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ABSTRACT: Microbial reduction of perchlorate (ClO4
−) is emerging as a

cost-effective strategy for groundwater remediation. However, the effective-
ness of perchlorate reduction can be suppressed by the common co-
contamination of nitrate (NO3

−). We propose a means to overcome the
limitation of ClO4

− reduction: depositing palladium nanoparticles (Pd0NPs)
within the matrix of a hydrogenotrophic biofilm. Two H2-based membrane
biofilm reactors (MBfRs) were operated in parallel in long-term continuous
and batch modes: one system had only a biofilm (bio-MBfR), while the other
incorporated biogenic Pd0NPs in the biofilm matrix (bioPd-MBfR). For long-
term co-reduction, bioPd-MBfR had a distinct advantage of oxyanion
reduction fluxes, and it particularly alleviated the competitive advantage of
NO3

− reduction over ClO4
− reduction. Batch tests also demonstrated that

bioPd-MBfR gave more rapid reduction rates for ClO4
− and ClO3

− compared to those of bio-MBfR. Both biofilm communities were
dominated by bacteria known to be perchlorate and nitrate reducers. Functional-gene abundances reflecting the intracellular electron
flow from H2 to NADH to the reductases were supplanted by extracellular electron flow with the addition of Pd0NPs.
KEYWORDS: palladium nanoparticles, Pd-catalyzed reduction, intracellular electron transfer, perchlorate reduction

■ INTRODUCTION
Worldwide, groundwater has been contaminated with
perchlorate (ClO4

−) due to its widespread use in solid rocket
fuels, lubricating oils, pyrotechnics, and munitions.1,2 ClO4

−

contamination in groundwater generally is <100 μg/L although
it can reach or exceed 20 mg/L near ordnance factories.3

Perchlorate poses serious health threats to human beings by
interfering with the uptake of iodide and subsequently
inhibiting the thyroid’s hormone production.4 The World
Health Organization (WHO) set a limit for ClO4

− of 0.07 mg/
L in its Guidelines for Drinking Water Quality (GDWQ).5

Adsorption, ion exchange, and membrane filtration have
been employed to remove ClO4

−, but they are energy-intensive
and costly; they generate a highly contaminated brine.6 In
contrast, bioreduction of ClO4

− is a lower-energy and lower-
cost strategy that does not generate a brine.7 The key to
bioreduction is supplying a readily biodegradable electron-
donor substrate. Compared to traditional organic electron
donors − such as acetate, methanol, and lactate − hydrogen
gas (H2) and short-chain gaseous alkanes (e.g., methane,
ethane) are promising electron donors for perchlorate
bioremediation due to their advantages: relatively low cost,
minimal electron-donor residual, and widespread availability.
Delivering the gaseous donor via nonporous membranes that

accumulate a biofilm has been demonstrated for ClO4
−

reduction.3,8,9 An important factor is that nitrate (NO3
−) is a

common cocontaminant that often is present at a much higher
concentration.10 In this situation, perchlorate reduction can be
suppressed by competition from NO3

−, even when the electron
donor is available in excess.11

In dissimilatory ClO4
− bioreduction, ClO4

− is reduced in a
three-step process. Perchlorate reductase (PcrAB) catalyzes the
first two steps: reduction of ClO4

− to chlorate (ClO3
−) and

subsequent reduction of ClO3
− to chlorite (ClO2

−), with
NADH (the reduced form of nicotinamide adenine dinucleo-
tide) as the intracellular electron donor in both steps. The
bacteria use a chlorite dismutase (Cld) to catalyze ClO2

−

cleavage into innocuous chloride ion (Cl−) and molecular O2
at a high rate (k = 2.0 × 105 s−1).12,13 The O2 is reduced in
respiration by complex IV.14 Intracellular NADH is generated
by hydrogenase-catalyzed oxidation of H2 in hydrogenotrophic
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biofilm.15 Respiration involves the transfer of electrons from
NADH to several reductases that catalyze reductions of ClO4

−,
ClO3

−, O2, NO3
−, and NO2

−. This means that all respiratory
reductions compete for common NADH.

Here, we evaluate a strategy to eliminate the competition
from NO3

−: depositing palladium nanoparticles (Pd0NPs)
within the matrix of a hydrogenotrophic biofilm. Pd0NPs
immobilized in the biofilm matrix adsorb H2 and cleave it to
form activated H atoms (i.e., H*) to form [Pd−H*], which
can reduce a number of drinking-water contaminants,
particularly NO2

−.16−18 Pd0NP-catalyzed hydrogenation can
lower intracellular competition for NADH and accelerate
respiration, which must occur intracellularly. Previous work
documented an acceleration of the NO3

− reduction due to
synchronous enzymatic and catalytic reductions: NO3

−

reduction to NO2
− was entirely accomplished by bacteria,

while NO2
− reduction to N2 was primarily catalyzed by

Pd0NPs.19−21 When ClO4
− and NO3

− co-reductions occur,
diversion of electron flow away from intracellular NADH
consumption for NO2

− reduction to extracellular Pd0NP-
catalyzed reduction may enhance ClO4

− reduction during
NO3

− co-reduction by lowering the intracellular demand for
NADH.

This study assessed the impact of Pd0NP-catalyzed hydro-
genation on intracellular ClO4

− reduction within the context of
NO3

− co-reduction in a hydrogenotrophic biofilm. This was
achieved by comparing the reduction performances of two
parallel H2-MBfRs operated in long-term continuous and batch
modes. One system had only a biofilm, while the other
incorporated biogenic Pd0NPs in the biofilm matrix. Differ-
ences in the structure of the biofilm microbial community and
functional gene abundance were analyzed.

■ MATERIALS AND METHODS
MBfR Configuration. Operated in parallel were two

identical MBfRs, shown in Figure S1 and similar to our
previous studies.22,23 Each MBfR comprised a main column
containing a 32-fiber bundle and a sampling column containing
a 20-fiber coupon bundle for biofilm sampling. The fibers were
nonporous polypropylene hollow fibers (Teijin, Japan), which
supplied bubble-free H2 on-demand H2 to the biofilm attached
to the exterior surface. A peristaltic pump created completely
mixed conditions in each MBfR by setting a recirculation rate
of 100 mL/min. The temperature was maintained at 25 ± 1
°C. Details of physical parameters are summarized in Table S1.
Biofilm Inoculation and Biogenic Palladium Deposi-

tion. During biofilm inoculation and Pd0 deposition, H2 was
supplied to the MBfRs at a rate of 1.5 atm (absolute pressure).
The inoculum was collected from an anaerobic-anoxic-oxic
(AAO) reactor in the laboratory.24 The inoculum was divided
into two equal portions, and one portion was injected into each
of the parallel MBfRs. The inoculum was allowed to attach on
the exterior surface of the fibers to initiate the biofilm for 48 h.
Then, one of the MBfRs was drained and refed with a 100 mL
medium containing Pd(II) (2 mM Na2PdCl4) in a 5-mM
phosphate buffer at pH 8 to create a bioPd-MBfR.21,25 The
Pd(II) concentration was analyzed by inductively coupled
plasma−mass spectrometry (ICP-MS) (ICPMS 7700, Agilent,
USA). More than 99% of the added Pd(II) was reduced to
biogenic nanoparticle palladium (Pd0NPs) on the biofilm over
24 h. The total accumulation was 21 mg of Pd0NPs, giving a
Pd0 loading of 3.9 g of Pd0NPs/m2 for the bioPd-MBfR. The
MBfR without Pd0NPs is called the bio-MBfR.

We also created a Pd-containing membrane-film reactor
(Pd-MfR) without biofilm for batch tests using the same Pd0-
deposition method as for the bioPd-MBfR. It also had a Pd0

surface loading of 3.9 g Pd0NPs/m2.
Continuous Operation of the bio- and bioPd-MBfRs.

The two MBfRs were operated in parallel by using exactly the
same operating conditions. The feeding medium during the
entire operation contained 0.170 g KH2PO4, 0.100 g
Na2HPO4, 0.100 g NaHCO3, 1 mL trace element A solution,
and 1 mL trace element B solution in 1 L of deionized water.
The compositions of the trace-element stock solution are
summarized in Section S2. Before being fed to the MBfRs, the
medium was stored in the influent tank and deoxygenated by
sparging with 99.99% N2 gas for 20 min. The HRT of each
MBfR was maintained at 4 h over 100 days of continuous
operation. Changes in the ClO4

− and NO3
−−N concentration

(provided as KClO4 and NaNO3) and the supplied H2
(99.99%) pressure are summarized in Table 1. Each stage
was operated until the effluent concentration of ClO4

− and
NO3

−−N had ≤5% variation for at least 3 HRTs.

Chemical Analyses. Effluent samples were filtered through
a 0.22-μm membrane filter (25 mm PES, Titan, China)
immediately after daily collection using a 10 mL syringe. The
concentrations of ClO4

−, ClO3
−, ClO2

−, NO3
−−N, and

NO2
−−N were assayed by an ion chromatograph (Dionex

Aquion, USA) with an AS20 column and AG20 precolumn, an
eluent concentration of 10 mM KOH, and a 1 mL/min flow
rate. Considering that N2O and NO did not accumulate during
denitrification under circumneutral pH conditions26 and in the
Pd-catalyzed NO3

− reduction process,19 N2O and NO were
not examined as intermediates in this study. The concentration
of NH4

+−N was determined by the standard methods.27 No
accumulation of NO2

−−N, NH4
+−N, ClO3

−, or ClO2
− was

detected in the effluent of the MBfRs during continuous
operation. The pH of the medium was measured with a pH
meter (HQ1110, HACH, USA).
Flux Calculations. The theoretical maximum H2 flux (e−

eq/m2 d) was calculated by28

J
K
z

P P k
d z

d
( )H ,max

m

m
0 m lf 1

m m

m
2

=
(1)

where Km is the H2 permeability (m3 H2 @ standard
temperature and pressure m membrane thickness/m2 hollow
fiber surface area d bar), zm is the membrane thickness (m), P0
is the H2 pressure in the hollow-fiber lumen (bar), Pm−lf is the
H2 pressure in the interface of membrane and liquid film and
was set to 0 to give the maximum flux, k1 is the coefficient that
converts H2 from volume to mass (1 g/0.0112 m3 @ standard
temperature and pressure), and dm is the hollow fibers’ outer
diameter (m).

Table 1. Operating Conditions for Each Stage

stage NO3
−−N/mg L−1 ClO4

−/mg L−1 H2/atm duration/days

S0 10 2 1.50 23
S1 10 4 1.50 15
S2 15 4 1.50 15
S3A 15 4 1.68 22
S3B 15 4 2.02 14
S4 10 2 1.50 14
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The NO3
−−N and ClO4

− reduction fluxes expressed in
electron equivalents (eq e−/m2 d) were computed by

J
Q S S

A
5

14
( )

NO N
0

3
= ×

(2)

J
Q S S

A
8

99.5
( )

ClO
0

4
= ×

(3)

where S0 and S are the influent and effluent oxyanion
concentration (g/L), Q is the influent flow rate to the
MBfRs (L/d), A is the membrane surface area (m2), 5 is the
number of e− eq to reduce NO3

− to N2, 8 is the number of e−

eq to reduce ClO4
− to Cl− and H2O, 14 is the molecular

weight of N, and 99.5 is the molecular weight of ClO4
−.

Batch Tests in the MBfRs. We carried out parallel batch
tests using media containing ClO4

− or ClO3
− alone in bio-

MBfR, bioPd-MBfR, and Pd-MBfR. Batch tests are conducted
with 1.50 atm of H2 and between continuous-flow stages S3B
and S4. Liquid samples were taken at 0, 10, 20, 30, 60, 90, 120,
180, 240, and 300 min. During the interval of the batch tests,
the MBfRs were fed with a medium containing low
concentrations of ClO4

− and NO3
−, similar to that of S4. In

addition, a set of batch tests were conducted in the same
manner but without H2 supplied.
Biofilm Morphology and Solid-State Characteriza-

tion. At the end of S4, ∼3 cm-long coupon fibers of bioPd-
MBfR were cut off for transmission electron microscopy
(TEM, JEOL JEM-F200, Japan) equipped with energy
dispersive X-ray spectroscopy (EDS, Bruker Quad 5040,
Germany). Both main-column fibers of bio-MBfR and bioPd-
MBfR were desiccated in a freeze-dryer (FD1A-50, BILON,
China). The structure of the desiccated biofilm was analyzed
by using X-ray diffraction (XRD) with a Cu−Kα radiation
source (40 kV, 40 mA) and an X-ray diffractometer (Rigaku
Ultima IV, Japan). X-ray photoelectron spectroscopy (XPS)
was applied to analyze the valence state of Pd in desiccated
biofilm through a Thermo Scientific K-Alpha (ThermoFisher,
USA).
Biofilm Community and Function Analyses. Biofilm

samples were collected at the end of samples S2, S3B, and S4.
We cut off 18 cm-long sections from a coupon fiber from bio-
MBfR and bioPd-MBfR. The open end of the remaining fiber
was tied with 2 knots to avoid H2 leakage. Genomic DNA was
extracted with a DNeasy PowerBiofilm Kit (QIAGEN GmbH,
Germany) according to the manufacturer’s specifications. DNA
was quantified by Picogreen on a Quantus fluorometer
(Promega, USA) and absorbance (Nanodrop 2000, USA).
DNA contamination was detected by 1% agarose gel
electrophoresis. The metagenomic sequencing and analysis
processes are described in Section S4.

Microbial Community taxonomic annotations were con-
ducted against the NCBI-nr database using representative
sequences of the nonredundant gene catalog. Functional
annotation was conducted against the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database and Clusters of
Orthologous Groups of proteins (COG) databases using the
DIAMOND alignment algorithm with an e-value cutoff of 1 ×
e−5. The gene abundance was normalized by Reads Per
Kilobase Per Million mapped (RPKM).29

R L
L R

RPKM
( / ) 10

( )i
i i

i
n

j

6

1

= ×
× (4)

in which Ri represents the number of reads of genei (KB) in a
certain sample; Li represents the nucleotide length of Genei ;
and ∑1

n(Rj) represents the sum of reads corresponding to all
genes in the sample (KB). The gene set and calculation results
are listed in Table S2. All data from DNA samples’ sequencing
were deposited at the National Center for Biotechnology
Information (NCBI)/Sequence Read Archive (SRA) under
project PRJNA1067193.

■ RESULTS AND DISCUSSION
Biogenic Pd0NPs Associated with the Biofilms Matrix.

Figure 1 illustrates the retention and dispersion of biogenic

PdNPs in the biofilm of bioPd-MBfR. Figure 1A shows the
biofilm matrix associated with the membrane fiber. Figure
1B,C,F reveals that the majority of PdNPs were well-dispersed
around a bacterial cell within the biofilm matrix. The greater
magnification in Figure 1D shows that the PdNPs had a
diameter of 3.4 ± 0.7 nm based on 50 NPs. The lattice fringes
of the NPs (Figure 1E) confirm the dominant (1 1 1) planes of
Pd0, and Figure S2A points out four distinct diffraction peaks
of the bioPd biofilm that align with the Pd0’s feature-dominant
facets: 40.1° (1 1 1), 46.7° (2 0 0), 68.1° (2 2 0), and 82.1° (3
1 1). Figure S2B shows that Pd0 was the predominant valence
state for the Pd precipitates.
Co-Reduction of ClO4

− and NO3
− in Parallel MBfRs.

Figure 2A summarizes the influent concentration of ClO4
−

(inf. ClO4
−), effluent ClO4

− concentration of bioPd-MBfR (eff.
bioPd ClO4

−), and the effluent of bio-MBfR (eff. bio ClO4
−).

Figure 2B summarizes the concentrations of NO3
−−N, and

Figure S3 presents the e−-eq fluxes.
Quicker Start-Up of ClO4−-Reduction in bioPd-MBfR. In

S0, 2 mg/L ClO4
− and 10 mg/L NO3

−−N were fed to bio- and
bioPd-MBfRs, and both realized stable ClO4

− and NO3
−−N

reductions. However, bioPd-MBfR achieved an effluent ClO4
−

concentration <0.2 mg/L by Day 2, while bio-MBfR required
12 days to reach 0.2 mg/L. The effluent NO3

−−N of both
MBfRs stabilized at 0.6 ± 0.1 mg/L during the 23 days of S0.
Better Performance of bioPd with Higher Loading. When

the ClO4
− loading was doubled in S1, the average ClO4

−

effluent concentration in bioPd-MBfR increased to 0.6 ± 0.1
mg/L, compared to an increase to 1.2 ± 0.03 mg/L for bio-
MBfR. The average effluent concentration of NO3

−−N
decreased to 0.1 ± 0.1 mg/L in bioPd-MBfR, but it increased

Figure 1. BioPd-MBfR fibers TEM imaging observed at 2k × (A), 6k
× (B), 25k × (C), 200k × (D), 1000k × (E), and Pd (green) + O
(red)-element EDS mapping (F) of (C).
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to 2.6 ± 0.1 mg/L in bio-MBfR. As a result, the total oxyanion-
reduction flux (Figure S3A) of bioPd-MBfR increased, but it
decreased in bio-MBfR. The increased ClO4

− loading led to
higher reduction fluxes of ClO4

− and NO3
−−N in bioPd-MBfR

(Figure S3B,C), but the NO3
−−N reduction flux declined in

bio-MBfR.
When the influent concentration of NO3

−−N was increased
from 10 to 15 mg/L in S2, the e−-eq delivery flux needed for
total-oxyanion reduction exceeded the H2 supply, and this
strongly suppressed ClO4

−-reduction (Figure S3). Even
though both MBfRs had higher effluent ClO4

− than that in
S1 (Figure 2A), bioPd-MBfR performed better than bio-MBfR
for ClO4

− and NO3
−−N reductions. For example, the effluent

concentration of NO3
−−N was 2.6 ± 0.4 mg/L for bioPd-

MBfR versus 3.4 ± 0.2 mg/L for bio-MBfR (Figure 2B).
Lower Selectivity toward Nitrate Reduction for bioPd-

MBfR. Going from S2 to S3A, the reduction flux of oxyanions
increased with the increasing supply of H2 gas (the H2-delivery
capacity increased from 362 eq e− /m2 d to 407 eq e− /m2 d),
which was closer to the average H2 delivery flux for full
oxyanion reduction (436 ± 7 eq e− /m2 d). The distribution of
electron flux showed an increase in the proportion for ClO4

−

from 2.3 to 4.2% in bioPd-MBfR which was higher than the
1.9% to 3.0% observed in bio-MBfR. Additionally, the
reduction flux of ClO4

− in bioPd-MBfR increased more than
bio-MBfR: from 8 ± 3 eq e− /m2 d to 15 ± 3 eq e− /m2 d for
bioPd-MBfR versus from 6 ± 3 eq e− /m2 d to 12 ± 4 eq e−

/m2 d for bio-MBfR. Comparing S3A with S2, bioPd-MBfR
favored ClO4

− reduction as the H2-delivery capacity increased
to close to ∼90% of the stoichiometric demand for full
oxyanion reduction.
Pivotal Role of the Biofilm in bioPd. In S3B, the maximum

H2 flux was elevated to 490 eq e− /m2 d, which exceeded the
H2-delivery flux needed for total-oxyanion reduction. The
ClO4

−-reduction flux in the bioPd-MBfR stabilized at 20 ± 0.2
eq e− /m2 d (80% of the ClO4

− load flux), while the ClO4
−

reduction flux in the bio-MBfR was 21 ± 0.3 eq e− /m2 d (84%

of the ClO4
− load flux). Although the increase of H2 supply led

to a higher active H* coverage on Pd0NPs surface,30 the
stability of ClO4

− reduction in bioPd-MBfR implies that the
higher active H* coverage did not contribute to an increase in
ClO4

− reduction because ClO4
− is not catalytically reduced by

Pd0NPs.31

Figure 3 summarizes the results of the batch tests. In the
presence of H2, more rapid reductions of ClO4

− and ClO3
−

were observed with bioPd-MBfR compared to bio-MBfR
(Figures 3A,B). Furthermore, no ClO4

− reduction occurred in
the absence of H2 (Figure 3D). Pd-MfR showed no significant

Figure 2. Reduction performance for ClO4
− (A) and NO3

− (B) in bioPd-MBfR and bio-MBfR. The corresponding e−-eq fluxes are in Figure S3.

Figure 3. Batch kinetic profiles of Cl species as the sole terminal
electron acceptor (no NO3

− present). Ten mg/L initial ClO4
− (A), 10

mg/L initial ClO3
− (B), 10 mg/L initial ClO2

− (C), and 10 mg/L
initial ClO4

− without H2 supplied (D) in parallel MBfRs. The dotted
lines are first-order fits of the experimental data, and all R2 ≥ 0.987.
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reductions of ClO4
− or ClO3

−, consistent with previous
results.31 These results for ClO4

− reinforce that the improved
reduction efficiency observed for ClO4

− in bioPd-MBfR was
from the microbiological activity.

ClO2
− removal was observed in bio-MBfR, bioPd-MBfR,

and Pd-MfR (Figure 3C). The removal rate was slightly greater
for bioPd-MBfR than for bio-MBfR, which may have been the
result of reduction of ClO2

− (to Cl−) by Pd0NPs occurring in
parallel to bacterial dismutation of ClO2

− to O2 and Cl−.
Pd0NP-catalyzed reduction also may have reduced competition
for NADH with downstream O2 reduction for respiration.

In S4, the low load led to an effluent concentration of 0.3 ±
0.07 mg/L ClO4

− for bioPd-MBfR compared to 0.4 ± 0.04
mg/L ClO4

− for bio-MBfR, and 0.6 ± 0.3 mg/L NO3
− for

bioPd-MBfR compared to 1.0 ± 0.2 mg/L NO3
− for bio-MBfR

on average. These results indicate a better performance of
bioPd-MBfR after the shock of batch tests.
Biofilm Community Structure. ClO4− and NO3− Shaped

the Community in Both Biofilms. Figure 4A illustrates the
average relative abundances of the dominant bacteria in

MBfRs. Dechloromonas, the dominant genera in bio-MBfR
(27%) and bioPd-MBfR (28%), is a perchlorate-reducing
bacterium (PRB) and denitrifying bacterium (DB).32,33

Acidovorax occupied 11% in the bioPd-MBfR, but only 0.2%
in bio-MBfR. Notably, Acidovorax is a mixotrophic PRB and
DB that also can utilize acetate as its electron, which means the
ability to utilize acetate may benefit its competitive
advantage.34,35 Other important genera in bio-MBfR and
bioPd-MBfR were f_Chitinophagaceae,36,37 Pelomonas,6 Azo-
nexus,38 Methyloversatilis,9 Curvibacter,39 and Mesorhizobium,39

which also have been identified as PRB and DB. Af ipia, also
identified as DB, but not a PRB, appeared more in bio-MBfR.40

The dominant genera in MBfRs were mostly identified as both
PRB and DB, indicating a competitive advantage of micro-
organisms capable of utilizing ClO4

− and NO3
− simultaneously

in the biofilm. Figure 4B summarizes the genera with
significant differences in abundances between bio-MBfR and
bioPd-MBfR (p < 0.1). Sporomusa occupied 2.9% in bioPd-
MBfR, compared to a minimal 0.002% in bio-MBfR.
Sporomusa, identified as a PRB and acetogenic bacterium,

Figure 4. Average relative abundance of bacterial genera during stages in bioPd-MBfR and bio-MBfR. (A) Dominate genera in abundance (relative
abundance >1% in both groups). (B) Genera with significant differences in abundance (p < 0.1).
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exhibited a notable presence in bioPd-MBfR.41 Xanthobacter
and Hyphomicrobium, which appeared in consortia of bacteria
carrying out ClO4

− and NO3
− reduction, also appeared more

in bioPd-MBfR.6,42 Acetonema, an H2-oxidizing acetogenic
bacterium, also had higher abundance in bioPd-MBfR.43

Enrichment of acetogenic bacteria and acetate-utilizing
bacteria suggests the potential for cooperative interactions in
bioPd-MBfR. The variable functions of the bacteria more
prevalent in bioPd-MBfR imply the presence of cooperative
interactions within the biofilm matrix and underscore the
significant impact of Pd0NPs on shaping the biofilm
community and its bacterial interactions.
Effect of Pd0NP on Functional Genes. The abundances

of functional genes related to NO3
− and ClO4

− reductions are
evaluated by the odds ratios of average functional gene
abundance in bioPd-MBfR compared to bio-MBfR in Figure 5.

The dominant trend in Figure 5 is that the three genes for
reducing NO2

− to N2 (nirS, norB, and nosZ) were greatly
diminished in the bioPd-MBfR’s biofilm, while the gene for
NO3

− reduction to NO2
− (narG) was greatly increased. This

reflects that reductions beginning with NO2
− were carried out

by extracellular Pd0NP catalysis, which means that the
intracellular electron flow from H2 to NADH to the reductases
was supplanted by the extracellular electron flow. Reinforcing
this understanding is that the abundances of hydrogenase
(H2ase) for bacterial oxidation of H2, Complex IV for bacterial
reduction of O2, and ATPase also were less in the biofilm of
bioPd-MBfR as the bacteria has less intracellular electron
flow.14,44 The genes relating to perchlorate reduction (pcrA
and cld) increased in the biofilm of bioPd-MBfR, and this is
consistent with a faster ClO4

− reduction in bioPd-MBfR
(Figure 3).

Figure 6 is a schematic summarizing how the presence of
Pd0NPs in the biofilm of bioPd-MBfR shifts some electron
flow from intracellular to extracellular. NO3

− to NO2
−, ClO4

−

reduction to ClO3
−, subsequently to ClO2

−, and finally to Cl−
and O2 are catalyzed by relevant reductases. Meanwhile, NO2

−

reduction to N2 and O2 reduction to H2O are catalyzed by
extracellular Pd0NPs, lowering intracellular competition for
NADH and leading to faster bacterial reductions of ClO4

−,
ClO3

−, and ClO2
−. Hence, genera with both ClO4

− and NO3
−

reduction capabilities are more likely to gain an advantage in
competition compared to denitrifiers, thereby enhancing the
ClO4

− reduction in the biofilm of bioPd-MBfR.

■ ENVIRONMENTAL IMPLICATIONS
This work explains how the presence of Pd0NPs in a
hydrogenotrophic biofilm shifted electron flow from intra-
cellular via NADH to extracellular by Pd0NPs-catalyzed
hydrogenation. Performance results, reinforced by changes in
the abundances of functional genes, revealed that adding
Pd0NPs to the biofilm significantly improved ClO4

− reduction
in the presence of NO3

− by having the reductions of NO2
− to

N2 and O2 to H2O occur outside the bacteria, which allowed
more intracellular NADH to be used for ClO4

− reduction. The
results document that utilizing the bioPd-MBfR platform
enables faster and more reliable co-reduction of ClO4

−, and it
likely will be similarly applicable to co-reduction of a broad
spectrum of oxidized contaminants, such as bromate (BrO3

−),
iodate (IO3

−), trichloroethene, trichloroethane, and per- and
poly-fluorinated alkanoic substances (PFAS).
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