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Keywords: Anaerobic activated sludge (AAS) was used to fabricate a biomass-supported palladium nanocatalyst (Pd’@AAS)
Catalytic hydrodechlorination with varied Pd loading via a green biosynthesis route that eliminates the need for toxic reagents and high energy

Aromatic hydrogenation
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input. This catalyst was subsequently evaluated for the catalytic degradation of diclofenac (DCF). The degra-
dation pathway was systematically elucidated, focusing on the influence of Pd loading on product selectivity,
reaction kinetics, and corresponding ecotoxicological outcomes. PA’@AAS detoxified DCF via two key steps:
hydrodechlorination of DCF to 2-anilinophenylacetic acid (APA), followed by aromatic ring hydrogenation of
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APA. After 4 h, low Pd loading (1.1 wt%) resulted in high selectivity toward APA (89.7 %), whereas high Pd
loading (10.6 wt%) promoted complete hydrogenation, reducing APA selectivity to 0 %. Ecotoxicity estimates
indicated that hydrodechlorination effectively eliminated acute toxicity, whereas full hydrogenation was
required to eliminate chronic toxicity. Kinetic analysis showed that the hydrodechlorination rate constant
increased with Pd loading (1.1-10.6 wt%), yet catalyst-specific activity (normalized to Pd concentration)
reached a plateau at Pd loading 5.3 wt%, beyond which nanoparticle aggregation limited further enhance-
ment—indicating that higher Pd loadings are economically impractical for dechlorination alone. In contrast,
both the reaction rate constant and catalyst-specific activity of hydrogenation increased strongly across the same
Pd loading range. The values at 10.6 wt% were 2.7-fold and 30-fold higher than those at 5.3 wt% and 2.7 wt%,
respectively. This difference underscores a greater reliance on contiguous Pd° active sites for hydrogenation of
aromatic rings. These findings guide the optimization of biomass-supported Pd° nanocatalysts for cost-effective
and ecologically safe remediation of halogenated aromatic pollutants.

1. Introduction

Diclofenac (DCF) is a priority pollutant due to its environmental
persistence and ecotoxicity. Approximately 75 % of consumed DCF en-
ters ecosystems via incomplete wastewater treatment (Schmidt et al.,
2018), with conventional plants removing only 21-40 % (Zhang et al.,
2008), leading to its widespread detection in aquatic environments
(Dalahmeh et al., 2020; Qiu et al., 2024). DCF contamination poses se-
vere ecological threats, including catastrophic vulture declines (Oaks
et al., 2004), bioaccumulation in consumable produce (Bartrons and
Penuelas, 2017; Gonzalez Garcia et al., 2018), and stimulation of
microcystin production (Kwidzinska et al., 2024). Its high mobility via
microplastics (Xu et al., 2025) and toxicity at trace concentrations
(Fontes et al., 2018) amplifies concerns about DCF. Current DCF
removal techniques have major limitations. Adsorption merely transfers
the contaminant, while microbial degradation is kinetically slow
(Chhaya et al., 2025; Li et al., 2022). Although advanced oxidation
processes achieve high removal efficiency (Sales et al., 2025), they often
generate toxic by-products and involve high operational costs (Zhao
et al., 2022). Therefore, developing integrated strategies that combine
efficient degradation with minimal ecological risk is imperative (Nosek
and Zhao, 2024).

Precious metal-based nanocatalysis (particularly elemental palla-
dium (Pd%) nanoparticles) has emerged as a sustainable remediation
strategy. Pd® nanoparticles enable efficient hydrodehalogenation of DCF
under ambient conditions, utilizing molecular hydrogen (Hy) as a clean
electron donor (De Corte et al., 2012). The reaction mechanism involves
the generation of highly reductive atomic hydrogen (H*) at the Pd®
surface, which exhibits exceptional reactivity in substituting chlorine
atoms within halogenated organic compounds. Conventional chemical
synthesis of Pd® nanoparticles, while enabling control over size and
morphology, often involves toxic chemicals, generates secondary toxic
waste, and incurs high costs. In contrast, microbial synthesis provides an
eco-friendly and cost-effective alternative, minimizing the use of toxic
agents (Law et al., 2022). The use of biomass as a support further adds to
the advantages of such systems. Furthermore, biomass-supported Pd®
nanocatalysts demonstrate enhanced resistance to chloride and
sulfide-induced deactivation compared to free nanoparticles (Quan
et al., 2019). This is possibly due to the adsorption of chloride and
sulfide species by microbes and extracellular polymeric substances
(EPS). Additionally, Pd integrated with biomass enables the simulta-
neous reduction of DCF and other oxidizing pollutants like nitrate.
Anaerobic activated sludge (AAS), readily available from wastewater
treatment plants, represents a particularly versatile biomass support. It
inherently possesses pollutant treatment capabilities and serves as an
in-situ reductant, capping agent, and carrier for synthesizing Pd°
nanoparticles (Zhou et al., 2020), facilitating the preparation of
Pd’@AAS. The application of this biosynthesized PA°@AAS composite
for catalytic DCF degradation represents an eco-friendly strategy that
synergistically integrates biological synthesis with catalytic degradation
processes.

Pd® nanoparticles mediate two critical detoxification pathways:

Hydrodehalogenation: substitution of halogen atoms (Cl in DCF) with
hydrogen, reducing lipid solubility and bioaccumulation potential (He
et al., 2021). Hydrogenation: hydrogenation of aromatic rings or
carbon-carbon double bonds to form saturated structures, enhancing
biodegradability and reducing toxicity. For instance, Pd° nanoparticles
demonstrate dual catalytic functionality in hydrodehalogenation and
total hydrogenation processes: (1) Complete hydrodechlorination of
trichloroethylene (TCE) coupled with hydrogenation yields ethane as
the terminal product (De Corte et al., 2011), and (2) Stepwise trans-
formation of 4-chlorophenol (4-CP) occurs through initial hydro-
dechlorination to phenol, which is subsequently hydrogenated to
cyclohexanone and cyclohexanol (Baeza et al., 2016; Long et al., 2021).
Notably, the aryl halide hydrodehalogenation predominantly occurs
under moderate conditions (ambient temperature, neutral pH). How-
ever, the subsequent hydrogenation of the resulting aromatic in-
termediates can present a greater energetic challenge, particularly for
structurally complex molecules like DCF (Nieto-Sandoval et al., 2018).
This contrasts with other halogenated aromatics such as tetrabromobi-
sphenol A (TBBPA) where hydrogenation under milder conditions may
be more facile (Nieto-Sandoval et al., 2022). While hydro-
dehalogenation reduces acute toxicity, residual aromatic structures in
dehalogenated products may retain ecological risks due to their recal-
citrance to microbial degradation.

Therefore, achieving controllable selectivity between dechlorination
and hydrogenation pathways represents a key challenge and opportu-
nity in designing catalysts for the targeted degradation of DCF. Several
studies have demonstrated the efficacy of Pd’-catalyzed dechlorination
of DCF, exemplified by Quan et al.'s pioneering work utilizing anaerobic
granular sludge-synthesized Pd° nanoparticles for efficient hydro-
dechlorination (Quan et al., 2019). However, these studies have pre-
dominantly focused on dechlorination efficiency while neglecting
subsequent hydrogenation. Given that Pd loading critically influences
both catalytic efficiency and product selectivity (Luo et al., 2022), this
study systematically investigates: degradation pathways of DCF via
AAS-synthesized pd° nanoparticles under Hy electron donation; Pd
loading-dependent modulation of hydrodechlorination vs. hydrogena-
tion efficiencies; environmental implications of transformation product
profiles.

2. Methods and materials
2.1. Chemicals and materials

Disodium tetrachloropalladate (NasPdCls, >98 % purity, precursor
for the preparation of PdO) and DCF (>99 % purity) were procured from
Macklin Biochemical Co., Ltd. (Shanghai, China). The molecular struc-
ture and electrostatic potential mapping of DCF are provided in Fig. S1.
High-purity hydrogen (Hz, 99.999 %) and nitrogen (N2, 99.999 %) gases
were obtained from Wendong Chemical Co., Ltd (Shanghai, China). The
AAS used to produce pd° nanoparticles was initially sourced from the
secondary sedimentation tank in the Bailonggang wastewater treatment
plant (Shanghai, China) and then acclimated with nitrate to establish a
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stable and efficient denitrifying capacity. This enhanced reductive
capability is pivotal for the subsequent effective reduction of Pd®" ions
to form Pd® nanoparticles. All other reagents were analytical grade
unless stated otherwise.

2.2. Preparation and characterization of pd° nanoparticles on anaerobic
activated sludge (PA°@AAS)

The Pd® nanocatalyst was biosynthesized and supported on anaer-
obic activated sludge (AAS), with the resulting material denoted as
Pd’@AAS, via a routine procedure under anaerobic conditions with Hy
as the electron donor (Text S1 for full details). The AAS biomass content
was kept constant across all experiments. Catalysts with Pd loadings of
1.1, 2.7, 5.3, and 10.6 wt% were synthesized by varying the initial
NayPdCly concentration, while maintaining a constant AAS biomass
concentration of 2 g of volatile suspended solid per liter (VSS/L). The
detailed composition of the anaerobic mineral medium used for catalyst
synthesis is summarized in Table S1.

The Pd concentration was determined by inductively coupled plasma
optical emission spectrometry (ICP-OES). The crystal structure, surface
elemental composition, and morphology of the catalyst were charac-
terized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and transmission electron microscopy with energy-dispersive X-
ray spectroscopy (TEM-EDS), respectively. The size distribution of Pd
nanoparticles was determined by measuring 150 particles from random
TEM fields of view using Image J software. The corresponding nano-
particle size data are provided in Table S2. Detailed specifications of the
instruments and the corresponding operational parameters are provided
in Text S2.

2.3. Catalytic activity of the PA’@AAS towards DCF

The catalytic activity of the PA°@AAS in DCF degradation was
evaluated through batch experiments conducted in crimp-sealed
anaerobic vials (total volume: 125 mL; working volume: 50 mL). The
experimental protocol involved the sequential additions of PA°@AAS
catalysts, phosphate-buffered saline (PBS, pH 7.4 + 0.2), and DCF into
the reaction system. The catalysts with Pd loadings of 1.1, 2.7, 5.3, and
10.6 wt% were each dosed to achieve a consistent AAS concentration of
2 g VSS/L. Consequently, the total amount of active pd° particles was
not held constant but increased with the nominal Pd loading. The
observed trends in activity and selectivity are therefore discussed in the
context of varying Pd quantity. The final concentration of DCF was
maintained between 90 and 120 pM in all experiments. After that, the
vials were flushed with N3 for 5 min to remove dissolved O, then tightly
sealed with stoppers, evacuated, and subsequently filled with 75 mL Hy
(approximately 3.0 mmol at 30 °C and 1 atm). This amount of Hy was in
substantial excess (>60-fold) of the stoichiometric requirement for the
complete hydrogenation of all DCF present in the system. To ensure
adequate adsorption of DCF onto the catalyst prior to the catalytic re-
action, the introduction of Hy was deliberately initiated after a pre-
contact time of >40 min (Barreto Torres et al., 2022) between
Pd°@AAS and DCF. Reactions were initiated by incubating the vials on a
temperature-controlled orbital shaker (30 °C + 0.5 °C, 180 rpm). At
predetermined intervals, samples (1 mL) were aseptically withdrawn via
gas-tight syringes and immediately filtered through 0.45 pm poly-
ethersulfone (PES) membranes (Titan Scientific, 25 mm diameter) to
terminate catalytic activity.

2.4. Analysis methods

Intermediate products were identified by ultra-high-performance
liquid chromatography-mass spectrometry (UPLC-MS), and DCF and
its products were quantified using high-performance liquid chroma-
tography (HPLC). Definitive structural confirmation by nuclear mag-
netic resonance (NMR) spectroscopy was not performed, as direct
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analysis within the complex anaerobic sludge matrix was prevented by
overwhelming background interference from the biomass, which would
mask the signals of the target intermediates. Cl~ concentration was
determined using an ion chromatograph (Aquion, Thermo Fisher, USA)
equipped with an AS-19 column and a suppressed conductivity detector.
Detailed instrument specifications and operational parameters are pro-
vided in Text S3. Detailed analytical procedures and parameters are
summarized in Table S3.

2.5. Calculations

The product selectivity for an intermediate can be calculated by Eq.
1):

[Cxle

84l = [Coerly — [Cocrl,

€8]

where [S,], and [Cy], represent the proportion of product x at reaction
time t and its concentration in the liquid phase, respectively. [Cpcr|, and
[Cpcr|, represent the initial concentration and the concentration at re-
action time t of DCF, respectively.

Based on experience observations and theoretical deduction, the
process of PA°@AAS catalyzed hydrodechlorination of DCF and hydro-
genation of 2-anilinophenylacetic acid (APA) can be described using a
pseudo-first-order kinetic model (Nieto-Sandoval et al., 2018):

_ dCDCF

dt = kl CDCF (2)
dc,
- df’" = kyCapa — ksCpcr — kaCt_apa 3)

Where Cpcr, Capa and Ccrapa (M) are the aqueous phase concentration
of DCF, APA and 2-(2-((2-chlorophenyl)amino)phenyl)acetic acid (Cl-
APA). And k; (min~Y) is the apparent rate constant of DCF hydro-
dechlorination, ks (min’l) is the apparent rate constant of APA hydro-
genation, k3 (min~Y) and k4 (min~ 1) represent the apparent rate
constants for the generation of APA by DCF and CI-APA, respectively.
When both DCF and Cl-APA in the system are depleted, the kinetic
model of hydrogenation of APA can be simplified as follows:

_dCppa
dt

The normalized values of hydrodechlorination and hydrogenation
first-order rate constants to Pd (i.e., catalytic-specific activities) kpqgs,
kpdz2 (L-mmol-Pd- min~') were calculated from:

=k2Capa ()]

ki

kpa1 = Coa )
k,

kpao = Coa (6)

where Cpq (mM) is the Pd concentration.
3. Results and discussion
3.1. Characterization of Pd’ nanoparticles in AAS

Fig. 1(a) depicts the XRD pattern of Pd within the AAS matrix,
revealing characteristic metallic diffraction features. Prominent
diffraction peaks observed at 20 = 40.1°, 46.7°, and 68.1° are indexed
precisely to the (111), (200), and (220) crystallographic planes,
respectively, of the face-centered cubic (fcc) Pd (JCPDS No.46-1043).
This confirms that Pd in the AAS samples assumes a crystalline form,
with the (111) plane (octahedral morphology) (Ding et al., 2018) being
the most prevalent facet. The diffraction data demonstrate the successful
incorporation and crystallization of Pd within the AAS matrix.
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Fig. 1. XRD pattern (a), survey XPS spectrum (b) and high-resolution Pd 3d XPS spectrum (c) acquired from Pd in AAS (Pd loading 2.3 wt%).

Fig. 1(b) displays the XPS survey spectrum of PdA’@AAS, which
confirms the coexistence of characteristic elements C, N, O (originating
from AAS) and metallic Pd species in the catalyst system. To gain deeper
insights into the surface chemistry of Pd nanoparticles within the AAS,
high-resolution Pd 3d XPS measurements were carried out. The resultant
XPS spectrum, as depicted in Fig. 1(c), exhibits well-defined peaks at

335.54 eV and 340.78 eV, which unequivocally correspond to the
characteristic Pd 3d doublet for metallic palladium (Pd®). The XPS
analysis, however, identifies a small amount of unreduced PdCl;™
complexes (14.85 %) and PdO species (7.35 %) in the catalyst matrix.
The oxidized Pd species identified by XPS likely originated from su-
perficial oxidation during the sample handling and preparation under
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Fig. 2. Solid characterization of PA’@AAS with different Pd loadings: TEM images and Pd° particle size histograms for the four Pd loadings: 1.1 wt% (a, b); 2.7 wt%

(c, d); 5.3 wt% (e, f); 10.6 wt% (g, h).
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ambient conditions (Liu et al., 2022; Zhou et al., 2017). Notably, the
characteristic diffraction patterns of PdO remain undetected in corre-
sponding XRD profiles, corroborating the negligible concentration of
such oxidized phases. Given the low proportion of Pd%" in the catalyst,
the influence of Pd’%/Pd?" on the catalysis of DCF has not been consid-
ered in this study. This collective evidence conclusively verifies the
predominant formation of Pd® nanoparticles within the AAS.

The TEM images (Fig. 2) show the morphology, distribution and size
of the pd° nanoparticles in AAS for four Pd loadings (1.1-10.6 wt%). The
various Pd loadings explored in this research exerted negligible influ-
ence on the morphology and dispersion pattern of Pd° nanoparticles.
Across all experimental conditions, Pd® manifested as discrete particles,
predominantly residing within EPS, with a minor fraction located on the
cell wall or in the periplasmic spaces. This distribution and morpho-
logical profile align closely with those reported in previous studies uti-
lizing H as an electron donor and anaerobic biofilm or activated sludge
as a biocatalyst for pd° production (Wu et al., 2022; Zhou et al., 2020).
Since no Pd was detected in the effluent, it can be concluded that all pd°
was reduced and deposited within the AAS matrix.

TEM analysis reveals that Pd® nanoparticles are predominantly
distributed within a narrow size range of 1-14 nm (Fig. 2(b), (d), (f),
(h)), showing consistency with the dimensions reported for anaerobic
granular sludge (AGS)-synthesized Pd® (Quan et al., 2019). The raw
images and the complete dataset used for this size distribution analysis
are provided in Fig. S2 and Table S2, respectively. A clear increasing
trend in nanoparticle size was observed with rising Pd loading. Specif-
ically, the mean particle diameter increased from 4.52 + 1.02 nm at Pd
loading 1.1 wt% to 6.85 + 1.74 nm at Pd loading 10.6 wt% (Fig. S3). The
corresponding polydispersity indices remained low (0.05-0.10), indi-
cating relatively uniform populations at each condition. The smallest
mean particle size of 4.52 + 1.02 nm (PDI = 0.05) was achieved at the
lowest Pd loading of 1.1 wt%, which is consistent with the typical size
range (3-5 nm) reported for biofilm-synthesized Pd° nanoparticles
(Long et al., 2021; Wu et al., 2022, 2024).

This phenomenon can be mechanistically explained through two
competing pathways governing nanoparticle formation: the primary
mechanism involves the dual reduction processes of Pd?* precursors.
During biosynthesis of Pd® nanoparticles using Hy or formate as electron
donors, the reduction of Pd*™ occurs through both enzymatic and
autocatalytic pathways (Li et al., 2024). The latter becomes increasingly
dominant at higher Pd loadings, where initially formed Pd® nano-
particles catalyze the further reduction of additional Pd%" ions, leading
to particle aggregation and growth (Zhou et al., 2016). This autocata-
lytic amplification effect results in progressively larger nanoparticles
with increasing Pd concentration (Luo et al., 2022). Aggregates of pd°
nanoparticles were identified specifically at the highest Pd loading
(10.6 wt%). These aggregates ranged from 17.7 to 87.9 nm in size, with
an average diameter of 46.6 nm (Fig. S4). Due to their low abundance
and indeterminate compactness, no further extensive discussion is
warranted within the scope of this work, which centers on the properties
of the dominant, well-dispersed nanoparticles.

Conversely, at lower Pd loadings, the system exhibits different
growth dynamics due to the elevated biomass-to-Pd" ratio. The
elevated biomass-to-Pd?" ratio significantly enhances the enzymatic
reduction pathway, which is known to produce smaller nanoparticles
compared to autocatalytic reduction (Wu et al., 2022), while concur-
rently increasing the availability of biomolecular capping agents such as
peptides. These microbial-derived peptides selectively bind to nano-
particle surfaces, effectively restricting particle growth and resulting in
smaller, more uniform pd° crystallites (Egan-Morriss et al., 2022). The
combination of enhanced enzymatic reduction and surface capping ac-
counts for the observed size reduction at lower Pd loadings.

3.2. The degradation pathway and ecotoxicity estimates

The transformation products (TPs) generated during DCF
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degradation were systematically identified through UPLC-MS analysis.
Fig. 3(a) illustrates the temporal evolution of normalized chromato-
graphic peak areas, demonstrating quantitative changes in the reaction
composition throughout the catalytic process. Based on these observa-
tions and MS analysis, a degradation pathway is proposed in Fig. 3(b).
The catalytic degradation initiates with PA’@AAS mediated hydro-
dechlorination. DCF first undergoes stepwise dechlorination, producing
the intermediate 2-(2-((2-chlorophenyl)amino)phenyl)acetic acid (TP1,
CI-APA, m/z 261.06), followed by complete dechlorination to yield 2-
anilinophenylacetic acid (TP2, APA, m/z 227.09). Alternatively, direct
double dechlorination may occur to generate TP2. Subsequent hydro-
genation preferentially targets the phenyl ring distal to the acetate
group, forming 2-(2-(cyclohexylamino)phenyl)acetic acid (TP3, CPA,
m/z 233.14) (Nieto-Sandoval et al., 2018). This regioselectivity arises
from the fact that the steric hindrance and electron-withdrawing effect
of the acetate group retard the hydrogenation of the connected phenyl
ring. The complete hydrogenation of TP3 generates 2-[2-(cyclohexyla-
mino)cyclohexyl]acetic acid (TP4, CCA, m/z 239.19), leading in full
loss of aromaticity. An alternative pathway involves cyclohexyl elimi-
nation from TP3 to form 2-aminophenylacetic acid (TP5, AmPA, m/z
151.06). TP5 can then undergo further Pd%-catalyzed hydrogenation to
form 2-(2-aminocyclohexyl)acetic acid (TP6, AmCA, m/z 157.11), a
compound readily metabolized by microorganisms.

The ecotoxicity of DCF and its identified TPs was predicted via the
ECOSAR model (Ecological Structure-Activity Relationship) per the
classification criteria listed in Table S4. For acute and chronic toxicity
assessment, representative aquatic organisms (fish, daphnid, green
algae) across trophic levels were selected (Ma et al., 2021, 2022). The
toxicological effects and environmental persistence of aryl chlorides are
largely attributable to the chlorine atoms in their molecular structure
(Ding et al., 2018). As presented in Fig. 4, a clear negative correlation
was observed between the number of chlorine substituents in the TPs
and their acute/chronic toxicity. Specifically, DCF, which contains two
chlorine atoms, exhibited the highest toxicity, followed by its
mono-chlorinated derivative Cl-APA; in contrast, the fully dechlorinated
APA showed substantially reduced toxicological effects. This
structure-activity relationship suggests that sequential dechlorination
during environmental transformation significantly attenuates the com-
pound's ecotoxicological potential. However, chronic toxicity assess-
ments revealed that APA still poses significant ecological risks, as it
demonstrates persistent toxic effects on fish, daphnia, and green algae,
with chronic toxicity thresholds (NOEC) 1-2 orders of magnitude lower
than those of the parent compound DCF. Thus, further degradation of
APA could enhance long-term environmental sustainability. CPA, the
partially hydrosaturated derivative of APA, possesses comparable eco-
toxicity to Cl-APA. However, upon subsequent elimination of the
cyclohexyl group and complete hydrogenation, it can be further trans-
formed into CCA, AmPA, and AmCA, which show no harm to aquatic
organisms in terms of both acute and chronic toxicity.

Compared to the parent compound DCF, all TPs generated via
Pd°@AAS-catalyzed treatment exhibited reduced ecological toxicity.
While complete dechlorination eliminated acute toxicity, hydrogenation
and subsequent degradation processes eradicated chronic toxicity.
Specifically, CCA, AmPA, and AmCA showed no acute or chronic
toxicity, APA caused no acute harm to any of the three represented
aquatic lives, Cl-APA and CPA showed no harm to fish and green algae in
terms of acute toxicity, whereas DCF was estimated to exhibit both
chronic toxicity and acute harmful effects on these aquatic organisms.
Unlike conventional advanced oxidation processes (AOPs) mediated by
oxygen-derived radicals (e.g., -SOz, -OH, and '0,), which carry a higher
risk of generating intermediates with elevated ecotoxicity compared to
the parent contaminant(Fergani et al., 2025; Gackowska et al., 2025;
Luo et al., 2025), the PA°@AAS system generated TPs with significantly
reduced toxicity profiles. This result highlights the superior potential of
the PA°@AAS system in terms of environmental safety.
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Fig. 3. The degradation pathway of PA°@AAS catalyzed DCF: HPLC chromatogram of PA’@AAS catalyzed DCF at H, atmosphere (Pd loading 2.7 wt%, pH = 7) (a)
and Proposed reaction pathway for the catalytic degradation of DCF with H, over PA°@AAS (b).(Note: The peaks at 1 min and 2 min in the chromatogram originate
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respectively (a, b, ¢) and Chronic toxicity: Evaluated through chronic value (ChV), defined as the geometric mean of no-observed-effect concentration (NOEC) and
lowest-observed-effect concentration (LOEC) for long-term ecological impacts (d, e, f).

3.3. The product selectivity of PA’@AAS catalyzed DCF

The Pd loading critically governs the product selectivity in
Pd°@AAS-catalyzed DCF degradation. The temporal evolution of DCF
and its degradation products under varying Pd loadings is presented in
Fig. 5. With Pd loading 1.1 wt% (Fig. 5 (a)), over 91.6 % DCF was
dechlorinated to APA and Cl-APA within 250 min. No CPA was detected
throughout the 250-min test, indicating that DCF was removed almost
exclusively by hydrodechlorination, and the product stayed in APA.
Only a small amount of APA was removed even after a few days of re-
action (only about 17 % degradation was observed after 2.8 days). At Pd
loadings 2.7, 5.3 and 10.6 wt% (Fig. 5(b)-(d)), over 99 % of DCF was
depleted within 60 min, 10 min and <5 min, respectively, and the
resulting APA undergoes efficient aromatic ring hydrogenation, with
APA removal efficiencies ranging from 43 % to 100 %. During the re-
action, no chlorinated CPA was detected, suggesting that hydrogenation
of the DCF molecule did not precede hydrodechlorination.

Fig. 6 shows the proportion of different products during the catalytic
reaction at 20 and 240 min. The DCF conversion exhibited strong Pd
loading dependence at 20 min: 34.4 % at 1.1 wt%, 81.3 % at 2.7 wt%,

and >99 % threshold achievement at 5.3 and 10.6 wt% Pd loadings
(99.2 % and 100 %, respectively). The treatment efficiency achieved
here compares favorably with that of other Pd-based catalysts for DCF
degradation, as summarized in Table S5. The selectivity for Cl-APA
decreases with increasing Pd loading, whereas the selectivity for APA
exhibited an opposite trend (Fig. 6(a)). This indicates that low Pd
loading tends to sequentially dechlorinate to obtain APA (first producing
CI-APA, which produces APA after dechlorination). In contrast, high Pd
loading tends to directly generate APA through dechlorination in one
step, especially when the Pd loading is 5.3 wt% and 10.6 wt%, the
accumulation of Cl-APA is almost undetectable.

By 240 min, almost complete conversion of DCF (91.6-100 %) was
achieved in all the Pd loadings. It is critical to note that, across all Pd
loadings, detectable APA degradation was observed only after DCF was
almost completely transformed—unequivocally demonstrating that Pd-
catalyzed hydrodechlorination takes overwhelming priority over aro-
matic ring hydrogenation. The selectivity for APA decreased with the
increase of Pd loading (Fig. 6(b)). At Pd loading 1.1 wt%, the system
exhibited 89.7 % selectivity toward APA preservation. Conversely, at
elevated Pd loading (10.6 wt%), complete hydrogenation of APA
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occurred with 0 % selectivity for it. This indicates that increasing the Pd
loading helps to catalyze the hydrogenation of APA and transform it into
nontoxic and more easily degradable compounds.

The observed difference in product selectivity is predominantly
attributed to the availability of active sites on the catalysts, rather than
their properties. For Pd’-catalyzed degradation of chlorinated aromatic
compounds, hydrodechlorination requires fewer Pd® active sites and H*
(at least two active sites and one H* for the removal of one Cl atom). In
contrast, hydrogenation can only be achieved when sufficient active
sites are available (at least five active sites and three H* to saturate one
benzene ring) (Luo et al., 2022). The catalytic system under low Pd
loading conditions manifests dual constraints: (i) intrinsically limited
abundance of Pd° nanoparticles, and (ii) exacerbated active-site occlu-
sion by biomass-derived capping agents, which collectively suppress
arene hydrogenation pathways requiring contiguous active sites. Baeza
et al. (2016) reported analogous findings in experiments where poly-
vinylpyrrolidone (PVP)-capped Pd° catalysts were synthesized for the
degradation of 4-CP. Specifically, phenol selectivity increased with
higher PVP dosages, whereas cyclohexanone selectivity rose when PVP

concentrations were reduced due to hydrogenation of phenol under
these conditions. The moderate Pd° size variation (4.52 + 1.02 to 6.85
+ 1.74 nm) in our system exerts a secondary influence on selectivity.
Previous studies have proved that the hydrogenation of conjugated
carbons in the benzene ring and carbon atoms in the C-Cl bond exhibits
non-selectivity for nanoscale Pd-based catalysts (Brieger and Nestrick,
1974; Johnstone et al., 1985). This contrasts sharply with ligand-free
synthesis systems, wherein sub-nanometric Pd clusters (0.33 £+ 0.18
nm) generated at ultra-low loadings (0.02 g-Pd/m?) completely sup-
pressed aromatic ring hydrogenation, achieving >98 % phenolic selec-
tivity. This high selectivity is attributed to the single-site nature of
atomically dispersed Pd catalysts, which can be synthesized at low
loadings to precisely control active site geometry and thus govern
product distribution (Luo et al., 2022). It is worth noting that the su-
perior selectivity towards dechlorination-only products of single Pd
atom catalysts is commonly accompanied by catalytic activity decay and
slow reaction kinetics (Chu et al., 2021); moreover, the resulting prod-
ucts are less favorable for pollutant treatment.

Catalyst reuse alters the selectivity toward DCF degradation
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products. Fig. S5 illustrates the differences in catalytic performance
between freshly prepared and reused Pd°@AAS. Catalysts with low Pd
loadings (1.1 and 2.7 wt%) nearly lost their activity. The main final
product at a Pd loading of 5.3 wt% was APA. Only the highest Pd loading
of 10.6 wt% maintained strong hydrodechlorination and hydrogenation
capabilities, enabling complete removal of APA. This deactivation may
be attributed to the fact that the first catalytic experiment was con-
ducted over an extended period (2.8 days) to better investigate product
selectivity. During this prolonged operation, microbial cell death likely
occurred, releasing sulfur and increasing the sulfur content on the
catalyst surface from 1.1 % to 2.7 % (obtained from the sample with a Pd
loading of 2.7 wt%), which could have contributed to the poisoning of
Pd active sites. This issue could be mitigated in the future by tran-
sitioning to a continuous-flow biofilm system. This operational mode
better sustains microbial activity, thereby reducing the risk of sulfur
release from cell lysis.

3.4. The hydrodechlorination and hydrogenation efficiency

Quantitative analysis reveals that the dependency of catalytic per-
formance on Pd loading exhibits distinct profiles for DCF hydro-
dechlorination versus APA hydrogenation, although both reactions were
well-fitted by pseudo-first-order kinetics. The kinetic constants and the
values of these constants normalized to Pd concentration (i.e. catalyst-
specific activity) are detailed in Table 1. The kinetic data reveal a
striking 37- to 504-fold difference in first-order rate constants between
DCF dechlorination and APA hydrogenation pathways, demonstrating
significant differences in their activation barriers.

For hydrodechlorination (Fig. 7(a)), the reaction rate exhibited Pd
loading dependence, with near-linear increases in rate constants as Pd
loading rose from 1.1 wt% to 10.6 wt%. Consequently, increased Pd
loading enhances hydrodechlorination efficiency. This trend is further
supported by the time required to achieve chlorine balance (>95 %),
which decreased significantly with increasing Pd loading: 450 min at
1.1 wt%, 60 min at 2.7 wt%, 20 min at 5.3 wt%, and only 5 min at 10.6
wt%. This contrasts with the findings of (Zhao et al., 2025) regarding the
biogenic Pd-mediated degradation of 1,3,5-trinitro-1,3,5-triazinane
(RDX). In their study, Pd loading exhibited an inverse correlation with
RDX removal rate. This discrepancy arises because conductive Pd°
nanoparticles primarily enhance RDX biodegradation by binding to cell
membranes to facilitate bacterial extracellular electron transfer,
whereas the direct chemical catalysis of RDX degradation by Pd plays a
minimal role. In contrast, the removal of DCF relies predominantly on
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the chemical catalysis of Pd° nanoparticles, as microorganisms exhibit
negligible capacity for DCF degradation (Fig. S6). Catalyst-specific ac-
tivity, which was normalized by catalyst concentration, showed a
near-linear increase when Pd loading ranged from 1.1 wt% to 5.3 wt%,
followed by a pronounced plateau when Pd loading was between 5.3 wt
% and 10.6 wt%. The highest Pd loading (10.6 wt%) only achieved a 16
% higher catalyst-specific activity than that of 5.3 wt%, and it was only
1.2-fold higher than 2.7 wt%. The occurrence of such a profile can be
attributed to the following reason: within the lower Pd loading range
(1.1-5.3 wt%), increasing Pd loading promoted the extracellular dis-
tribution of the Pd® nanoparticles, which offers more active sites for Hy
dissociative adsorption and enables direct contact with hydrophobic
target molecules (Hou et al., 2017). At Pd loadings exceeding 5.3 wt%,
where the active site density of Pd® nanoparticles no longer limited
dechlorination kinetics, additional Pd loading-induced enhanced nano-
particles aggregation hindered the further improvement in
catalyst-specific activity (Luo et al., 2022). This transition suggests the
achievement of optimal Pd loading for DCF hydrodechlorination around
5.3 wt%, beyond which additional Pd loading yields minimal activity
enhancement.

In contrast, both the rate constant and the catalyst-specific activity of
hydrogenation maintain a strong, continuous dependence on Pd loading
throughout the tested Pd loading range (Fig. 7(b)). The highest Pd
loading (10.6 wt%) achieved a 2.7-fold higher catalyst-specific activity
than that of 5.3 wt%, and it was almost 30-fold that of 2.7 wt%. The
persistent sensitivity to Pd loading indicates that the hydrogenation
pathway imposes higher demands on the number of active sites of the
catalyst than the dechlorination pathway. This fundamental difference
in Pd-loading dependence between the two reactions manifests clearly
in Fig. 7(c), where the hydrogenation-to-dechlorination activity ratio
exhibits a progressive increase with higher Pd loadings.

3.5. Pd catalyst poisoning and the potential restoration strategy

Catalyst poisoning is a major challenge for the practical, large-scale
application of Pd catalysts. Sulfide, sulfate, SOy and organosulfur species
can react with Pd to form stable Pd sulfates and PdS, causing strong,
often irreversible deactivation by blocking surface ensembles needed for
hydrogenation/reduction. Natural/dissolved organic matter (NOM/
DOM) and sulfur species adsorb strongly on metallic Pd nanoparticles at
hollow sites, competitively occupying active sites and inhibiting reac-
tion of target contaminants. Other water matrix components are
recognized as foulants that cause long-term loss of activity and stability

Table 1
Kinetic results for DCF hydrochlorination and APA hydrogenation.
DCF hydrodechlorination APA hydrogenation
Pd loading wt% Rate constant (k;) min~! R? Activity (kpq1) L-mmol *-Pd- min! Rate constant (kz) min~! R? Activity (kpgz) L-mmol '-Pd- min!
1.1 0.01287 + 0.00111 0.96 0.06435 + 0.00555 N.A. N.A. N.A.
2.7 0.10085 + 0.01742 0.91 0.2017 + 0.03484 0.00020 + 0.00002 0.97 0.0004 + 0.00004
5.3 0.37552 £ 0.05183 0.96 0.37552 £ 0.05183 0.00316 + 0.00031 0.98 0.00316 + 0.00031
10.6 0.86946 + 0.00095 0.99 0.43473 + 0.00048 0.02348 + 0.00441 0.90 0.01174 + 0.00221

“N.A.” stands for not applicable.
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Fig. 7. DCF hydrodechlorination and APA hydrogenation kinetic parameter for different Pd loadings.
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in Pd-based water treatment, primarily via competitive adsorption and
pore/surface fouling. Inevitably, biosynthesized Pd catalysts are also
susceptible to catalyst poisoning, as with other types of Pd catalysts.
However, the adsorption of contaminant species by the inherent mi-
crobes and EPS can mitigate Pd poisoning. Furthermore, process design
(such as pre-removal of strong foulants, staging of treatment steps,
managing Hy and co-contaminants) is emphasized as equally important
as catalyst formulation for minimizing fouling and maintaining activity
under realistic water matrices.

4. Conclusion

This study establishes PA’@AAS as a tunable catalytic system for the
remediation of DCF, with Pd loading dictating degradation products and
ecological outcomes. The main conclusions are: PA°@AAS selectively
catalyzes hydrodechlorination at low Pd loadings (1.1 wt%), efficiently
removing chlorine while retaining the aromatic structure. Higher Pd
loadings (2.7-10.6 wt%) enable complete hydrogenation of the aromatic
ring, forming less toxic aliphatic products and eliminating chronic
ecological risks. Kinetic profiles reveal that dechlorination is optimal at
moderate Pd loadings (5.3 wt%), whereas aromatic ring hydrogenation
requires greater Pd availability due to its dependence on contiguous
active sites. The system provides operational flexibility: lower Pd load-
ings offer cost-effective dechlorination, while higher Pd loadings ensure
full detoxification. The biomass-supported catalyst combines environ-
mental sustainability with tunable reactivity, offering a promising so-
lution for halogenated aromatic pollutant remediation that can be
adapted to specific treatment objectives and regulatory requirements.
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