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Palladium nanoparticles (PdNPs) can catalyse a range of reductive chemical reactions transforming both organic
and inorganic environmental pollutants. PdNPs that ranged from < 2 to 2–40 nm were synthesized using chemical methods, and bacterial biomass with/without chemical ﬁxatives. PdNP formation was enhanced by adsorption of Pd(II) to bacterial biomass, followed by ﬁxation with formate or glutaraldehyde. TEM-SAED analyses
conﬁrmed that the cell associated PdNPs were polycrystalline with a face-centered cubic structure. Chemically
formed PdNPs possessed a higher Pd(0):Pd(II) ratio and produced structurally similar nanoparticles as the biotic
systems. These PdNPs were employed to catalyze two, reductive chemical reactions, transforming 4-nitrophenol
(4-NP) and hexavalent chromium [Cr(VI)], into 4-aminophenol and Cr(IV), respectively. In the reduction of 4NP, the catalytic performance was directly proportional to PdNP surface area, i.e., the smallest PdNPs in formatePdCH34 cells had the fastest rate of reaction. The mass of Pd(0) as PdNPs was the main contributor to Cr(VI)
reduction; the chemically synthesized PdNPs showed the highest removal eﬃciency with 96% at 20 min. The use
of glutaraldehyde enhanced the reduction of Pd(II) and promoted PdNPs formation, i.e., creating an artefact of
ﬁxation; however, this treatment also enhanced the catalytic performance of these PdNPs.
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1. Introduction

essential nutrient for some organisms (Dai et al., 2018). The reduction
of Cr(VI) to Cr(III) can be catalysed by nanoparticles and is, therefore,
an excellent option for toxic Cr(VI) remediation (Celebi et al., 2016).
Bacterial ultra-thin sections are commonly used for intracellular
nanoparticle observation, however, the inﬂuence of chemical ﬁxatives
on nanoparticles’ formation and their catalytic performance was previously unknown. In this study, PdNPs with diﬀerent sizes were synthesized using C. metallidurans CH34 cells with and without formate or
glutaraldehyde (glut) as ﬁxatives (chemical reductants). The morphological and structural characteristics of PdNPs synthesized by both
chemical and biological methods were analysed using scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS). Additionally, the catalytic performance of diﬀerent PdNPs for the reduction of 4-NP and Cr(VI) was
examined using ultraviolet to visible spectroscopy.

Palladium (Pd) is a signiﬁcant precious metal that has been applied
in many industries such as catalyst, chemical, electronic, and glass
(Froehlich et al., 2017). As one of the main components of automobile
catalysts, the Pd emission in exhaust gas has resulted to the release of
Pd into the environment, as airborne particulate matter (Tilch et al.,
2000), road and tunnel dust (Leśniewska et al., 2004), sewage sludge
(Leopold et al., 2008), and soil taken from areas of high traﬃc density
(Leopold et al., 2017). The consumption of Pd and its increasing demand has led to a parallel increase in Pd price (Tan et al., 2017). Hence,
it is essential to improve the eﬃcient use and eﬀectiveness of Pd materials.
PdNPs have received signiﬁcant attention in recent years for their
superior catalytic performance in reduction, oxidation and CeC coupling reactions (Li et al., 2015). These properties are due to the advantages of high surface-area-to-volume ratio, highly ordered structure
and densely populated unsaturated surface coordination sites (Ncube
et al., 2015). Palladium ions can be reduced to zero-valent nanoparticles by physicochemical methods, such as the sonochemical,
electrochemical and wet chemistry methods (Saldan et al., 2020). Unfortunately, such nano-dimensional materials (in the 1−100 nm size
domain) are generally unstable because of their large active surface
area, resulting in self-aggregation, and thus the reduction of catalytic
activity (Wu et al., 2013; Yuan et al., 2010). A variety of stabilisers
including organic ligands, salts/surfactants, polymers and dendrimers
are typically introduced during the chemical formation of PdNPs
(Cookson, 2012), generating undesirable waste streams (Yates et al.,
2013). In some cases these surfactants can also form strong chemical
bonds on the surface of PdNPs severely limiting their catalytic potential
(Chen et al., 2011; Mazumder and Sun, 2009).
Alternatively, the biological synthesis of nanoparticles utilizing
microorganisms is a simple, inexpensive, and environmentally benign
method to obtain nanoparticles of high mono dispersity. The bacteria
can serve as a stabiliser and disperser to circumvent the aggregation of
nanoparticles (Xu et al., 2018). Both living and dead microbial biomass
can produce intracellular or extracellular inorganic nanoparticles (De
Windt et al., 2006; Lengke et al., 2007; Windt et al., 2005; Yates et al.,
2013). Plectonema boryanum UTEX 485 (Lengke et al., 2007), Shewanella oneidensis MR-1 (Xu et al., 2018), Escherichia coli (Mikheenko
et al., 2016) and Desulfovibrio desulfuricans (Bennett et al., 2013;
Creamer et al., 2007), Enterococcus faecalis (Cui et al., 2017) and Bacillus sphaericus (Creamer et al., 2007) have been reported to adsorb Pd
(II) and synthesize PdNPs in their bacterial biomass. The metal-resistant
bacterium - Cupriavidus metallidurans CH34 (C. metallidurans CH34)
harbours plasmids enabling detoxiﬁcation of various heavy metals, including Ni(II), Co(II), CrO42−, Hg(II), Ag(I), Cd(II), Cu(II) and Pb(II)
(Monchy et al., 2007). C. metallidurans CH34 can also form gold
(Montero-Silva et al., 2017; Srivastava and Mukhopadhyay, 2015),
platinum (Campbell et al., 2018) and silver (Ledrich et al., 2005) nanoparticles in cells, however, the formation of PdNPs using this strain
and reductants have not been fully studied.
Whole cells with PdNPs could potentially be used as catalysts for
promoting remediation reactions of environmental pollutants, i.e., the
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) and the
reduction of Cr(VI) to Cr(III). 4-NP, a pollutant toxic to aquatic life and
human health (Le et al., 2014), is a widely used chemical for the
synthesis of pharmaceutical products, dyes and explosives (Le et al.,
2015). The catalytic reduction of the nitro group using metal nanoparticles is expected to be the most eﬃcient, green, and economical
method for reducing 4-NP toxicity (Chiou et al., 2013). Cr(VI) is a
highly toxic agent that is carcinogenic, mutagenic and teratogenic to
organisms (Gao et al., 2018). It is a by-product of industrial operations,
which include metallurgy, leather tanning and pigment manufacturing
(Gao et al., 2018). In contrast, Cr(III) (as Cr(OH)3(s)) is less toxic and
less mobile in nature, and trace amounts of Cr(III) are recognized as an

2. Materials and methods
2.1. Bacterial culture
Cupriavidus metallidurans CH34 (ATCC®43123) was acquired from
the American Type Culture Collection in Manasssas, VA, USA. Cells
were propagated from an agar plate colony in 100 mL Difco™ nutrient
broth (BD Co., USA) at 30 °C and 120 rpm for 12 h on a shaker table.
Then, 20 μL of culture was inoculated to 100 mL fresh nutrient broth for
another 12 h under the same conditions (Campbell et al., 2018). The
culture was centrifuged at 11,200 x g for 10 min to form a pellet, then
washed twice with Milli-Q water under the same conditions, i.e., blank
CH34 cells.
2.2. Palladium (II) adsorption and reduction
To get a suspension of OD600 = 1.758 (equivalent to 20 g wet
biomass per litre), a suitable amount of Milli-Q water was added to the
washed bacterial pellet. Sixty mL of bacterial suspension was added to
60 mL of 1.45 mM (154 mg/L) Pd(II) solution to get a ﬁnal bacterial
concentration of 10 g/L and a Pd (II) concentration of 0.72 mM (77 mg/
L). Samples were covered with aluminium foil to prevent photochemical reduction and shaken at 120 rpm at 30 °C. After 3 h incubation, the bacterial suspensions were equally divided into the three
groups and centrifuged at 11,200×g for 10 min; the supernatant was
then acidiﬁed to a volume of 2% nitric acid. The supernatant was sent
to Australian Laboratory Services (ALS), Brisbane, Australia, and examined using inductively coupled plasma mass spectrometry (ICP-MS)
analysis with a detection limit of 0.001 mg/L. For Pd(II) reduction, cells
possessing adsorbed-Pd were washed twice with Milli-Q water at
11,200 x g for 5 min, and the pellets were used for three diﬀerent
treatments (54% of the Pd (II) [41.34 mg] adsorbed to 10 g wet biomass):

• PdCH34 pellet, no further treatment. The viability of PdCH34 cells
•

•

2

was determined by ﬂuorescent microscopy using LIVE/DEAD®
BacLight™ bacterial viability kits (L-7012, Molecular Probes, Inc.,
Eugene, Oregon).
Formate-PdCH34 (De Windt et al., 2006), 40 mL of degassed sodium
formate (25 mM) was added to the bacterial pellet and transferred to
serum bottles. The solution was ﬂushed with N2 for 1 h to drive oﬀ
the dissolved O2, then sealed with butyl rubber stoppers, covered
with Al foil, and agitated on a shaker table for 12 h at 120 rpm and
30 °C. After 12 h, the cells were collected and washed twice with
Milli-Q water (11,200×g for 5 min).
Glutaraldehyde treatment (glut-PdCH34), two mL of 250 mM glutaraldehyde (2.5%(aq)) was used to ﬁx the bacterial pellet in the dark
(to prevent photochemical reactions) without agitation. After 12 h,
the cells were collected and washed twice with Milli-Q water
(11,200×g for 5 min).
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Formate (a monovalent ﬁxative) and glutaraldehyde (a divalent
ﬁxative) were used as chemical controls: 20 mL volumes possessing
0.78 mM Pd(II) solution (to match the amount of Pd(II) that was adsorbed + precipitated by the bacteria) was added to 20 mL 50 mM
degassed formate and to 20 mL of 500 mM glutaraldehyde (5.0% (aq))
under the same reaction conditions as biotic experiments. The PdNPs in
formate and glutaraldehyde chemical controls were collected and washed twice with Milli-Q water at 11,200×g for 10 min.

collected on carbon-coated 100-mesh copper grids (Campbell et al.,
2018). The high-resolution transmission electron microscopy (HRTEM),
high-resolution high-angle annular dark ﬁeld-scanning transmission
electron microscopy (HAADF-STEM), and the selected area electron
diﬀraction (SAED) were performed on the Philips Tecnai FEI F20 FEGSTEM at 200 kV.
2.5. X-ray photoelectron spectroscopy

2.3. Scanning electron microscopy

The PdNPs in the glutaraldehyde chemical control, PdCH34, and
formate- and glut-PdCH34 cells were freeze-dried for XPS analyses.
Data was acquired using a Kratos Axis ULTRA X-ray Photoelectron
Spectrometer incorporating a 165 mm hemispherical electron energy
analyser. The incident radiation was monochromatic Al Kα X-rays
(1486.6 eV) at 150 W (15 kV, 10 ma). Survey (wide) scans were taken
at an analyzer pass energy of 160 eV and multiplex (narrow) high-resolution scans at 20 eV. Survey scans were carried out over 1200−0 eV
binding energy range with 1.0 eV steps and a dwell time of 100 ms.
Narrow high-resolution scans were run with 0.05 eV steps and 250 ms
dwell time. Base pressure in the analysis chamber was 1.0 × 10−9 torr
and during sample analysis 1.0 × 10−8 torr. The obtained spectra were
referenced to C 1s peak at 284.8 eV assigned to the adventitious carbon
for all samples. Atomic concentrations were calculated using the
CasaXPS version 2.3.14 software and a Shirley baseline with Kratos
library Relative Sensitivity Factors (RSFs). Peak ﬁtting of the high-resolution data was also carried out using the CasaXPS software.

2.3.1. Sample preparation
The blank, formate- and glut-PdCH34 cells prepared as mentioned
above were further ﬁxed with 2 mL of 250 mM glutaraldehyde overnight to ensure preservation of the cells (note, no new nanoparticles
were observed). Fixed bacteria were dehydrated using a series of 20,
40, 60, 80 and 2 × 100% ethanol solutions with samples being treated
for 15 min at each concentration. The chemical drying agent hexamethyldisilizane (HMDS) was used to dry the cells after ethanol dehydration. A series of mixed solutions with HMDS:absolute ethanol in
ratios of 1:2, 2:1 and 100% HMDS were added with 20 min incubations.
For secondary electron SEM, HMDS cell suspensions were dropped
onto silicon wafers and dried at 40 °C overnight under vacuum. The
samples were then plasma cleaned using an Evactron ZephyrTM Plasma
Cleaner (XEI Scientiﬁc, USA) before imaging. For energy-dispersive Xray analysis (EDS), cell powders (after HMDS treatment) were placed
onto carbon tape, plasma cleaned and carbon-coated (10 nm) before
imaging.

2.6. PdNPs catalytic performance in 4-NP and Cr(VI) reduction
2.3.2. SEM observation and EDS analysis
A JEOL 7800 SEM, operated at 1 kV and a 6 mm working distance
with an upper secondary electron detector was used for obtaining highmagniﬁcation images without coating the samples. A JEOL 7001 SEM
was used for EDS analysis operating at 10 kV and a working distance of
10 mm.

The chemically formed PdNPs, blank cells, PdCH34, formatePdCH34, and glut-PdCH34 cells were freeze-dried and used for 4-NP
and Cr(VI) reduction. To analyse the catalytic performance of chemically formed PdNPs, 0.4 mg of PdNPs from the glutaraldehyde chemical
control was added to 5 mL Milli-Q water. In this study, the ratio of wet
weight:dry weight of C. metallidurans CH34 was 10:0.4525, and 0.39
mM (41.34 mg) of Pd (II) was adsorbed by 10 g wet biomass (equivalent
to 91.36 mg/g dry biomass). Therefore, 4.3 mg of blank cells, 4.7 mg of
PdCH34 cells, formate- and glut-treated cells were added to 5 mL MilliQ water to compare the PdNPs performance with the same amount of
chemically formed PdNPs. All samples were sonicated in ultrasonic
washer for 60 min to distribute PdNPs and PdNP-loaded cells. For 4-NP
reduction (Xu et al., 2018), 250 μL of 1000 μM 4-NP, 720 μL of Milli-Q
water and 30 μL PdNPs or PdNP-loaded cells were added and mixed in a
cuvette, the degradation was initiated by adding 1000 μL of 10 mM
sodium borohydride. The 30 μL PdNPs or PdNP-loaded cells was replaced with 30 μL Milli-Q water in blank control to eliminate the
background of 4-NP reduction. The absorbance was measured in 2, 4, 6,
8, 10, 15, 30, 45 and 110 min using a UV–vis Spectrophotometer
(ThermoFisher Scientiﬁc, US) between 250−600 nm, and the absorbance at the 400 nm wavelength was used for the calculation of remove
eﬃciency. Cr(VI) reduction (Ng et al., 2019) was conducted in 4-(2Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buﬀer system
to maintain an neutral pH [35]. Speciﬁcally, 1000 μL of 2000 μM
Na2CrO4 (in 30 mM HEPES buﬀer), 770 μL of 30 mM HEPES buﬀer and
30 μL of PdNPs or PdNP-loaded cells were added and mixed in a cuvette, and the reaction was initiated by adding 200 μL 10% formic acid.
Likewise, the 30 μL PdNPs or PdNP-loaded cells was replaced with 30
μL Milli-Q water in blank control to eliminate the background of Cr(VI)
reduction. The absorbance was measured at 1, 10, 20, 30, 40, 50, 60,
120, 330 and 1320 min between 250−600 nm. The Cr(VI) removal
eﬃciency were calculated according to the absorbance at a wavelength
of 362 nm using the following equation:

2.4. Transmission electron microscopy
2.4.1. Whole-mount cells observation
A micropipette tip was used to sample blank, PdCH34, formatePdCH34 and glut-PdCH34 cells, and then the bacteria were suspended
in a drop of Milli-Q water. Twenty μL of suspension was dropped to
Formvar carbon-coated 200-mesh gold grids (ProSciTech Pty. Ltd.,
Australia) and incubated for 10 min at room temperature to allow for
bacterial attachment. Grids were dipped in ﬁlter-sterilized Milli-Q
water ﬁve times to remove any salt, then air-dried prior to microscopy.
Whole-mount cells were imaged using a Hitachi HT7700 transmission
electron microscope operating at 80 kV. The sizes of the PdNPs were
measured using ImageJ software.
2.4.2. Ultra-thin sections
Blank CH34 and formate-PdCH34 were ﬁxed overnight using 2 mL
of 250 mM glutaraldehyde, no additional glutaraldehyde was added to
the glut-PdCH34. Cells were pelleted by centrifugation (3000×g) to
decant the glutaraldehyde, and the pellets embedded in 2% (w/v) noble
agar (Difco Laboratories). The agar was then cut into small blocks and
dehydrated using a 50%, 70%, 90% and 2 × 100% ethanol series in a
microwave (PELCO BioWave® Microwave Processor, Ted Pella Inc.) for
40 s at 250 W without vacuum. The resin inﬁltration was done by
slowly replacing the ethanol with EMS epoxy resin, the agar blocks
were incubated in a series of resin mixtures (resin:ethanol = 1:2, 1:1,
2:1 and 2 × 100% resin) in a Biowave microwave for 3 min each at 250
W under low vacuum. The samples were transferred to silicone molds
with 100% resin overnight for polymerization. Embedded samples were
ultra-thin sectioned using a Leica Ultracut UC6 microtome (Leica,
Austria) equipped with a diamond knife to a thickness of 100 nm and

Remove eﬃciency (%) = (A0–At)/A0
Where A0 is the absorbance at time 0, At is the absorbance at time t.
3
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Fig. 1. Secondary electron SEM micrographs and EDS analysis for blank CH34 cells (a,b), formate-PdCH34 cells (c,d) and glut-PdCH34 cells (e,f).

3. Results and discussion

gluteCH34 (Fig. 1d and f) in comparison to blank CH34 cells (Fig. 1b).
Ion exchange in bacterial cell envelopes is believed to be the main
mechanism for bacterial adsorption (Feng et al., 2007), however, the
dispersal of PdNPs throughout the cytoplasm suggests that adsorption
can occur throughout the cells.

3.1. SEM-morphological characteristics
The morphological characteristics before and after Pd(II) reduction
are shown in Fig. 1. In this SEM analysis, glutaraldehyde ﬁxation,
ethanol series dehydration, and HMDS drying were used for sample
preparation, which has been shown to preserve the morphology of
extracellular polymeric substances, and reduce cell distortion and
shrinkage (Lee and Chow, 2012). Because it was not ﬁxed, the PdCH34
sample was omitted from the SEM observations. After Pd(II) adsorption
and reduction, the CH34 cells remained structurally intact (Fig. 1). The
blank CH34, and formate and glut-PdCH34 cells were morphologically
similar. While no PdNPs were observed on the surface of the bacterial
cells in this study, spherical Pd-Pt NPs were observed on the cell envelope of Shewanella oneidensis MR-1 in a similar project (Xu et al.,
2018). The EDS spectrum conﬁrmed the uptake of Pd in formate- and

3.2. TEM-PdNPs in whole bacterial cells
PdNPs in the glutaraldehyde chemical control, PdCH34, and formate- and glut-treated cells were examined using TEM. The formate
chemical control solution began with a brownish colour then became
transparent overnight (Fig. 2b); this could be attributed to the reduction
of Pd(II) and aggregation of Pd(0) nanoparticles (Fig. 2a). In the glutaraldehyde control, the solution became dark brown after reacting
with Pd(II) overnight. TEM whole mounts (Fig. 2c) demonstrate that
the dendrite-shaped PdNPs formed were generally homogeneous in
size, ranging from 20−40 nm with an average size of 34.3 ± 8.1 nm;
4
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Fig. 2. TEM whole mounts and light micrographs of PdNPs in chemical controls and diﬀerent CH34 cells. (a) TEM image for PdNPs formed in formate chemical
control; (b) photographs of an aged formate and a glutaraldehyde chemical control; (c) TEM image for PdNPs in glutaraldehyde chemical control; (d) TEM image for
PdCH34 whole-mount cells; (e) TEM image for formate-PdCH34 whole-mount cells; (f) TEM image for glut-PdCH34 whole-mount cells.

molecular weight, e.g., tricarboxylic acid cycle intermediates, and high
atomic mass polymers that could promote Pd-reduction. In the wellsealed serum bottles/anaerobic conditions employed in this study, H2
could further serve as an electron donor for Pd(II) reduction (Windt
et al., 2005); open, formate-reducing systems (loss of H2) remained
brownish, producing less PdNPs than the sealed systems.
Glutaraldehyde was introduced as a ﬁxative for electron microscopy
in 1963 (Sabatini et al., 1963), and bacterial thin sections were considered a direct and powerful way to visualize the nanoparticles inside
cells (Bennett et al., 2013; De Windt et al., 2006; Deplanche et al., 2010;
Ng et al., 2019). However, the glutaraldehyde chemical control and
glut-PdCH34 demonstrated that glutaraldehyde could reduce Pd(II) into
Pd(0) and form PdNPs. The following two-step mechanism was proposed for Pd(II) binding and reduction by glutaraldehyde:

however, after one week, the glutaraldehyde solution particles formed
aggregated grains (data not shown). After Pd(II) adsorption and reduction, PdCH34 cells were stained with a few PdNPs with size of ca. 5
nm shown in the whole-mount image (Fig. 2d). In contrast, the formatePdCH34 cells had a greater number of ﬁne, black (electron-dense) nanoparticles (< 2 nm) enriched in the cell envelope, while the cytoplasm
remained stained (Fig. 2e). After glutaraldehyde reduction, small dendrite-shaped PdNPs similar to the glutaraldehyde chemical control were
observed, ranging from 10−20 nm with an average size of 12.4 ± 4.2
nm (Fig. 2f); the cells were still stained when compared with blank
CH34. PdNP size is related to the atomic mass of the reductant(s) or
dispersing agents; the binding aﬃnity between Pd(II) and reductant;
and lastly, the speed of PdNPs nucleation and growth (Wang et al.,
2012). Therefore, the larger molecule size combined with the slower
reactivity of glutaraldehyde to Pd(II) could contribute to slower PdNP
crystallization, leading to larger PdNPs in comparison to that of formate-treated cells. Compared with the chemical controls, the bacterial
cells acted as a dispersing agent, forming small PdNPs and preventing
self-aggregation. Furthermore, the high Pd(II) concentration (0.72 mM)
in the absence of food, i.e., in buﬀer led to the death of cells (visualized
using Bac-Light™ ﬂuorescent microscopy, data not shown), which was
consistent with De Windt et al. (2006) who reported that planktonic
bacterial cells substantially lose viability when exposed to > 0.47 mM
Pd(II). These non-viable bacterial cells acted as both a complex of
functional groups for Pd(II) adsorption as well as an electron donor for
Pd(II) reduction.
Chemically, dispersed PdNPs can be formed in sodium formate
aqueous solution when catalysed by citric acid [2HCOONa + Pd2+ =
2Na+ + H2(g) + CO2(g) + Pd(0)(s)] (Wang et al., 2012). In this experiment, the bacterial (cytoplasm) would contain an abundance of low

1 Pd(II) binding: the commercial glutaraldehyde solution contains
hemihydrate, dihydrate and the cyclic hemiacetal (Whipple and
Ruta, 1974); the hydroxyl in these chemicals could contribute to the
Pd(II) binding/extraction via ion exchange.
2 Pd(II) reduction: glutaraldehyde could slowly decompose to form
glutaric acid in an aqueous system because of the O2 oxidation
(Coupland and Hopwood, 1966; Gillett and Gull, 1972). Similarly, it
could happen using Pd(II) as oxidizer: [C5H8O2 + 2Pd2+ = C5H8O4
+ 2Pd(0)(s) + 4H+], the carboxyl in glutaric acid provides another
ideal functional groups for Pd(II) adsorption by ion exchange.

3.3. HRTEM-PdNPs structure in bacterial thin sections
HAADF-STEM with EDX was used to conﬁrm the structure of PdNPs
inside formate- and glut-PdCH34. Thin sections of formateeCH34
5
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Fig. 3. Dark-ﬁeld TEM images and X-ray maps of palladium for formate-PdCH34 (a, b) and glut-PdCH34 (c, d) ultra-thin sections. In plots ‘a, c’ cytoplasm is
attributed to white pixels, and in ‘b, d’, the green pixels are Pd. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article).

comparison to the PdNPs in glutaraldehyde chemical control; however,
SAED patterns of these two samples were identical (Fig. 4d), indicating
the same crystal structure. The Bragg reﬂection of (1,1,1), (0,0,2),
(0,2,2) and (1,1,3) further conﬁrmed the PdNPs were polycrystalline
(Kumar and Saxena, 1989). PdNPs with diﬀerent structures have been
synthesized using chemical and biological methods. Dendrite-shaped
PdNPs covered on graphene surface were chemically synthesized, and
the SAED image exhibited a diﬀraction pattern corresponding to
(1,1,1), (2,0,0), (2,2,0) and (3,1,1) lattice facets of fcc Pd (Sahu et al.,
2013). Bimetallic Pd-Cu nanoparticles synthesized with octadecylamine, were found to possess lattice fringes between fcc Pd (0.224 nm)
and a Cu (0.209 nm) crystal phase in the (111) plane using HRTEM
analysis (Mao et al., 2014). The biosynthesis of ultra-ﬁne, spherical
PdNPs with a size range from 2.3 to 7.5 nm was synthesized using gum
ghatti (Anogeissus latifolia); HRTEM and SAED analyses conﬁrmed fcc
structure for PdNPs (Kora and Rastogi, 2018). Similarly, PdNPs with fcc
crystal structure were synthesized by reducing the palladised Desulfovibrio desulfuricans biomass using H2 (Bennett et al., 2013).

showed well-dispersed PdNPs mostly located in the cell envelope or
inside cells associated with condensed cytoplasm (Fig. 3a and b), while
most of the PdNPs in glut-PdCH34 were found in the cytoplasm (Fig. 3b
and d). It should be noted that Pd(II) was also observed in association
with organics constituents (cytoplasm) (Fig. 3a, b and c, d). Furthermore, the homogenous nature of PdNPs in formate-PdCH34 cells demonstrated that Pd(II) ions were stabilized in the process of formate
treatment and further glutaraldehyde ﬁxation had no eﬀect (formatePdCH34 was ﬁxed using glutaraldehyde for thin section preparation).
The cellular organics played a key role in the biosynthesis of PdNPs, for
example, the biomolecules in bacterial biomass can provide preferential
nucleation sites (Xu et al., 2018), and the metabolites could act as
electron donors (formate, pyruvate and lactate) (Windt et al., 2005) and
catalysts (citric acid) (Wang et al., 2012) for Pd(II) reduction.
HRTEM images of PdNPs in glutaraldehyde chemical control, formate- and glut-PdCH34 are shown in Fig. 4. The interplanar spacing of
the 0.21−0.23 nm and 0.19 nm were in agreement with the metallic
lattice fringes of face-centred cubic (fcc) Pd (1,1,1) plane with the space
of 0.224 nm, and Pd (0,0,2) plane with the space of 0.194 nm (Bennett
et al., 2013; Mao et al., 2014; Wang et al., 2012; Wunderlich et al.,
1990). The PdNPs in glut-PdCH34 had a weaker diﬀraction pattern in
6
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Fig. 4. High-resolution TEM images and SAED pattern for PdNPs. (a), PdNPs in the glutaraldehyde chemical control; (b), PdNPs in formate-PdCH34 ultra-thin
section; (c) PdNPs in glut-PdCH34 ultra-thin section; (d) SAED pattern for PdNPs in the glutaraldehyde chemical control (green rings) and glut-PdCH34 ultra-thin
section (red dots). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

2007; Zhou et al., 2006). The diﬀerence of supporting material in
chemical control and cells could explain the positive shifts of metal Pd
(0) binding energy. Golub et al. (2019) reported that the Pd(0)3d5/2 line
at 335.0 eV in unsupported bulk metal shifted to 335.8 eV in the
carbon-supported sample and shifted to 336.4 eV for the melaminbased sample (Golub et al., 2019). Taking into account the adsorption
system and TEM data, the second component at 338.3 (Pd3d5/2) and
343.6 eV (Pd3d3/2) were attributed to Pd(II), which could be derived
from O-Pd-O bonds in glutaraldehyde chemical control because of the
incorporation of Pd(II) in polymer cross-link process (Huang et al.,
2012), and from Pd(II) adsorption by functional groups in the cells. The
high Pd(II) to Pd(0) ratio shown in the Pd3d spectrum (Fig. 5d) was
consistent with the dark-stained cells and a few PdNPs in TEM images
of PdCH34 cells. The formate-and glut-PdCH34 cells possessed more
reduced Pd(0) compared with PdCH34; however, XPS spectra revealed
that all of the cells possessed more Pd(II) than Pd(0) (Fig. 5d, f and h).
Two more peaks observed at 336.6 and 341.9 eV in glutaraldehyde
chemical control can be attributed to Pd(II) 3d5/2 and Pd(II) 3d3/2 for
PdO, which may have originated from the surface oxidation of PdNPs
during the XPS sampling procedure (Celebi et al., 2016; Nyholm and
Martensson, 1980).

3.4. XPS-Pd chemical state analysis
XPS was used to evaluate the chemical state of palladium in the
chemical control, PdCH34, formate-PdCH34, and glut-PdCH34 cells
(Fig. 5). Survey spectra showed only palladium, oxygen and carbon in
the glutaraldehyde chemical control (Fig. 5a), PdCH34 (Fig. 5c) and
glut-PdCH34 (Fig. 5g), and a sodium peak in the formate-PdCH34
(Fig. 5e) consistent with ionic interactions between Pd(II) and Na(I)
adsorbed by the bacterial cells (Morisada et al., 2011; Yong et al.,
2002). High-resolution XPS spectra of Pd3d showed a measurable difference between inorganic chemical reactions versus organic reactions/
cells. In the glutaraldehyde chemical control (Fig. 5b), double peaks
with binding energies at 335.6 eV and 340.9 eV were ﬁtted, corresponding to Pd3d5/2 and Pd3d3/2 of metal Pd(0) (Sun et al., 1998;
Suwannarat et al., 2018; Yang et al., 2013). The binding energies of Pd
(0) increased slightly (from 335.6 eV to 336.4 ± 0.2 eV and from 340.9
eV to 341.7 ± 0.2 eV) in PdCH34 (Fig. 5d), formate-PdCH34 (Fig. 5f)
and glut-PdCH34 cells (Fig. 5h). The positive chemical shifts in the
bacterial cells in comparison to chemical control may be attributed to
several factors, including small particle size, palladium cluster compounds, and chemically bonded palladium complexes (Lengke et al.,
7
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Fig. 5. XPS survey spectra and high resolution XPS spectra of Pd 3d from PdNPs in the glutaraldehyde chemical control (a, b); PdCH34 cells (c, d); formate-PdCH34
cells (e,f) and glut-PdCH34 cells (g, h).

2014). A new peak of 4-AP at 313 nm appeared as the reduction of 4-NP
occurred (data not shown). As shown in Fig. 6a, blank CH34 cells
showed no reduction of nitro-group with the same absorbance of pure
4-NP control, indicating that the 4-NP reduction was not possible
without a metal catalyst. In PdNP-loaded bacteria, the 4-NP reduction
rate showed a strong, inverse PdNP size-dependence in an order of
formate-PdCH34 (< 2 nm) > PdCH34 (ca. 5 nm) > glut-PdCH34
(10−20 nm), although, interestingly, all three reactions ‘stopped’ at a
removal eﬃciency of 92% at 110 min. The glutaraldehyde chemical
control exhibited a contradictory ‘reduction eﬃciency’, between that of

3.5. PdNPs catalytic activity on reduction of 4-NP and Cr(VI)
The catalytic activity of PdNPs depends on several factors like
particle size (Zhou et al., 2006), particle chemical state (Penner et al.,
2006), the activity of facets (Fu et al., 2014) and edge/corner atoms
(Huang et al., 2013). In this study, PdNPs synthesized by chemical and
biological methods were used for 4-NP and Cr(VI) reduction.
In the reduction of 4-NP, the adsorption peak changed from 317 nm
to 400 nm after the addition of NaBH4, indicating the formation of 4nitrophenolate ions due to the alkalinity of the solution (Dong et al.,
8
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Fig. 6. Time-dependent 4-NP (a) and Cr(VI) (b) removal eﬃciency using diﬀerent PdNPs. Same icon were shared in ﬁgures: control, reaction system without any
PdNPs and cells; PdNPs, reaction system with PdNPs catalyst from glutaraldehyde chemical control; blank CH34, reaction system with blank CH34 cells; PdCH34,
reaction system with PdCH34 cells; formate-PdCH34, reaction system with formate-PdCH34 cells; glut-treated, reaction system with glut-PdCH34 cells.

PdNPs showed the highest Cr(VI) removal eﬃciency in all PdNPs (96%
at 20 min), likely because of the high Pd(0):Pd(II) ratio shown in the
XPS spectrum, since the PdNPs were created using the same total
amount of palladium. The Cr(VI) reduction by diﬀerent PdNPs revealed
that removal eﬃciency increased with the increase of PdNPs (catalyst)
in each reaction system, and with the smaller nanoparticles enhancing
catalytic performance.
The results demonstrated that the size and mass of PdNPs played an
important role in 4-NP and Cr(VI) reduction and that the physical
barrier of the cell membrane did not hinder the reduction process.
Damage to the cell envelope during Pd(II) uptake, which would have
been ‘ﬁxed’ during the reaction with glutaraldehyde may have enhanced permeability, facilitating catalysis within cells. Compared with
the chemically synthesized PdNP, the biosynthesized PdNP has several
advantages: (1) a smaller particle size, oﬀering more surface area for
catalytic reactions, such as 4-NP and Cr(VI) reduction; (2) the bacterial
biomass acts as stabiliser and disperser for PdNPs, reducing the PdNPs
aggregation; (3) the adsorption of PdNPs on bacterial biomass results in
a simpler reuse process since it can be done by centrifugation or ﬁltration. Biosynthesized PdNP were comparatively active or superior to
chemical PdNP in the Heck reaction, and are easily separated from the
products under gravity or by ﬁltration for reuse (6 times) with low loss
or agglomeration as compared to chemical PdNP (Bennett et al., 2013).

formate-PdCH34 and glut-PdCH34. This observation on its catalytic
performance may be explained by the greater ratio of Pd(0):Pd(II) in
the glutaraldehyde chemical control leading to a higher reduction efﬁciency than glut-PdCH34, while the larger chemical PdNPs (20−40
nm) resulted in a lower removal eﬃciency than formate-PdCH34 (< 2
nm).
The reduction of Cr(VI) to Cr(III) could be attained by using formic
acid (HCOOH) as a reductant and can be improved via the catalysis of
PdNPs (Omole et al., 2007). In PdNP catalysed transformations, formic
acid undergoes direct mineralization to CO2 and H2 [HCOOH = CO2(g)
+ H2(g)], and then H2 subsequently reduces Cr(VI) to Cr(III) on the
surface of the PdNPs (Cr2O72− + 8H+ + 3H2(g) = 2Cr3+ + 7H2O)
(Celebi et al., 2016; Fu et al., 2014). No reaction was observed without
a PdNP catalyst as no Cr(VI) was reduced with blank CH34 cells. Fig. 6b
shows that the mass of PdNPs in the bacterial cells played a critical role
in catalytic performance. A greater number of Pd(II) ions were reduced
to Pd(0) in formate-PdCH34 and glut-PdCH34, resulting in a higher
removal speed in comparison to PdCH34. Particle size was also a factor
for Cr(VI) removal rate. It took 330 min to achieve a removal eﬃciency
of 90% for the larger glut-PdCH34 nanoparticles versus the removal
eﬃciency of 85% in only 50 min for formate-PdCH34. The Cr(VI) reduction in PdCH34 system possessed the slowest reaction rate but underwent a continuously steady increase with the Cr(VI) removal eﬃciency reaching 92% after 44 h. This result was generally consistent
with that of formate- and glut-PdCH34. The chemically synthesized

Fig. 7. Schematic illustration for adsorption, reduction of Pd(II) and catalytic reaction of PdNPs to 4-NP and Cr(VI).
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A summary of the study is best depicted in Fig. 7 which illustrates
the adsorption and reduction of Pd(II) in C. metallidurans CH34 cells
and the PdNP catalysed 4-NP- and Cr(VI)-reduction. In the Pd(II) adsorption process, most of the Pd(II) ions are bound to cell organics
producing metal stained bacteria, with a small amount of Pd(II) ions
reduced to Pd(0) forming PdNPs. The Pd(II) adsorbed by the cell constituents could be reduced to Pd(0) by the addition of reductant ﬁxatives, such as formate and glutaraldehyde. Fine PdNPs (< 2 nm) formed
after the formate treatment, while PdNPs between 10−20 nm formed
with glutaraldehyde treatment. An increased ratio of Pd(0):Pd(II) occurred in the PdCH34 cells after formate or glutaraldehyde reduction,
and the highest PdNP Pd ratio was found in the chemical glutaraldehyde control. The size and mass of PdNPs played an important role
in the catalytic reaction, speciﬁcally, the small PdNPs in formatePdCH34 performed best with 4-NP and Cr(VI) reduction compared to
the PdNPs in glut-PdCH34; the highest Cr(VI) removal eﬃciency occurred in chemically formed PdNPs due to the highest PdNP ratio
compared with formate- and glut-PdCH34 cells. In summary, glutaraldehyde, a routine ﬁxative used in the preparation of bacterial ultrathin sections could reduce cell-adsorbed Pd(II) to Pd(0), generating
PdNP ‘artefacts’ in TEM. Thus the capability of Pd(II) reduction by
bacteria would be overestimated when using ultra-thin sections (ﬁxatives to preserve cells) to observe PdNPs in bacteria.
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