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Abstract: Catalytic dechlorination of organic chlorides by palladium (Pd) with HCOOH represents
one of the most effective and promising techniques for environmental remediation. In this study, we
adopted alkaline-modified porous natural sponge as support of a Pd nanocatalyst (Pd@M-Sponge)
and HCOOH as a hydrogen source for the hydrodechlorination of florfenicol (FF), o-chlorophenol
(o-CP), and p-chlorophenol (p-CP). Favorable conversion efficiency of FF, o-CP, and p-CP was achieved
at 25 ◦C and atmospheric pressure attributed to the small diameter and high catalytic reactivity
of the prepared Pd NPs, in addition to the slight internal mass transfer limitation of the prepared
Pd@M-Sponge. High reaction rate constants were obtained even in the conditions of a low molar
ratio of HCOOH to p-CP (10:1) and a high concentration of p-CP (500 mg/L). The prepared catalyst
also demonstrated superior recyclability without any obvious decrease in catalytic reactivity in
20 successive p-CP dechlorination cycles. This work provides an ideal recyclable and cost-effective
catalyst based on renewable and biocompatible natural material for the catalytic hydrodechlorination
of chlorinated organic pollutants with formic acid and a new view for the exploration and designing
of highly reactive and stable catalysts for hydrodechlorination.

Keywords: dechlorination; formic acid; sponge; florfenicol; chlorophenol; Pd NPs

1. Introduction

Organic chlorides have been classified as persistent organic pollutants owing to their
high toxicity, carcinogenic, bio-refractory, and bio-accumulative characteristics [1–3]. Al-
though some of these chemicals have been banned, the existing contaminated environ-
mental compartments can serve as “secondary sources” for the diffusion and migration
of chlorinated organics, continuously posing serious toxicological risks to both human
beings and the environment [4,5]. Hence, the development of practical methods for the
elimination of chlorinated organics in contaminated environmental compartments is an
important and urgent environmental topic.

Many techniques have been proposed for the remediation of chlorinated organics,
such as adsorption, advanced oxidation processes, photocatalytic degradation, biological
degradation, and chemical reduction [6,7]. Among these strategies, catalytic hydrodechlori-
nation can significantly diminish or even eliminate the toxicity of the chlorinated organics
and generate less or even no harmful/toxic species, which has been regarded as a cost-
effective and environmentally friendly technology, giving promise for non-destructive and
high-efficient remediation of organic chlorides [8,9].

Generally, hydrogen gas (H2) and nano-zero-valent iron (nZVI) is most commonly
employed as hydrogen source for the hydrodechlorination [10–12]. Direct catalytic hy-
drodechlorination with pressurized H2 gas catalyzed by Pd or Pt-based catalysts has been
extensively studied in the dechlorination of trichloroethane, dichloroethane, chlorophenol,
and polyvinyl chloride, etc. [13–16]. The application of H2 in hydrodechlorination is subject
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to its low utilization efficiency and the potential risks during its production, transportation,
and utilization [17,18]. nZVI and its composites have been widely adopted in the chemical
dechlorination of chlorinated organics, while the reactivity of nZVI inevitably suffers from
oxidation by water and dissolved oxygen [19,20]. Notably, catalytic dechlorination via
transfer hydrogenation has attracted growing research interests, particularly the employing
of liquid hydrogen donors, such as organic acids and alcohols [4,21,22]. Among these
liquid hydrogen donors, formic acid (HCOOH) seems to be a superior hydrogen carrier
owing to its good stability in transportation and storage and can be cheaply and abundantly
produced via the oxidation of methanol. Besides that, the emerging green technology of
electrocatalytic CO2 conversion for the production of formic acid may provide a realistic
expectation for the supply of sustainable formic acid in the future [23,24]. Therefore, formic
acid is considered as an ideal hydrogen carrier for dechlorination via catalytic transfer
hydrogenation, in consideration of its nontoxic nature, high storage capacity (21.5 mol/L),
and capability of releasing H2 via dehydrogenation (Equation (1)) [25–27]. Catalytic trans-
fer hydrogenation with formic acid plays an increasing role in the conversion of various
organics by hydrogenation of unsaturated groups (C=N, C=C, N=O, C=O, C≡N, C≡C,
etc.), hydrogenolysis of C–O, and hydrodechlorination of organic chlorides, etc. [28,29].

HCOOH Pd→ H2 ↑ +CO2 ↑ (1)

Dechlorination via transfer hydrogenation with formic acid is a method that deprives
H2 from HCOOH for the hydrodechlorination of chlorinated organics [22]. To continu-
ously produce H2 from HCOOH supplied for hydrodechlorination, noble metals, including
Pd, Ru, Pt, etc., are usually essential in dehydrogenation [30,31]. Among these metals,
Pd-based nanomaterials are considered the most effective catalysts for the dehydrogena-
tion of HCOOH [32–34]. Meanwhile, Pd is an effective catalyst for the activation of H2
and its subsequent hydrodechlorination, making it a unique candidate for the catalytic
hydrodechlorination of chlorinated organics by formic acid [9,35,36]. Catalytic-transfer
hydrodechlorination with HCOOH by a Pd-based catalyst has been applied in the dechlori-
nation of lindane, diclofenac, chlorophenols, and chloroethylene [7,25,28,37]. Despite that,
a large number of supported Pd catalysts (SiO2, ZrO2, activated carbon, etc.) have been
developed in the dehydrogenation of HCOOH for hydrogen [38], Pd-based catalysts with
high reactivity, stability, and recyclability remain in need of exploration in catalytic-transfer
hydrodechlorination [39].

The catalytic activities of homogeneous nanocatalysts are generally dependent on
the size of the nanoparticles (NPs) and the dispersion state of the nanocatalysts. Small-
diameter NPs can be synthesized via regulation by stabilizers during growth, although they
inevitably tend to aggregate in solutions, resulting from their high surface energy and van
der Waals interactions [40]. Therefore, despite the fact that homogeneous catalysts usually
have low diffusion resistance for reactants due to their uniform dispersion in the reaction
system, their catalytic reactivities always suffer from an aggregation of NPs. Heterogeneous
catalysts that support NPs on/in solid supports can significantly suppress the aggregation
of NPs and have advantages in the separation and recycling of catalysts [32,40]. While
various applicated supports, such as activated carbon, insoluble polymeric resins, silica,
zeolites, and so on, may make the prepared heterogeneous catalysts susceptible to diffu-
sional limitations, attributed to the lack of well-connected pores for the mass transfer of
reactants or the insufficient utilization of internal nanocatalysts. In addition, special efforts
are required for the separation and recycling of nanocatalysts supported in these powders
or monodisperse particles. Accordingly, a monobloc support has (i) abundant functional
groups serving as stabilizers for the growth of high-reactivity NPs and their stabilization;
(ii) interconnected porous for the unlimited diffusion of reactants from solutions to catalytic
active sites; and (iii) convenience in catalyst recovery and recycling, which is even more
appealing [7,41].
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Natural sponge is an old cellulose-based marine organism and thus consists of an abun-
dance of dehydrated tissues of multicellular animals, which provide abundant functional
groups for the regulable formation and stabilization of NPs [42]. Typically, a monobloc
natural sponge is split into interconnected open-cell pores by its three-dimensional in-
terpenetrating microfibers, which has an apparent advantage in mass transfer and has
inspired numerous studies on artificial materials by imitating its fiber-pore structure [43].
Consequently, this abundant and renewable material is an ideal support for the designing
of heterogeneous catalysts with high catalytic reactivity and excellent recyclability. Our
previous work found that sponge was a preferable support for the loading of Au and Ag
nanocatalysts, which have high reactivity and stability in batch-wise, push-in-out, and
continuous-flow reaction systems for the catalytic reduction of pollutants, owing to its
compressible properties [44]. Herein, we adopted alkaline-modified natural sponge as
support for the loading of Pd nanocatalysts for the hydrodechlorination of polychlorinated
aliphatic hydrocarbon pollutants (florfenicol, FF) and two chlorinated aromatic pollutants
(o-chlorophenol, o-CP; p-chlorophenol, p-CP) with HCOOH as a H2 donor (Scheme 1).
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Scheme 1. Schematic illustration of the preparation of sponge-supported a Pd-based catalyst and
its applications in the dechlorination of florfenicol and chlorophenol. (a) Photo of a typical natural
sponge; (b) Modification of natural sponge by NaOH and the subsequent preparation of Pd@M-
Sponge [44]. The change in the color from yellow to dark red indicates the formation of Pd NPs in
the sponge. Application of the prepared catalyst in the hydrodechlorination of (c) florfenicol and
p-chlorophenol and o-chlorophenol.

2. Results

The surfaces of the fibers of natural sponge always attach with tissue flakes (Figure 1),
the desquamation of which during catalytic application may lead to the loss of nanocatalyst
and thus be adverse to the recycling of the catalyst [44]. Therefore, the natural sponge
was first treated with alkaline. The pretreatment of soaking sponge in alkaline conditions
(M-Sponge) can effectively remove these flakes on the fiber surfaces of the sponge and is
beneficial for the recycling of the nano-engineered sponge (Figure 1c).
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After being hydrolyzed by alkaline, the surface functional groups, which are not
only beneficial for the complexation of metal precursors but also effectively reinforce the
interaction between the support and Pd NPs, can be improved while preserving the porous
structure of the sponge. Figure 2a shows that the pretreated sponge has an abundance of
micropores with size distributions of 5–10 µm and 50–200 µm. The FTIR and XPS spectra
of sponge indicate the existence of hydroxyl groups (Figure 2b,c), the content of which
was further increased after pretreatment (Table 1), attributed to the presumable hydrolysis
of C–F groups and the formation of hydroxyl groups during the pretreatment [45]. The
high-resolution spectra of C1s and O1s of sponge and M-Sponge (Figure 3) also suggest the
presence of C–OH (285.7 eV, 532.2 eV) [46]. Compared with sponge, the peak of C–OH of
Pd NP-loaded sponge slightly shifted to high binding energy (~0.3 eV, Figure 3), implying
the interaction of NPs with the hydroxyl groups [47,48].
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Table 1. Elemental analysis of sponge and M-Sponge from XPS.

Elemental Composition by XPS

Sample
Elements (at.%)

C N O F

Sponge 64.8 10.6 20.5 4.0

M-Sponge 63.4 10.3 23.9 2.4
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The composite of pretreated sponge decorated with Pd NPs (Pd@M-Sponge) was
synthesized by the common NaBH4 reduction method. Attributing to that, the abundant
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–OH groups and proteins in sponge fibers [44,49] can serve as stabilizers for the binding of
metal precursors and the subsequent formation and stabilization of Pd NPs [50,51], the syn-
thesized Pd NPs have a narrow size distribution and a small mean diameter (Figure 4). The
d spacing value of the Pd NP was 0.229 nm, corresponding to its [111] crystal surface [52,53].
While Pd@Sponge possessed a broad size distribution and a mean size of 2.97 nm (Figure S1).
The variation in the size distribution of Pd NPs between Pd@Sponge and Pd@M-Sponge
may be attributed to the enriched functional groups in M-Sponge after pretreatment, such
as –OH and C=O. These oxygenated functional groups are believed to be crucial in the for-
mation and stabilization of Pd NPs by acting as stabilizing agents [54,55], which promotes
the generation of well-dispersed Pd NPs and prevents them from agglomerating, leading
to a small particle size and uniform dispersion of Pd NPs [56]. Moreover, benefiting from
the stabilization of Pd NPs by oxygenated functional groups, the well-dispersed Pd NPs in
Pd@M-Sponge has almost no change after the dechlorination reaction (Figure S1).
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The catalytic dechlorination performance of Pd@M-Sponge was first conducted in
the dechlorination of a typical polychlorinated aliphatic hydrocarbon compound, FF [57].
FF is a broad-spectrum antibiotic that is effective for many Gram-positive and Gram-
negative bacteria and thus has been used worldwide as one of the permitted antibiotics
in aquaculture and cannot be effectively remediated by traditional water treatment tech-
nologies [58,59]. As it is difficult to be degraded and may cause deleterious effects on
wild aquatic organisms even in low concentrations, the removal of florfenicol from aquatic
systems is a significant issue [60,61]. Yet, there is seldom relevant research reporting on the
dechlorination of FF by Pd NPs with HCOOH currently.

As shown in Figure 5, FF was rapidly dechlorinated and formed deschloro FF (with
one Cl atom) in 30 min, which was almost completely reduced to dideschloro FF (with no
Cl atom) in 120 min. The dechlorination of FF follows a pseudo-first-order reaction, and
the rate constant (k) was calculated accordingly (Figure 6). The results indicated that a
low concentration of FF (50 mg/L) displayed a higher rate constant (14.99 × 10−2 min−1)
compared to that (12.09 × 10−2 min−1) of high concentration of FF (100 mg/L) at the
same concentration of formic acid (~39 mM). Compared with the reported literature on the
dechlorination of FF that mostly adopts the electrocatalytic method or reductive dechlo-
rination by nZVI materials [58,62–64], the hydrodechlorination of FF with formic acid
by Pd@M-Sponge may be more advantageous for future potential practical applications,
owing to the high reaction rate constant, cheap and stable character of the hydrogen carrier,
and convenient recycling of the catalyst.

We further investigated the catalytic reactivity of Pd@M-Sponge in the dechlorination
of two typical chlorinated aromatic pollutants, o-CP and p-CP. Chlorophenols have been
widely used as chemical raw materials, intermediates, and solvents in the production of
antiseptics, disinfectants, herbicides, and pesticides and thus have attracted great attention
in the areas of chemistry, pharmaceutical science, and toxicology [65,66]. However, the
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abuse of chlorophenols has led to their ubiquitous distribution in the environment, and
chlorophenols have become highly hazardous pollutants, as they have limited biodegrad-
ability and are carcinogenic, teratogenic, and cytotoxic to aquatic and terrestrial life [67,68].
Therefore, they have been listed as priority pollutants by the United States Environmental
Protection Agency [69].
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The dechlorination of o-CP follows a pseudo-first-order model, and the rate constant
at RFA/o-CP of 50:1 and 100:1 was 15.42 × 10−2 min−1 and 20.64 × 10−2 min−1, respectively
(Figure 7). As formic acid is actually the source of H2, the formation of which is highly
dependent on the catalytic decomposition of formic acid by Pd NPs [70,71], a higher
concentration (high RFA/o-CP) of formic acid potentially gives rise to higher reaction rate
constant. The present work demonstrated superior efficiency in the dechlorination of o-CP
compared to the dechlorination systems employing micro-sized (MCM-48 mesoporous
microspheres (M48N)) or even nano-sized (metal—organic framework of UiO-66, multiwall
carbon nanotubes (MWCNTs), and porous carbon nanosheets (PCN), and mesoporous
silica–carbon nano-composite (MSCN)) support for the loading of Pd NPs [35,55,72–74].

As the dechlorination of p-CP is generally more difficult than that of o-CP [75], the
rate constant at an even higher RFA/p-CP (200:1) is still lower than that at an RFA/o-CP
of 100:1 (Figure 8). Therefore, we conducted tests of the dechlorination of this refrac-
tory organochloride at a high target concentration in the validation of the high catalytic
dechlorination reactivity of Pd@Spone4h. As shown in Figure 8b,c, high concentrations of
p-CP (250 mg/L and 500 mg/L) with RFA/p-CP of 20:1 and 10:1 were completely dechlo-
rinated in 90 min and exhibited pseudo-first-order rate constants of 6.13 × 10−2 min−1
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and 5.72 × 10−2 min−1, respectively. These results demonstrated that formic acid is effi-
ciently transformed and utilized in dechlorination in the catalysis of Pd@M-Sponge. The
Arrhenius plots in Figure 9 reveal that the apparent activation energy (Ea) of Pd@Spone4h
is 32.86 kJ/mol, which is lower than the reported 34.38, 41.7, or 78.6 kJ/mol of Pd NPs
supported on micron-sized supports [8,76,77], revealing the high catalytic dechlorination
reactivity of the prepared composite.
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In the dechlorination of p-CP by Pd@M-Sponge, the same RFA/p-CP (100:1) with dif-
ferent concentrations of p-CP give roughly similar rate constants (Figure 10). Specifically,
the catalytic dechlorination of p-CP at low concentrations (5 mg/L) exhibited a relatively
high reaction rate constant, suggesting that internal diffusion may be negligible. To further
investigate the effects of internal and external diffusion on the catalytic performance, 50 mg
Pd@M-Sponge of one, two, and four blocks were adopted in the common batch experiment
with various stirring rates. As evident from Figure 11, the differences in k values of the
same amount Pd@M-Sponge (50 mg) with different blocks (one, two, and four) measured
under different stirring rates were obvious, indicating a significant external diffusion in the
catalytic reaction, especially when the stirring rate is less than 200 r/min. Despite this, the
differences in the k values of Pd@M-Sponge with different blocks measured under stirring
rate were significantly small, demonstrating that the internal diffusion of the sponge-based
composite can be negligible. The low internal diffusion resistance of the prepared catalyst
ensures a high utilization of Pd NPs in Pd@M-Sponge and further enhances the catalytic
reactivity of the catalyst. Therefore, Pd@M-Sponge demonstrated superior catalytic activity
and recyclability to other Pd-based catalysts (PdNi NPs and Pd NPs supported on UiO-66,
foam Ni, active carbon, reduced graphene oxide, or PCN) in the electrocatalytic dechlo-
rination and hydrodechlorination of p-CP with formic acid or H2 as a hydrogen source
(Table 2) [55,72,78–82]. Moreover, Pd@M-Sponge demonstrated almost no delay in the
initial reaction stage, which is considered to be caused by internal diffusion limitations [80].
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Figure 11. Comparison of the apparent rate constant k values of Pd@M-Sponge with the same
amounts (50 mg) but under various conditions including the number of blocks (one, two, or four
blocks) and stirring rates (0, 100, 200, 300, or 400 r/min). The concentration of p-CP is 50 mg/L,
RFA/p-CP is 100:1, and the reaction temperature is 25 ◦C.
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Table 2. Evaluation of catalytic performances of the prepared catalysts (Pd@M-Sponge). The reaction
temperature is 25 ◦C. “–” indicates that the related data were deficient. “H*” indicates the active
hydrogen atom generated in electrocatalytic process.

Target Method Catalyst Temperature
(◦C)

Concentration
(mg/L) Reductant

Molar
Ratio of
Target to

Reductant

k
(10−2

min−1)

Recycle
Times

Reactivity
Retention

Rate
Ref.

FF

Hydrodechlorination Pd@M-
Sponge 25

50
HCOOH

1:280 14.99 – – This
work100 1:140 12.09

Electrocatalytic
dechlorination

Pd-TiO2 25 ± 5 20 H* – 0.035 5 97% [62]
Pd@Ni-foam 25 ± 1 20 H* – 0.044 20 95% [63]

Reductive
dechlorination

S-nZVI 25 100 nZVI 1:60 1.9 – – [58]
S-nZVI 25 50 nZVI 1:190 5.7 5 21% [64]

o-
CP

Hydrodechlorination

Pd@M-
Sponge 25

50
HCOOH

1:100 20.64 – – This
work50 1:50 15.42

Pd@UiO-66 35 128 NH4COOH 1:10 ~1.54 – – [72]
Pd/N-

MWCNTs
25

180 CH3OH 1:1764
0.06 – – [35]100 0.39

Pd/MSCN −15 643 H2 – 0.23 5 ~98% [73]
Pd/M48N – 128 H2 – 0.34 5 ~98% [74]

Electrocatalytic
dechlorination

Pd/Ti 30 25 H* – 0.85 10 94.5% [83]
Pd/PCN 25 100 H* – 2.7 – – [55]

p-
CP

Hydrodechlorination

Pd@M-
Sponge 25

5

HCOOH

1:100 11.58

20 ~100% This
work

12.5 1:100 12.39
25 1:100 11.47
25 1:200 18.37
50 1:100 ~11
250 1:20 6.13
500 1:10 5.72

Pd@UiO-66 35
128 HCOOH 1:10 0.33

5 95.29% [72]128 NH4COOH 1:10 1.79
Pd/Ni 25 ± 3 50 HCOOH 1:51 2.7 3 97% [78]

Pd/AC-P 30 4000 HCOOH +
HCOONa 1:29 5.3 5 94% [79]

Pd/C 25 30 H2 – 2.9 5 – [80]
Pd/rGOEt 30 100 H2 – 5.64 – – [81]

Electrocatalytic
dechlorination

PdNi NPs – 100 H* – 2.3 5 85% [82]
Pd/PCN 25 100 H* – 3.9 5 94.5% [55]

Moreover, the excellent recyclability of Pd@M-Sponge is further confirmed in the
20 successive dechlorination cycles, during which p-CP was converted into phenol and
the reaction rate constant was maintained at a high level (~11 × 10−2 min−1, Figure 12),
demonstrating that the catalytic acidity of Pd@M-Sponge was well maintained during
dechlorination and not affected by Cl or other by-products [72]. Compared with the
reported powdery or monodispersed catalyst, this monobloc catalyst not only has sig-
nificantly surpassing recyclability (Table 2) [8], but also has outstanding advantages in
separation and recycling.
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Notably, compared with Pd@M-Sponge, Pd@Sponge demonstrated poor dechlorina-
tion efficiency (Figure S2) despite it having a superior diffusivity equal to that of Pd@M-
Sponge. The results of the control experiments indicated that no obvious conversion of
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the reactant was observed in the presence of M-Sponge without Pd loading (Figure S3),
indicating that M-Sponge has no catalytic effect and that the notable difference in terms
of catalytic reactivity of Pd@Sponge and Pd@M-Sponge cannot simply be ascribed to the
variation in support. In consideration of the indispensable role of Pd NPs in these reactions,
the inferior catalytic dechlorination performance of Pd@Sponge in comparison with that of
Pd@M-Sponge may not only be attributed to the low Pd loading capacity of un-pretreated
sponge but also to the easy loss of Pd NPs from sponge during dechlorination. This deduc-
tion is further verified by the variations of Pd loading in Pd@Sponge and Pd@M-Sponge
before and after dechlorination application (Table 3). The higher content of Pd in Pd@M-
Sponge than Pd@Sponge may be attributed to the higher density of oxygenated functional
groups in M-Sponge than that of natural sponge, which promotes the complexation of Pd
precursor [84,85], causing more Pd precursors to be adsorbed and reduced in the M-Sponge.

Table 3. Pd loading of the catalysts before and after application in the dechlorination reaction.

Pd@Sponge Pd@M-Sponge

Before application (wt%) 3.5 3.9
After application (wt%) 2.9 3.7

3. Materials and Methods
3.1. Materials and Reagents

Potassium chloropalladite (K2PdCl4, 98%), florfenicol (FF, C12H14Cl2FNO4S, 98%),
o-chlorophenol (o-CP, 99%), p-chlorophenol (p-CP, 99%), and sodium borohydride (NaBH4,
98%) were purchased from Aladdin Reagent Company (Shanghai, China). Formic acid
(HCOOH, 88%) was purchased from Kemiou Chemical Reagent Company (Tianjin, China).
Sodium hydroxide (NaOH, 98%) was purchased from Solarbio Science and Technology
(Beijing, China). Natural sponge (Mediterranean bath sponge, Family: Spongiidae, Genus:
Spongia) was purchased from Jingdong Century Trade. Ltd. (Beijing, China). All water
was purified by the Sartorius arium pro VF water purification system (18.2 MΩ resistivity,
Göttingen, Germany).

3.2. Preparation of Pd@Sponge, Pd@M-Sponge

M-Sponge was first prepared by soaking 500 mg of natural sponge in 0.1 M NaOH
for 4 h at 60 ◦C. Then, the pretreated sponge (M-Sponge) was washed with water four
times. To obtain Pd@Sponge and Pd@M-Sponge, 500 mg of sponge and the prepared
M-Sponge was soaked in a solution of 200 mL K2PdCl4 (1 mM) for 1 h at 30 ◦C, respectively.
After soaking, the samples were washed with water to remove the unbound Pd precursors.
Subsequently, the samples were soaked in a solution of 0.1 M NaBH4 with stirring for
10 min. During this process, the color of the sponge composites changed from yellow to
dark brown, attributed to the binding metal precursors in sponge fibers being reduced
by NaBH4 and generating Pd NPs. All the prepared samples were washed with water
five times and dried in a vacuum drying oven at 60 ◦C for 24 h before use. Pd NPs
supported by untreated sponge and alkaline-modified sponge were marked as Pd@Sponge
and Pd@M-Sponge, respectively.

3.3. Characterization

The morphology of sponge and the Pd NPs were characterized by scanning electron
microscopy (SEM, Hitachi S-4800, Tokyo, Japan) and high-resolution transmission electron
microscopy (HRTEM, JEM2100F, JEOL, Akishima, Japan). To prepare HRTEM samples,
Pd@Sponge and Pd@M-Sponge were first subjected to ultrasonication, after which a drop
of the suspension containing Pd NPs was deposited onto carbon-coated copper grids for
HRTEM analysis. Inductively coupled plasma optical emission spectrometry (ICP-OES)
(Thermo iCAP 7400, Waltham, MA, USA) was used to determine the Pd loading of the
samples (Pd@Sponge and Pd@M-Sponge before and after application in the dechlorination
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reaction). Specifically, the samples of sponge-/M-Sponge-supported Pd NPs (40 mg) were
cut into pieces and dissolved by 2 mL HNO3 (65%). An amount of 1 mL of the digestive
solution was then diluted to 250 mL in a volumetric flask for the ICP-OES measurements.
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi) of the samples were
carried out using an Al Ka source. The mercury intrusion measurements were carried out
on AutoPore IV 9500, Micromeritics Instrument Corporation, Norcross, GA, USA.

3.4. Evaluation of Catalytic Activity of Catalysts in Dechlorination

As with typical FF dechlorination experiments, 2.5 g/L of stock solution of FF was first
prepared by dissolving 2.5 g FF in a mixture of 2 mL water and 3 mL ethanol, which was fi-
nally diluted to 1 L with water. Next, 100 mL of FF solution with concentrations of 100 mg/L
and 50 mg/L were prepared by spiking 4 mL and 2 mL of stock solution into water, re-
spectively. Then, 50 mg of catalyst (each one with the size of ~1.2 cm × 1.2 cm × 1.2 cm)
and the desired amount of formic acid were added to the prepared FF solution to initiate
the dechlorination reaction at 25 ◦C. To measure the concentration of FF, aliquots of liquid
samples were taken out at the desired sampling time and kept in centrifuge tubes. The
samples were further subjected to high-performance liquid chromatography analysis. De-
tector: UV at 210 nm; column: XDB-C18 (Agilent, Santa Clara, CA, USA), 250 × 4.6 mm;
flow rate: 0.6 mL/min; mobile phase: methanol/water = 40/60 (v/v); injection volume:
10 µL. All the experiments were conducted in triplicate, and the standard deviations of the
data were calculated.

In the dechlorination experiment of p-CP and o-CP, 3 g/L stock solutions of p-CP and o-
CP were first prepared by dissolving desired amounts of p-CP and o-CP in water, which was
finally diluted to 1 L with water. Next, p-CP and o-CP solutions with specific concentrations
were prepared by spiking stock solution into water. Then, 50 mg catalyst and the desired
amount of formic acid were added to the prepared p-CP or o-CP solution to initiate the
dechlorination reaction at 25 ◦C. To measure the concentration of p-CP or o-CP, aliquots of
liquid samples were taken out at the desired sampling time and kept in centrifuge tubes.
The samples were further subjected to high-performance liquid chromatography analysis.
Detector: UV at 280 nm; column: XDB-C18, 150 × 4.6 mm; flow rate: 0.6 mL/min; mobile
phase: methanol/water = 70/30 (v/v); injection volume: 20 µL. All the experiments were
conducted in triplicate, and the standard deviations of the data were calculated.

In the repeating catalytic performance tests of Pd@M-Sponge, the concentration of
p-CP was 50 mg/L, the mass of catalyst was 50 mg, the molar ratio of formic acid and p-CP
(RFA/p-CP) was 100:1, and the reaction temperature was 25 ◦C. After each dechlorination
experiment was finished, the catalyst was carefully washed five times with water and then
repeatedly employed in the next dechlorination experiment. The reaction rate constant
(k) was calculated from the pseudo-first-order equation ln(Ct/C0) = −kt, where Ct is the
concentration of pollutant at time t and C0 is the initial concentration of pollutant.

To examine the effect of diffusion on the catalytic dechlorination performance of
Pd@M-Sponge, three 50 mg blocks of Pd@M-Sponge were uniformly cut into one, two,
or four blocks and adopted in the common batch experiment with various stirring rates
(0/100/200/300/400 r/min) at 25 ◦C. The shape and size of the magnetons employed in
the experiments were all the same. The concentration of p-CP was 25 mg/L, and that of
RFA/p-CP was 100:1.

4. Conclusions

In this work, we developed an excellent catalyst for hydrodechlorination with formic
acid via transfer hydrogenation, which showed high catalytic reactivity and no reaction
delay in the dechlorination of polychlorinated aliphatic hydrocarbon (FF) and chlorinated
aromatics (o-CP and p-CP). The results of the test on 20 successive dechlorination cycles
showed that there was almost no catalytic reactivity loss, indicating the outstanding re-
cyclability of the prepared catalyst. Compared to natural sponge, the alkaline-modified
sponge possesses a higher density of oxygenated functional groups for the binding of
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Pd precursors and the stabilization of Pd NPs, resulting in a small size and narrow size
distribution of Pd NPs, and enhanced catalytic reactivity and stability. Additionally, the
excellent catalytic performance is also attributed to the negligible internal mass transfer
limitation of the catalyst promoted by the porous structure of the sponge. After being sub-
jected to a hydrolysis process, the connected microcells separated by the three-dimensional
network were maintained, endowing the catalyst with high diffusivity and allowing it to
be free from the issues of mass transfer and reaction delay which are otherwise common
in the reported supported catalysts. This work not only offers a novel alternative based
on biocompatible natural material for the development of recyclable and cost-effective
catalysts for hydrodechlorination but also provides a new perspective for the exploration
and designing of highly reactive and stable catalysts for hydrodechlorination.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14070424/s1, Figure S1: Typical TEM image of (a) Pd@Sponge
and (b) the corresponding size distribution of Pd NPs. Typical TEM image of (c) Pd@M-Sponge after
reaction and (d) the corresponding size distribution of Pd NPs. Figure S2. Dechlorination of p-CP in
5 successive reaction cycles by (a) Pd@Sponge and (b) Pd@M-Sponge for a reaction time of 60 min at
25 ◦C. The concentration of p-CP is 50 mg/L, RFA/p-CP is 100:1. Figure S3: (a) HPLC chromatogram of
the dechlorination process of p-CP catalyzed by M-Sponge in 2 h; (b) HPLC chromatogram of the
dechlorination process of p-CP catalyzed by Pd@M-Sponge without formic acid in 2 h. Figure S4:
HPLC chromatogram of the dechlorination process of FF of (a) 50 mg/L and (b) 100 mg/L by Pd@M-
Sponge. Figure S5: HPLC chromatogram of the dechlorination process of o-CP at RFA/o-CP of (a) 100:1
and (b) 50:1 by Pd@M-Sponge. Figure S6: HPLC chromatogram of the dechlorination process of o-CP
at different concentrations of p-CP and different RFA/p-CP by Pd@M-Sponge: (a) 25 mg/L, RFA/p-CP is
200:1, (b) 250 mg/L, RFA/p-CP is 20:1, (c) 500 mg/L, RFA/p-CP is 10:1. Figure S7: HPLC chromatogram
of the dechlorination process of p-CP at different concentrations of p-CP by Pd@M-Sponge: (a) 5 mg/L,
(b) 12.5 mg/L, (c) 25 mg/L, RFA/p-CP was 100:1.
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