

The final mobileular awareness of washed cells was 1491.90, 1048.14,
717.12,386.10, and 123.67 and 49.28 mg/l when they were resuspended
in Hepes buffer (10 mM). Configure the bio-Pd for mobile: Pd(II) stock
response was supplied as an electron acceptor to a final consciousness at
120 mg/L in Pd ratios of 12:1 (bio-Pd-A), 9:1 (bio-Pd-B), 6:1 (bio-Pd-C),
3:1 (bio-Pd-D), 1:1 (bio-Pd-E), and 1:3 (bio-Pd-F). Sodium format similarly
changed to a residual level of 1700 mg/L as an electron donor to a
remaining degree of 1700 mg/L after 3 hours of incubation. The bio
discount bottles mentioned above are being incubated aerobically at 30 °C.
A 100ml portion of broth is contained in each organic bottle.After 72
hours, the bio-Pd altered that had been created was collected by
centrifugation (4000 g, 15 min), and the bio-discount media was removed
by rinsing the sample three times. Bio-Pd was then produced by freeze-
drying after being pre-frozen at -80 °C and dried for 72 hours in a vacuum
freeze drier at -70 °C and 10 Pa.

Characterization of bio-Pd

After being dehydrated in 2.5% glutaraldehyde, TEM microsurgical
specimens were kept overnight in phosphate buffer (PBS, 10 mM, pH 7.0).
The samples were then put on copper grids coated with carbon and
subjected to a series of dehydration procedures using high concentrations
of ethanol. TEM images of submicroscopic material were obtained (Hitachi
Model H-7650). By using FTIR, functional surface groups are identified.
Cu-K radiation was used to record X-ray diffraction (XRD) using a D8

Advance (Bruker, Germany) in the 5° to 90° 2 range. In a microwave oven,
completely dissolve a specific quantity of biological Pd in a specific
concentration of diluted nitric acid. By using ICP-OES, the amount of Pd in
an aqueous solution was determined. Pd NP extracellular distribution
using Image-Pro Plus 6.0. The spread plate method was used to test the
vitality of S. oneidensis MR-1, and it was discovered that the cells could
maintain their metabolic electron production at 1700 mg/L.

Catalytic reduction of Cr(VI) by bio-Pd

200 mg/L of Cr(VI) in the form of K2Cr207 at pH 2.36 was combined with
10% bio-Pd and 1% formic acid (FA) to decrease Cr(VI). Under the same
reaction conditions, His Pd/C (5%) that is commercially available was
utilized as a comparison. The reactor was set to run at room temperature
with stirring ata speed of about 500 rpm and the reaction volume was 100
ml. Periodically, liquid samples were collected and sieved through a 0.22
m PTFE membrane. The s-diphenylcarbazide colorimetric procedure
previously described was used to determine Cr(VI) concentrations (Zheng
etal., 2021). The OD540 value was determined by treating a 0.8 mL sample
with 0.1 mL of s-diphenylcarbazide (0.5 g/L) and 0.1 mL of H2S04 (12.5
mmol/L) in 10% methanol solution. 20-minute incubation. ICP-OES was
used to measure total chromium. Using a pH meter, the solution's pH was
determined (METTLER).

Electrode preparation and electrochemical measurements

Numerous cells produce Bio-Pd. S. oneidensis MR-1, weight from 12:1 to
1:3 (groups A, B, C, D, E, and F), and commercially available His Pd/C (5%
w/w) was dissolved in 10% v/v Nafion solution. did. After that, 10 1 of the
suspension was applied to a polished 0.126 mm 2 surface of a glass-carbon
(GC) electrode and allowed to air dry. The electrochemical experiments
used a three-electrode glass cell with a GC working electrode, a saturated
calomel reference electrode (SCE), and a Pt wire counter electrode in a
Faraday cage.

The cyclic voltmeter was carried out using an Autolab potentiometer. The
10 mV/s sample rate is chosen. All potentials acquired from the entire
electrochemical experiment were compared with the SCE after being
carried out at least ten times. The electrolyte was buffered phosphate (50
mM, pH 7.0).

3. RESULTS AND DISCUSSION

3.1 Synthesis and Characterizations of Bio-Pd Nps

Pd Ratio 9:1 (Bio-Pd-B) can be produced by Shewanella oneidensis MR-1
when the environment is aerobic. The hue of the solution in all serum vials
shifted from orange to black over time after Na2PdCl4 injection. The
decrease of Pd(II) to Pd could be the cause of the color shift (0). The
effectiveness of Pd(II) detection after 72 hours of response was 97.92%.
TEM was used to describe the morphology and particle size of bio-Pd-B.
Figures 1A and 1B display particle size distributions and ultra-thin bio-Pd-
B sections. With a size distribution range of 2-12 nm and 81% of the
particles scattered between 4-6 nm, Pd nanoparticles are primarily found
outside of cells.

On the cells, there were also freely aggregated nanoparticles in addition
to the scattered Pd NPs. This could be as a result of extracellular
macromolecules (EPS) reducing some Pd(Il) (Fulaz et al, 2019). This
finding suggests that the biological matrix can function without the
inclusion of additional stabilizers to block the synthesis of Pd NPs and the
generation of scattered nanoparticles. Due to their enormous specific
surface area, tiny and dispersed nanoparticles can provide significant
catalytic activity based on the surface effects of nanomaterials (Campbell
etal, 2002).

Figure 1C depicts a high-resolution TEM (HRTEM) picture of Bio-Pd-B
with lattice vacancies of 0.22 nm in the Pd(111) lattice planes. The Pd-B
biocatalyst's XRD spectrum (Figure 1D) reveals peaks at respective
temperatures of 40.1°, 46.7°, 68.1°, 82.1°, and 86.6°. Aspects of 111), 200,
220, 311 and 222 that are NP Pd. The Pd nanoparticles are partially
oxidized, as seen by the Pd 3d XPS spectra (Figure 2A). Pd(0) and Pd(II),
respectively, can be assigned to the 335.41 eV and 337.95 eV peaks. The
narrow peak observed at 337.95 eV that corresponds to the 3d-PdO core
level spectrum is most likely the result of partial surface oxidation during
fabrication and testing. The characterization results mentioned above
show that S. oneidensis MR-1 has the ability to decrease Pd(II) from air by
employing sodium formate as an electron donor to create tiny Pd NPs
scattered throughout the cell wall..

Pd(II)-loaded S. oneidensis MR-1 FTIR spectra were taken in the 4000-500
cm-1 region to look into the changes in the functional groups on the cell
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surface that occur during Pd NP production. 1 and Bio-Pd-B were captured
on tape (Figure 2B). Between 3300 and 3500 cm-1, there were bands in
bacteria that represented the -OH of carbohydrates and the N-H of
proteins (Xu et al., 2018). The peaks at 1452 ¢cm -1 and 2964 cm -1 were -
CH stretches and -CH 2 stretches, respectively. These functional groups are
produced from the cell's phospholipid and peptidoglycan bilayer. The
amide bond's C=0 stretch is represented by the peak at 1654 cm-1 (Jiang
et al, 2004). The amide bonds in the peptidoglycan layer are being
stretched N-H and C-N, as indicated by the absorption peak at 1547 cm-1
(Xu et al,, 2017). The amino acid -COOH is the cause of the peak at 1402
cm-1 (Lietal, 2014). In phospholipids, the peak at 1236 cm-1 corresponds
to -P=0. (Song et al., 2008). The C-0 and P-0 lengths of peptidoglycan were
allocated to the absorption peak at 1082 cm-1 (Pat-Espadas et al., 2014).

The peaks for carboxyl, hydroxyl, amino, and phosphate functional groups
alter as Pd(II) is adsorbed. This suggests that her Pd(II) adsorption
involves the functional groups mentioned above. When Pd(Il) is
decreased, these functional group peaks are restored. This suggests that
certain feature groups will be re-released. In particular, after Pd(II)
adsorption and after the creation of Pd NPs, the -P=0 absorption peak at
1236 cm-1 vanishes and then reappears. This shows that, following the
creation of Pd NPs, -P=0 recovers, which is advantageous for Cr(III)
adsorption (Das and Guha, 2007).

Particle size distribution(%)

3.2 Catalytic Reduction of Cr(VI) by Bio-Pd

By reducing Cr(VI) under the circumstances of 200 mg/L Cr(VI initial), 10
mg/L FA, and 10 mg/L Pd-Biolan B at room temperature and pH 2.36, the
catalytic activity of biological Pd-B was examined. Cr(VI) concentrations
did not significantly drop after 1 hour of manipulation, except when FA,
microbial, and biological Pd-B were present (gap in Figure 3A). This shows
that FA and bacteria cannot interact with Cr(VI) and that neither Pd nor
Cr(VI) can be absorbed by microbes. Microorganisms can rarely decrease
HeCr(VI) in the presence of FA when palladium is absentS. oneidensis MR-
1 has minimal metabolic activity in bacteria because it does not persist at
such low pH. Oneidensis MR-1 can directly decrease Cr(VI) physiologically
by employing organic substances as electron suppliers and Cr(VI) as
electron acceptors (Xafenias et al.,, 2013; Guo et al,, 2016). The biological
Pd-B generated by S. oneidensis MR-1 is the active catalyst for the process,
as shown by the fact that the Cr(VI) reduction reaction only takes place in
the presence of Pd and FA (Figure 3A). 4.2% Pd was present in Bio-Pd-B,
while commercial Pd/C (5%) had a comparable Pd level.

Cr(VI) was entirely reduced by the Bio-Pd-B catalyst in less than 12
minutes, compared to at least 45 minutes for commercial Pd/C (5%)
(Figure 3A). This finding implies that the reduction of Cr(VI) by formate
can be successfully catalyzed by microorganisms using small, scattered Pd
NPs.
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Figure 1: (A) TEM sketches of the ultrathin slice of bio-Pd-B; (B) matching size distribution histograms of bio-Pd-B; (C) HRTEM of palladium
nanoparticles in bio-Pd-B; (D) XRD form of bio-Pd-B catalyst.
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Figure 2: (A) Pd 3d XPS spectra of bio-Pd-B catalysts. (B) FTIR spectra of S. oneidensis MR-1, Pd(1l)-loaded S. oneidensis MR-1, and bio-Pd-B.
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Figure 3: (A) With formic acid acting as an electron donor, Pd NPs catalyze a reduction of Cr(VI). For comparison, the processes of FA, bacteria, bacteria
with FA, commercial Pd/C (5%) with FA, and bio-Pd-B without FA were also used to reduce Cr(VI). (B) Cr(VI) reduction and total Cr removal catalyzed by
bio-Pd-B with FA as an electron donor.

The existence of Cr(Ill) as a reaction product was verified using NaOH.
After the NaOH solution was added, a green Cr(Ill) precipitate first
developed. After that, the precipitate disintegrated, revealing the presence
of Cr(Il) (Celebi et al., 2016). As the surplus NaOH solution and the
precipitate gradually disintegrated, the solution's hue gradually changed
from blue to green. These findings imply that Cr(IIl) is a component of
solution. The production of hydroxyls boosts the solution's pH as pprocess
proceeds (Figure 3B).

Cr,0% + 3HCOOH + 4H,0 — 2Cr3* + 3H,0 + 3C0, + 80H" (1)

Figure 3B depicts biological Pd-B-catalyzed reduction of Cr(VI) and total
elimination of Cr with FA serving as the electron donor. The findings
demonstrate that the worldwide reduction of Cr happens at the same time
as the reduction of Cr (VI). Without FA, Cr(VI) does not degrade over time.
These findings suggest that Cr(IlI) can be selectively complexed with

microbial surfaces and removed from solution (Davis et al., 2000). The
elimination of Cr(IlI) depends significantly on the carboxylic acid groups
in cell walls (Crist et al,, 1992). According to FTIR studies, Bio-Pd-B is
abundant in the functional groups (Figure 2B). Complex formation
between these groups and Cr(III) is impacted by pH changes (Rakhshaee
etal,, 2009). The desorption of Cr(III) with increasing pH at the reaction's
conclusion (Fig. 3B) may be caused by competition for H+ ion binding sites
(Das and Guha, 2007). As was already established, the precipitation of
chromium hydroxide products has an impact on catalytic activity (Wang
etal, 2016). According to pH monitoring, the reaction occurs ata pH lower
than 2.55—the pH at which 200 mg/1 of chromium does not precipitate as
chromium hydroxide. Our findings also demonstrate that biological Pd-B
maintains high reactivity over five reaction cycles (Fig. 4), which suggests
that under the tested circumstances, Pd is converted to Cr(OH). It indicates
that it was not impacted by precipitation.
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Figure 4: Cr(VI) reduction of bio-Pd-B sample over five catalytic reactions.

3.3 Effect of Particle Size, Distribution and Redox Potential on
Catalytic Reduction of Cr(VI)

To examine the structure-activity relationship of biological Pd, bio-Pd of
various sizes and distributions were created by only altering the cell-to-
palladium ratio (Table 1). The Pd(II) removal efficiency for all samples was
greater than 97% after 72 hours of operation. This shows that Pd(II) can
be virtually entirely reduced to yield Pd (0). several cell solutions: There
are two distinct macroscopic characteristics of the Pd ratio. Pd stands for
physiologically produced Pd distributed in the media and is used for
samples with intensive cell processing. For samples obtained under the
low chart, the solution was clear and the Pd ratio circumstances revealed
a small coating of biological Pd on the bottle's bottom. These alterations
suggested that cell adhesion had changed. The biological Pd is less sticky
the less biomass there is. Palladium is gradually applied to the
extracellular surface.

This assumption was supported by bio-Pd ultrastructure (Figure 5). If the

cell indicates: Pd 3: The distribution of extracellular Pd NPs rose to over
90% as the black nanoparticles, as depicted in Figure 1, accumulated into
sizable clumps on the cell membrane and gradually engulfed the cells
(Figures 5E and 5F). The average nanoparticle diameter increased from
18.5 nm to 6.3 nm and the cell ratio from Pd increased to 1:3-9:1 after the
Pd(II) concentration was adjusted to 120 mg/L (Table 1). If the cell
reports:Pd less than 3:1, nanoparticle size and cell size are tightly
connected. When Pd and palladium were first reduced catalytically, there
were probably just a few binding sites on the cell membrane (Baxter-Plant
et al, 2003; Hou et al,, 2016; Lei et al,, 2014). Exposed areas are regions
where Pd reasonably effectively contacts pollutants crucial for catalysis
(DeWindt et al., 2006). According to earlier investigations, the size of NPs
and their extracellular dispersion impacted the amount of Pd exposed
(Hou et al, 2017). Using a previously established approach, the
extracellular dispersion of Pdnanoparticles (Table 1) was estimated (Hou
etal, 2017). The extracellular distribution of these biological Pd catalysts
seems to follow the order of C < One < B< E<F < D be verified.
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Table 1: Pd (II) Removal and the Typical Size of Produced Bio-Pd in Various Cell-To-Pd Ratios.
Group A Group B Group C Group D Group E Group F
12:1 9:1 6:1 3:1 1:1 1:3
Cell (mg/L) 1492 1048 717.1 386.1 123.7 49.3
Initial Pd (II) concentration (mg/L) 124 122 118.9 117.41 119.10 121.2
Removal efficiency (Pd I1,%) 98.1 98 98.6 99.72 99.8 98.7
Palladium content (%) 6.6 4.2 8.004 15.23 43.9 56.8
Average diameter (nm) 10.7+3.7 6.3£1.6 6.9+2.4 7.6£2.1 9.4+2.5 18.5+8.7
Extracellular distribution (%) 62 82.7 36.54 94.8 92.2 92.3

Figure 5: TEM image of the ultrathin slice of bio -Pds at different ratio of cell: Pd and their corresponding size distribution histograms. (A) 12: 1, (B) 9: 1,
(C) 6: 1, (D) 3:1, (E) 1: 1, and (F) 1:3.

The catalyst's redox potential indicates how challenging the FA oxidation
reaction is (Kuznetsov et al,, 2018). A glassy carbon (GC) electrode was
used to study the electrochemical oxidation of FA utilizing commercial
Pd/C (5%) and biological Pd as heterogeneous catalysts. At 1, in Figure 6A,
is a circulating

ECG made using commercially available Pd/C (5%) on a glassy carbon
electrode. A common characteristic of electrochemical formate oxidation
catalysis is a strong anodic peak at 0.026 V. Two separate anodic presence
peaks can be seen in the voltametric configuration of the electrochemical
oxidation of the format. One is a direct estimate, while the other is a back
scan estimate (Wu et al,, 2018). The direct formate oxidation pathway, in
which HCOOH loses two H atoms to produce CO2 and H+, has a single-peak
graph:

HCOOH — 2H* + CO, + 2e~ )

The results of electrochemical tests show the electrochemical
characteristics of live Pd with various microstructures. Low cell CV: The
Pd material mimics electroplated Pd, indicating that the palladium layer
covers most of the cell surface. The cells' biological Pd will be low as a
result. The palladium ratio reveals the metal's electrocatalytic qualities.
High cellular CV, on the other hand, indicates that biological Pd has a
bacterial matrix with high cell contact, and the Pd substance more closely
mimics pure bacteria. Inform Pd. Additionally, the results demonstrated
that biological Pd-B has the lowest peak shape of the anodization peak (-
0.132 V vs -0.132 V vs -0.132 V) (Figure 6C. SCE), 0.158 V less than
commercial Pd/C (5%). The electrocatalytic oxidation of FA by Bio-Pd-B
shown outstanding performance. The redox response of the cell itself and
the cell with extra formatting are shown in the CVs in Figure 6D. S.
oneidensis MR-1 cells that had been purified were unable to
electrochemically catalyze the reaction since the purified cells' CV did not
exhibit a notable peak and adding formic acid did not cause anodism.
indicating oxidation of formic acid.

The previously generated Pd biological samples were then utilized as
catalysts in the reduction of Cr (VI). The order of these biological Pd
catalysts' catalytic activity for reducing Cr(VI)isB>C>D > A >Pd/C (5%)

> E > F. (Figure 7). The Bio-Pd-B with the lowest redox potential and
smallest average particle size demonstrated the highest catalytic activity.
Particle size has a negative correlation with group B's catalytic activity
relative to group F. A low loss rate is seen in particular for biological Pd
during catalytic Cr(VI) reduction. Additionally, the catalyst's oxidation-
reduction potential has a significant impact on the catalytic activity. These
biological Pd catalysts have the following redox potential for the catalytic
oxidation of FA: B B. A; C However, it appears that the biological Pd
catalysts' catalytic activity for the reduction of Cr(VI) is in the following
order: FE A ; D CB. (Group E catalysts' Cr(VI) reduction activity is quite
similar to that of the F group.) Redox potential and Cr(VI) reduction
efficiency are typically inversely connected (Figure 7). Biological Pd-A has
a lower catalytic activity than biological Pd-C and D, while having a lower
redox potential. Bio palladium on biological Pd-A has a lower activation
energy than biological Pd-D, but its Pd NPs are more dispersed throughout
the cell and do not support mass transfer. quantity of Cr(VI); Due to
palladium occupying Cr(I1I) adsorption sites on the cell surface, Bio-Pd-C
demonstrates good catalytic efficiency while having a modest extracellular
dispersion (Das and Guha, 2007). Many Cr(IlI) adsorption sites are
retained on biological Pd-C surfaces, which helps to lessen the impact of
Cr(I1I) on Cr(VI) in solvents. Additionally, the catalytic activity of Cr(VI) on
the surface of the larger biological Pd-A particle size is insufficient.
According to Corte et al. (DeCorte et al,, 2011), sulfur compounds found in
cellular proteins can poison cell surface Pd NPs. As a result, not all
extracellular Pd NPs are active, particularly those produced at high Pd cell-
to-cell ratios and large biomass contents. Our findings demonstrate that
the catalytic impact of biological Pd demonstrates a positive dependence
on the size of the nanoparticles and the redox capacity of the catalyst when
Pd cells are used as suspended catalysts.

3.4 Mechanism Insight of Bio-Pd Catalyzed Reduction of Cr(VI)

Catalytic reactions can be split into two processes, as indicated in (Figure
8). Reduce Cr(VI) using active hydrogen and break down FA. Biochemical
Pd converts FA to active hydrogen, active hydrogen reduces dichromate to
Cr(I1I), and some of the Cr(III) is absorbed by microbes. S. oneidensis MR-
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1's life history (Figure. 6D) demonstrates that the bacterium is unable to
breakdown FAs in the absence of his Pd NPs. Thus, the initial step is FA
adsorption on the palladium surface. According to DFT simulations, FA
breakdown on Pd NPs resulted in active hydrogens (Wang et al,, 2018).
The effective reduction of Cr can be explained by in situ formation of active
hydrogens on the surface of biological Pd via FA breakdown (VI). As the
reaction progresses, a drop in total chromium suggests a drop in Cr(III).
When pH is below 4.17, 200 mg/L Cr(III) does not precipitate into Cr(OH)3
according to Ksp (6.3 10-31) for Cr(OH)3. Surface-abundant groups of S.
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oneidensis MR-1 partially absorbed Cr(III) produced by the reduction of
Cr(VI), lowering the total chromium level (Das and Guha, 2007 ).

Electrochemical tests' findings indicate that biological Pd-catalyzed formic
acid biodegradation progresses directly to create CO2 (Equation 2). It has
been demonstrated that Pd nanoparticles between 5-7 nm primarily
follow a direct oxidation pathway (Zhou and Lee, 2008). This shows that
during Pd-catalyzed biological AF, CO is not generated (Kannan et al,,
2014). As a result, the material's durability is significantly increased.

Amodic formate oxidation peak (E'V vs. SCE)

PAC (5%) 13 [} 3l 61
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Figure 6 : Cyclic voltammograms of (A) commercial Pd/C (5%) on a GC electrode; (B) redox potential of different bio- Pd and commercial Pd/C (5%); (C)
Bio-Pd-B on a GC electrode in 1% formate and 0.10 M pH 7.0 phosphate buffer solution ; and (D) pure S. oneidensis MR-1 on GC. The scan rate 10 mV/s.
Inset figures in (A) and (C) show CVs of commercial Pd/C ( 5%) and Bio-Pd-B on GC in 0.10 M pH 7.0 PBS without formate, respectively
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Figure 8: Mechanism illustrations of bio-Pd catalyzed reduction of Cr(VI).
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4.. CONCLUSION

In this study, biological Pd that can successfully catalyze the reduction of
Cr(VI) at room temperature under aerobic conditions was produced using
S. oneidensis MR-1. The cell has an impact on FA size, extracellular
dispersibility, and oxidative capability. Inform Pd. The smallest mean
particle size in the top chart is 6,331.69 nm. Pd 9:1 (Pd B biology) (Pd B
biology). Additionally, it possesses the lowest electrocatalytic potential (-
0.132 V), which is 0.158 V lower than that of commercial Pd/C, for FA
oxidation and breakdown (5 percent). A 200 mg/L Cr(VI) solution could
be entirely catalytically reduced by a tiny, uniformly distributed
extracellular bio-Pd-B in 10 minutes, whereas commercial Pd/C (5%) took
much longer. It maintained a high redemption rate and took at least 45
minutes. Microorganisms are crucial to the process because they can
entirely decrease Cr(VI), effectively mobilize Pd NPs, and effectively
absorb Cr (III). This work offers recommendations for the design and
development of bio-Pd catalysts that are effective and environmentally
safe for reducing chromium contamination as well as for the large-scale,
environmentally friendly, controlled synthesis of bioactive Pd. productive
education in uncomplicated, relaxed surroundings.
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