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Abstract: Palladium (Pd) nanoparticle catalysis has attracted increasing attention due to its efficient
catalytic activity and its wide application in environmental protection and chemical synthesis. In this
work, Pd nanoparticles (about 71 nm) were synthesized in aqueous solution by microwave-assisted
thermal synthesis and immobilized in beech wood blocks as Pd@wood catalysts. The wood blocks
were first hydrothermally treated with 10% NaOH solution to improve the internal structure and
increase their porosity, thereby providing favorable attachment sites for the formed Pd nanoparticles.
The stable deposition of Pd nanoparticle clusters on the internal channels of the wood blocks can be
clearly observed. In addition, the catalytic performance of the prepared Pd@wood was investigated
through two model reactions: the reduction of 4-nitrophenol and Cr(VI). The Pd@wood catalyst
showed 95.4 g−1 s−1 M−1 of normalized rate constant knorm and 2.03 min−1 of the TOF, respectively.
Furthermore, Pd nanoparticles are integrated into the internal structure of wood blocks by microwave-
assisted thermal synthesis, which is an effective method for wood functionalization. It benefits metal
nanoparticle catalysis in the synthesis of fine chemicals as well as in industrial wastewater treatment.

Keywords: nanocatalysis; wood catalyst support; microwave wood pretreatment; wastewater treatment;
reusability

1. Introduction

Nanocatalysts, and especially metal nanoparticles catalysis, are increasingly used [1,2].
They offer many advantages over traditional catalysts due to their unique properties,
improved volume-to-surface ratio and better catalytic performance [3,4]. For example,
noble metal nanoparticle catalysts are used for environmental remediation to remove toxic
organic pollutants such as nitro-aromatic compounds, dyes or toxic metals used in industry
from wastewater [5–7]. In particular, Pd nanoparticles have been widely used in coupling
reactions, catalytic hydrogenation and oxidation reactions, as well as hydrogen storage
materials and catalytic electrodes for fuel cells in recent years [8–10].

However, despite the high efficiency of Pd nanoparticle catalysts, their use is often
hindered by their lack of stability in the reaction medium and their low recyclability. To
circumvent this problem, the immobilization of nano-catalysts on supports is a promising
solution. Evans et al. [11] investigated the effects of the metal-oxide supports (CeO2, SnO2,
TiO2) in the catalytic activity of Pd nanoparticles for ethanol electrooxidation. Mahmoud
et al. [12] summarized the progress on Pd nanocatalysts supported on different polymers
(MOFs polymer, PVP/alumina, functional resins, etc.) for selective and sustainable oxi-
dation of alcohols, olefins, alkenes, etc. Moreover, other supports can be obtained from
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renewable materials or wastes, which introduces more sustainability in the process [13–15].
Dong et al. [16] successfully prepared Pd catalysts based on carbene functionalized cellulose
as a carrier for the Suzuki reaction in aqueous solution. Kumar et al. [17] used lignin to
synthesize and immobilize Pd nanospheres in water without any reducing agent for Heck
reaction under solvent-free conditions. Marjan et al. [18] developed a green approach for
the ultrasound promoted in situ immobilization of Pd NPs over chitosan/agarose modified
Fe3O4 as an effective catalyst for the oxidation of alcohols.

In recent years, many approaches have been developed for the functionalization of nat-
ural wood, due to the fact that it is the most abundant renewable biomass in nature [19,20].
However, both the extraction of cellulose and lignin from wood and their chemical mod-
ification still pose a great challenge for the highly efficient utilization of wood [21,22].
Furthermore, it is still difficult to achieve the same level of complexity in the internal struc-
ture of natural wood using synthetic approaches. Therefore, functionalization of natural
wood is a promising alternative, as it directly leverages its inherited architecture [23,24]. It
effectively combines the intrinsic properties of natural wood with new specialized function-
alities. Furthermore, the main components of the wood cell wall contain lignin, cellulose
and hemicellulose [25,26]. The large number of phenolic hydroxyl and ether groups in
lignin and cellulose are very favorable for the formation of Pd nanoparticles [27]. Moreover,
the complex internal channels and numerous pores of wood can provide attachment sites
for Pd nanoparticles. In addition, the reusability of catalysts is of great importance in chem-
istry and industry [9,12]. The reusability of natural wood blocks is a significant advantage
when using them as supports for Pd nanoparticles. A simple filtration operation enables
the wood blocks to be easily recovered without complex experimental techniques. This
feature makes the recycling and reuse of catalysts more cost-effective and helps to reduce
the environmental impact.

In this study, Pd nanoparticles were synthesized and immobilized in natural wood
blocks as Pd@wood catalyst by microwave-assisted thermal synthetic methods in aqueous
solution. The internal microstructures of the wood blocks without treatment and after
pretreatment with NaOH solution were characterized by Scanning Electron Microscopy
(SEM). The size distribution of Pd nanoparticles deposited inside the wood block was
characterized by SEM and EDS. In addition, model reaction tests were then performed
to evaluate the catalytic performance of the prepared catalysts, such as the reduction of
4-nitrophenol and Cr(VI).

2. Materials and Methods
2.1. Materials

Sodium tetrachloropalladate trihydrate (Na2PdCl4), ethanol (96% vol), acetone, potas-
sium dichromate (K2Cr2O7), formic acid, sodium hydroxide (NaOH), HNO3 (67–69%,
super pure for trace analysis), HCl (37%, trace metal analysis), palladium standard solution
(for AAS, 1 mg/mL Pd in 10% HCl), sodium borohydride (NaBH4), benzyl phosphonic
acid, 4-nitrophenol and ascorbate sodium were purchased from Thermo Fisher Scientific
in France and used as received. Wood blocks (beech) was purchased from a hardware
store in France. Deionized water generated from the purification chain was used for all
experiments.

2.2. Characterization Methods

The internal structure of the wood blocks and the distribution of Pd nanoparticles
inside the wood block were characterized by Scanning Electron Microscopy (FEG-SEM
Sigma HD VP model from Zeiss Company, Jena, Germany). X-ray micro-analysis (EDS,
Energy Dispersive Spectrometry) was used to confirm the presence and chemical composi-
tion of Pd NPs. Wood samples were previously coated with very low thickness of Carbon
sputtering (ACE 600 Leica, Wetzlar, Germany). The observations and characterization of Pd
nanoparticles were realized by SEM with high resolution in lens detector in High Vacuum
mode, low kV of acceleration beam (5 kV) and at high magnification. EDS spectroscopy
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(SDD Xmax 80 mm2 spectrometer, Oxford Instruments, Manchester, UK) was used to
characterize the chemical composition (elementary Pd) of nanoparticles at the scale of the
SEM magnification. The internal structure and morphology of wood blocks before and
after NaOH pretreatment were characterized by SEM (FEI Quanta FEG 250, Hillsboro,
OR, USA) with accelerating voltage of 20 kV. The UV-Visible spectrum was performed
on a spectrometer Lambda 12 (PERKIN ELMER, Waltham, MA, USA) instrument in the
wavelength range of 250–800 nm with a scanning speed of 480 nm/min and a bandwidth
of 5 nm. The loading of Pd nanoparticles (mol%) was measured by the instrument ICP
(Agilent 4200 MP-AES, Santa Clara, CA, USA). The details are as follows: firstly, a series of
Pd standard solutions of different concentrations (50, 100, 125, 200, 250 ppm) was prepared
to calibrate the ICP equipment and obtain the standard concentration curve. Volumes of
0.5 mL of Pd standard solution, 1.0 mL of HNO3, 2.0 mL of HCl and 6.5 mL of deionized
water were added to a 10 mL standard volumetric flask to prepare a Pd calibration solution
with a concentration of 50 ppm. Volumes of 1.0 mL of Pd standard solution, 1.0 mL of
HNO3, 2.0 mL of HCl and 6.0 mL of deionized water were used to prepare a Pd calibration
solution with a concentration of 100 ppm. Other concentrations of Pd calibration solutions
were prepared as indicated above. The amount of Pd supported in the wood block with a
length of 1.0 cm was calculated by subtracting the remaining Pd content in the solution after
wood block loading from the total content of Pd in the initial solution. Volumes of 2.0 mL
of the reacted solution, 1.0 mL of HNO3, 2.0 mL of HCl and 5.0 mL of deionized water
were added to the beaker and then used for further ICP analysis, which was to determine
the concentration of Pd remaining in the solution.

2.3. Pretreatment of Wood Blocks

Wood blocks from beech of three different lengths (0.5, 1.0, 1.5 cm) with a diameter of
1.0 cm were prepared by hand sawing. These blocks were then treated in sodium hydroxide
solution (10%) at 80 ◦C for 2 days. After that, they were thoroughly washed three times
with distilled water and dried in an oven.

2.4. Preparation of Pd@wood Catalyst

The Pd nanoparticles were prepared by using a protocol involving the reduction of
Pd salts by sodium ascorbate in the presence of a benzyl phosphonic acid as stabilizer,
following a process adapted from A. Iben Ayad et al. [28]. Briefly, benzyl phosphonic
acid solution (0.07 mol/L) was prepared in distilled water, before adding NaOH (1 M) to
adjust the pH of solution to 10. Pd salt solution (0.0038 mol/L) was prepared by dissolving
Na2PdCl4 in distilled water. Sodium ascorbate solution (0.087 mol/L) was prepared in
distilled water. Then, 10 mL of distilled water, 1.5 mL of Pd salt solution, 900 µL of stabilizer
solution, 200 µL of sodium ascorbate solution and a 1.0 cm long piece of wood were added
sequentially to a 30 mL reaction tube. The tube was then placed in a Microwave Synthesis
Reactor (Monowave 300, Anton Paar France SAS, Les Ulis, France) and heated in 1 min to
100 ◦C and kept at this temperature for 30 min with a stirrer speed of 1200 rpm. A rapid
heating program in the Microwave Synthesis Reactor was used (Figure S1). For the first
12 s, the maximum power reached 678 W, and then it started to decrease. Within 1 min,
the temperature reached 100 ◦C, and the power was maintained between 20 W and 30 W
during the rest of the process. After the reaction was completed, the tube was removed
from the microwave reactor and then cooled to room temperature. Finally, the blocks were
removed and dried in an oven before being used for further analysis.

2.5. General Procedure for Reduction of 4-Nitrophenol

The 4-nitrophenol aqueous solution of 5 mL concentration of 0.807 mmol/L was first
prepared in a beaker. Then the freshly prepared NaBH4 solution of 1 mL concentration of
1.69 mol/L was added to the beaker and stirred at the speed of 800 rpm. After 5 min, 200 µL
of the solution was taken out for UV analysis as the initial concentration of 4-nitrophenol.
Afterwards, the wood block of 1.0 cm was added to the beaker. At a certain time, 200 µL
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solution was taken out for UV analysis. After each reaction cycle, the Pd@wood composite
sample was washed with water and acetone, then treated by drying or sonication before
the next cycle use.

2.6. General Procedure for Reduction of Cr (VI)

The reduction of Cr (VI) was carried out following the report of Dandapat et al. [29]
and modified as appropriate. Briefly, K2Cr2O7 aqueous solution of 5 mL concentration of
5 mmol/L was first prepared in a beaker. Then 1 mL of formic acid was added to the beaker
and the temperature was kept at 50 ◦C. After 3 min, 0.5 mL of the solution was taken out
for UV analysis as the initial concentration of Cr(VI). Afterwards, the wood block of 1.0 cm
was added to the beaker. At a certain time, the 0.5 mL reaction solution was taken out for
UV analysis. After each reaction cycle, the Pd@wood composite sample was ultrasonically
washed with water and acetone, then dried in an oven at 40 ◦C before the next cycle use.

3. Results and Discussion
3.1. Structural Characterization of Catalyst

Natural wood blocks are used as supports for Pd nanoparticles to form composite
catalysts. The use of wood blocks as support has the potential following advantages:
(1) Wood is a renewable and environmentally friendly support, which does not require
complex preparation. (2) Wood possesses a complex porous structure with an abundance of
pores and surface area. This structure contributes to the good dispersion of Pd nanoparticles,
providing more active sites and thus increasing the activity of the catalyst. Moreover, it
allows for good adsorption of the pollutants that can diffuse in the structure. (3) The
complex internal structure of the wood blocks can protect the Pd nanoparticles. preventing
them from falling off during the catalytic process. (4) Retrievability of the catalyst is also
greatly simplified.

The effect of the NaOH pretreatment and the Pd nanoparticles impregnation on the
internal microstructure of the wood blocks was investigated by SEM. Representative im-
ages of specimens are shown in Figure 1. Compared with untreated samples, numerous
grooves are visible on vessel cell walls in NaOH-treated samples. Slight defibration was
also noticed. It was shown that alkaline hydrothermal pretreatment of wood triggered the
removal of lignin from the cell wall [30]. This is because, in general, the ester bonds between
lignin, hemicellulose and cellulose may be broken after alkali treatment of biomass [31].
Hydrothermal treatment significantly changed the total porosity of yellow poplar (Lirio-
dendron tulipifera Linnaeus) samples [32] and the porosity of biomass was increased after
NaOH thermal pretreatment of wood blocks [33]. These intricate channels and pores in
wood cell wall might provide perfect attachment points for Pd nanoparticles. Alterations
of middle lamella, lignin and porosity depend on the density and anatomical features of
the wood species [34]. Beech (Fagus sylvatica) wood is a diffuse porous wood with a high
potential for impermeability according to the European Standard EN 350 [35].

The SEM images and EDS spectrum of the internal structure of the wood block after
deposition of Pd nanoparticles are presented in Figure 2. It can be observed that the Pd
nanoparticles clusters are distributed on the internal channels of the wood block. Two
strong signal peaks of Pd element appear on the EDS spectrum, which indicates the in-situ
synthesis of Pd nanoparticles inside the wood block. It turned out that the pretreated
wood blocks provided favorable sites for attachment of Pd nanoparticles. Furthermore, the
average size is about 71 nm by the size distribution of Pd nanoparticles, which indicates
that the formation of Pd clusters due to agglomeration of Pd nanoparticles. The loading of
Pd nanoparticles in the 1.0 cm wood block was measured and calculated. The remaining
Pd concentration in the solution after wood block loading was 8.76 ppm by ICP analysis.
The mass of residual Pd in solution and the initial total mass of Pd were calculated to be
0.552 mg and 0.716 mg, respectively. Thus, the loading mass of Pd in the 1.0 cm wood block
was 0.164 mg (1.54 × 10−3 mmol).
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3.2. Study of Catalytic Properties

The new catalyst supported on wood blocks was evaluated in two model reactions
for depollution: reduction of 4-nitrophenol and Cr(VI). These two model reactions are
important for industrial water purification and environmental protection due to their
toxicity to humans and nature [36]. The catalytic activity of the prepared Pd@wood catalyst
was first investigated by the reduction reaction of 4-nitrophenol, as shown in Figure 3. The
reduction of 4-nitrophenol is a well-known process, in which 4-nitrophenol is reduced
to 4-aminophenol [37] (Figure 3a). In our study, NaBH4 was the reducing agent and Pd
nanoparticles were used as the catalyst. The pH of the catalytic media for the reduction
process of 4-nitrophenol is 10.7. UV spectroscopy was used to record the reaction process
(Figure 3b). The peak at 400 nm is attributed to the absorption of 4-nitrophenolate ion,
while the peak at 300 nm is due to the absorption of 4-aminophenol. As the reaction time
increases, the peak intensity at 400 nm decreases while that at 300 nm increases. This
demonstrates the reduction of 4-nitrophenol and the formation of 4-aminophenol. This is
consistent with the results reported in the literature [38,39]. The reduction was moreover
confirmed by NMR of the isolated product (Figure S5). It can be observed that 1.0 cm wood
catalyst could completely reduce 4-nitrophenol after 45 min. It is attributed to the fact that
the reaction substrate can easily enter the internal channels of the wood block to contact
with Pd nanoparticles and thus be reduced. However, the decrease in 4-nitrophenol could
not be ascribed to only adsorption of the molecule onto wood as it is less rapid than the
reduction process (see Figure S4a,b).

At the end of each reaction, the blocks were removed and washed three times with
distilled water and acetone, and then the blocks were treated by drying and ultrasonication
before the next catalytic reaction. It was observed that after the first drying or sonication, the
wood block was still able to reduce the 4-nitrophenol completely within 45 min (Figure 4a).
As the number of cycles increased, the time required for the reduction reaction gradually
increased. In the case of only ultrasonic cleaning after each reaction (Figure 4b), the
first cycle could still reduce 4-nitrophenol by 100%, but the second cycle could reduce
4-nitrophenol by 94.3%. In the following two cycles, only 83.2% and 74.9% of the reactant
were reduced, respectively. However, in the case of ultrasonic cleaning followed by drying
after each reaction (Figure 4c), 4-nitrophenol could be completely reduced in the first three
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cycles. Under the fourth and fifth cycles, the reduction rate of 4-nitrophenol remained as
high as 93.3% and 93.1%, respectively. The main reason was that the obstruction of the
pores of the wood by the reaction products, which explained that drying and ultrasonic
cleaning had a positive effect in recycling.
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Figure 4. Catalytic reduction of 4-nitrophenol. (a) Treated with 1.0 cm wood catalyst after drying and
sonication, respectively. (b) Treated with 1.0 cm wood catalyst only by ultrasonic cleaning after each
reaction for four cycles. (c) Treated with 1.0 cm wood catalyst by ultrasonic cleaning followed by
drying after each reaction for five cycles. (d) Kinetic curves of (c), corresponding plots of ln(Ct/C0)
versus reaction time.

In order to study the catalytic efficiency of the prepared Pd@wood catalyst for re-
ducing 4-nitrophenol, the rate constant kapp (s−1) is calculated based on the equation:
kapp = −(d(ln(Ct/C0)))/dt, where t (s) is the reaction time, and Ct and C0 represent the
concentration of 4-nitrophenol at the reaction time t and the initial time t0, respectively [40].
The calculated reaction rate constant kapp was 4.41 × 10−3 s−1 for the wood composite
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catalyst with a length of 1.0 cm and Pd loading of 0.164 mg. For the purpose of comparing
with the reported catalyst, the constant normalized knorm (s−1) including the concentra-
tion of NaBH4 and the quantity of Pd should be considered; it is calculated based on the
equation: knorm = kapp/(m(Pd) × (NaBH4)), where m(Pd) refers to the quantity of Pd and
c(NaBH4) represents the concentration of NaBH4 [41]. The calculated normalized rate
constant knorm was 95.4 g−1 s−1 M−1. Comparison of different catalyst systems on the
reduction of 4-nitrophenol is shown in Table 1. It can be observed that higher normalized
rate constant value and less catalyst was used in our case, compared to other catalytic
systems Ag@lignin [40], Cu NPs [38] and Ag dendrites [42]. In addition, the prepared
Pd@wood catalyst exhibited higher or comparable values of kapp and knorm than Pt black
and Au@citrate [43]. The exception is the Pd nanodendrite (PdND1) prepared by Mour-
dikoudis et al. [41], but it should be noticed that preparation of the catalyst in that case
involving preparation of nanodendrites is less straight forward.

Table 1. Comparison of different catalyst systems on the reduction of 4-nitrophenol.

Catalyst Catalyst Mass
(mg)

NaBH4
Concentration

(mM)

kapp
(s−1)

knorm
(g−1 s−1 M−1) Ref.

Pd@wood Pd (0.164) 282 4.41 × 10−3 95.4 This work
Ag@lignin Ag (16.2) 500 2.30 × 10−2 2.8 [40]

PdND1 Pd (0.04) 77 3.95 × 10−3 1274.4 [41]
Cu NPs Cu (12.5) 9.9 1.58 × 10−3 12.7 [38]

Ag-lignin/LCG1 --- 10.0 2.19 × 10−3 --- [39]
Pt black Pt (0.05) 203 0.70 × 10−3 69.0 [43]

Au@citrate Au (0.05) 165 0.30 × 10−3 27.6 [43]
Ag dendrites Ag (1.0) 36.4 2.51 × 10−3 68.9 [42]

Reaction conditions: 4-nitrophenol (0.807 mM, 5 mL), NaBH4 (0.282 M), Pd (0.164 mg, 1.54 × 10−3 mmol), 25 ◦C,
using the wood catalyst with a length of 1.0 cm.

The reduction of Cr(VI) was carried out in the presence of formic acid at 50 ◦C to
further investigate the catalytic performance of the prepared Pd@wood catalyst, as shown
in Figure 5. The peak at 350 nm was assigned as the absorption peak of Cr(VI) [44]. There
was no significant change in the concentration of Cr(VI) after 30 min with formic acid only
(Figure 5a). This suggested that Cr(VI) was not reduced in the absence of the catalyst. After
adding the Pd@wood catalyst, the intensity of the absorption peak gradually decreased
and disappeared completely after 8 min. This showed that Cr(VI) was totally reduced
(Figure 5b). For the reduction of Cr(VI), the rate constant k (s−1) is calculated based on the
equation: ln(Ct/C0) = kt, where t (min) is the reaction time, and Ct and C0 represent the
concentration of Cr(VI) at the reaction time t and the initial time t0, respectively [45]. It
was observed that the reaction rate constant was 7.53 × 10−3 s−1 for the wood composite
catalyst with a length of 1.0 cm and Pd loading of 0.164 mg from the kinetic curve of
Cr(VI) reduction (Figure 5c). In order to compare with the reported catalyst, the turnover
frequency (TOF) is calculated based on the equation: TOF = (n(Cr(VI)))/(t × n(Pd)), where
n(Cr(VI)) is the number of moles of Cr(VI) converted (mol), t represents the reaction time
(min) and n(Pd) refers to the number of moles of Pd active sites (mol) [46]. The calculated
turnover frequency of Pd was 2.03 min−1. Comparison of different catalyst systems on the
reduction of Cr(VI) is shown in Table 2. It was observed that a shorter time for complete
reduction of Cr(VI) was required and a higher TOF values was exhibited in our catalyst
with Pd loading of 6.16 mol%, compared to other catalytic systems. It indicated that the
prepared Pd@wood catalyst exhibited more excellent catalytic activity for the reduction
of Cr(VI).
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Table 2. Comparison of different catalyst systems on the reduction of Cr(VI).

Catalyst Temperature
(◦C)

Time
(min)

Rate Constant
(k/min−1)

Rate Constant
(k/s−1)

TOF
(min−1) Ref.

Pd@wood 50 8 0.452 7.53 × 10−3 2.03 This work
Pd-γ-Al2O3 50 40 0.085 1.42 × 10−3 1.03 [29]

Pd@Pro-ESM 45 26 0.133 2.22 × 10−3 2.6 × 10−4 [47]
Co-RGO10 25 9 0.474 7.90 × 10−3 4.9 × 10−2 [48]

Ni@GE-Cu0.75 25 15 0.344 5.73 × 10−3 2.4 × 10−2 [49]
Ni-RGO10 25 4 0.309 5.15 × 10−3 1.4 × 10−2 [50]

Reaction conditions: K2Cr2O7 (5 mmol/L, 5 mL), formic acid (1 mL), Pd (0.164 mg, 6.16 mol%).

Furthermore, after the reaction, the wood block was taken out and ultrasonically
cleaned at least three times alternately with acetone and deionized water, and then dried
in an oven at 40 ◦C. The reusability of the catalyst for the Cr(VI) reduction reaction was
then further investigated. In the subsequent four cycle reactions, the reduction efficiency
of the catalyst for Cr(VI) could reach 99%, 98%, 96% and 93%, respectively, and the time
required for the reaction increased from 8 min to 15 min. It indicated that the as-prepared
catalyst had good reusability due to the internal structure and channels of the wood block
providing good attachment points for Pd. A hot filtration test for the Pd@wood catalyst
was performed as follows. A fresh 1.0 cm wood block catalyst was added to deionized
water and magnetically stirred at 50 ◦C for 1 h at 800 rpm. Then the above solution was
taken and added to an aqueous solution of Cr(VI) for reaction under the same conditions.
The results showed that no Cr(VI) was reduced, which indicates that no Pd nanoparticles
were leached during the reaction under mild conditions, confirming the good stability and
reusability of the catalyst.

4. Conclusions

The Pd@wood catalyst with excellent catalytic performance and reproducible usabil-
ity was successfully prepared. Meanwhile, microwave-assisted thermal synthesis of Pd
nanoparticles was used as a model protocol for an efficient method for wood function-
alization. The results showed that deep integration of Pd nanoparticles into the wood
internal structure could be achieved, which has been confirmed by SEM and EDS images.
The high flexibility and wide applicability of microwave-assisted synthesis in preparing
materials with different dimensions provide a highly versatile and energy-efficient strategy
for future integration of different functions into wood cell wall structures. Furthermore, for
two model reactions of the reduction of 4-nitrophenol and Cr(VI), the Pd@wood catalyst
shows 95.4 g−1 s−1 M−1 of normalized rate constant knorm and 2.03 min−1 of the TOF,
respectively. These two values are higher than most other reports, which shows that the
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prepared Pd@wood has excellent catalytic activity. It not only increases the high-value
applications of wood through functionalization, but also has important implications for
industrial wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13172491/s1, Figure S1. The power, temperature and pressure
of the whole process in the Microwave Synthesis Reactor to synthesize the Pd@wood catalyst.
Figure S2. The size distribution of Pd nanoparticles. Table S1. The size distribution, mean size,
amount and the frequencies of Pd nanoparticles in Figure S2a. Table S2. The size distribution, mean
size, amount and the frequencies of Pd nanoparticles in Figure S2b. Figure S3. SEM images of the
internal structure of Pd@wood catalyst. Figure S4. (a): Catalytic reduction of 4-nitrophenol by treated
with wood catalysts of three different lengths (0.5, 1.0, 1.5 cm), and adsorption of 4-nitrophenol by
1.0 cm wood without Pd. (b): Kinetic curves corresponding plots of ln(Ct/C0) versus reaction time.
Figure S5. 1H and 13C NMR spectrum of 4-aminophenol.

Author Contributions: Conceptualization, Z.Z., V.T. and E.G.; Methodology, Z.Z., V.T. and E.G.; Ex-
perimental testing, Z.Z., A.B. and C.R.; Data collection, Z.Z., A.B. and C.R.; Data analysis, Z.Z., A.B.,
C.R., N.B., V.T. and E.G.; Writing—original draft, Z.Z.; Writing—review and editing, N.B., V.T. and E.G.;
Supervision, V.T. and E.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by China Scholarship Council and the funding of the chair:
“Green Chemistry and Processes” from Université de Technologie de Compiègne (UTC).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data are not publicly available at this time but may be obtained
from the authors upon reasonable request.

Acknowledgments: Authors acknowledge the financial support of China Scholarship Council for
Zhang Zhao thesis fellowship. We acknowledge the supports of the European Union (FEDER),
the Région Haut de France, the Ecole Supérieur de Chimie Organique et Minérale (ESCOM) and
Université de Technologie de Compiègne (UTC) through funding of the chair: “Green Chemistry and
Processes”. We also acknowledge the support of the European Union (FEDER) and the Région Haut
de France, through funding of the “Contrat Plan Etat Région 2015–2022”. The authors also would
like to thank SILVATECH (Silvatech, INRAE, 2018. Structural and functional analysis of tree and
wood Facility, doi: 10.15454/1.5572400113627854E12) from UMR 1434 SILVA, 1136 IAM, 1138 BEF
and 4370 EA LERMAB from the research center INRAE Grand-Est Nancy for their contribution of
microscope-X-ray tomograph observation to provide data. SILVATECH facility is supported by the
French National Research Agency through the Laboratory of Excellence ARBRE (ANR-11-LABX-0002-
01). EA 4370 LERMAB is supported by the French National Research Agency through the ARBRE
Laboratory of Excellence (ANR-12-LABXARBRE-01).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Polshettiwar, V.; Varma, R.S. Green chemistry by nano-catalysis. Green Chem. 2010, 12, 83–109. [CrossRef]
2. Chernyshev, V.M.; Ananikov, V.P. Nickel and palladium catalysis: Stronger demand than ever. ACS Catal. 2022, 12, 1180–1200.

[CrossRef]
3. Fihri, A.; Bouhrara, M.; Nekoueishahraki, B.; Basset, J.M.; Polshettiwar, V. Nanocatalysts for Suzuki cross-coupling reactions.

Chem. Soc. Rev. 2011, 40, 5181–5203. [CrossRef] [PubMed]
4. Mohamed, R.M.; McKinney, D.L.; Sigmund, W.M. Enhanced nanocatalysts. Mater. Sci. Eng. R Rep. 2012, 73, 1–13. [CrossRef]
5. Sharma, R.K.; Dutta, S.; Sharma, S.; Zboril, R.; Varma, R.S.; Gawande, M.B. Fe3O4(iron oxide)-supported nanocatalysts: Synthesis,

characterization and applications in coupling reactions. Green Chem. 2016, 18, 3184–3209. [CrossRef]
6. Gawande, M.B.; Bonifácio, V.D.B.; Varma, R.S.; Nogueira, I.D.; Bundaleski, N.; Ghumman, C.A.A.; Teodoro, O.M.N.D.; Branco,

P.S. Magnetically recyclable magnetite–ceria (Nanocat-Fe-Ce) nanocatalyst—Applications in multicomponent reactions under
benign conditions. Green Chem. 2013, 15, 1226–1231. [CrossRef]

7. Pentsak, E.O.; Dzhemileva, L.U.; D’yakonov, V.A.; Shaydullin, R.R.; Galushko, A.S.; Egorova, K.S.; Ananikov, V.P. Compar-
ative assessment of heterogeneous and homogeneous Suzuki-Miyaura catalytic reactions using bio-Profiles and bio-Factors.
J. Organomet. Chem. 2022, 965, 122319. [CrossRef]

https://www.mdpi.com/article/10.3390/nano13172491/s1
https://www.mdpi.com/article/10.3390/nano13172491/s1
https://doi.org/10.1039/b921171c
https://doi.org/10.1021/acscatal.1c04705
https://doi.org/10.1039/c1cs15079k
https://www.ncbi.nlm.nih.gov/pubmed/21804997
https://doi.org/10.1016/j.mser.2011.09.001
https://doi.org/10.1039/C6GC00864J
https://doi.org/10.1039/c3gc40375k
https://doi.org/10.1016/j.jorganchem.2022.122319


Nanomaterials 2023, 13, 2491 11 of 12

8. Yin, Z.; Lin, L.; Ma, D. Construction of Pd-based nanocatalysts for fuel cells: Opportunities and challenges. Catal. Sci. Technol.
2014, 4, 4116–4128. [CrossRef]

9. Lee, S.J.; Yu, Y.; Jung, H.J.; Naik, S.S.; Yeon, S.; Choi, M.Y. Efficient recovery of palladium nanoparticles from industrial wastewater
and their catalytic activity toward reduction of 4-nitrophenol. Chemosphere 2021, 262, 128358. [CrossRef]

10. Galushko, A.S.; Boiko, D.A.; Pentsak, E.O.; Eremin, D.B.; Ananikov, V.P. Time-Resolved Formation and Operation Maps of Pd
Catalysts Suggest a Key Role of Single Atom Centers in Cross-Coupling. J. Am. Chem. Soc. 2023, 145, 9092–9103. [CrossRef]

11. Monyoncho, E.A.; Ntais, S.; Brazeau, N.; Wu, J.-J.; Sun, C.-L.; Baranova, E.A. Role of the Metal-Oxide Support in the Catalytic
Activity of Pd Nanoparticles for Ethanol Electrooxidation in Alkaline Media. ChemElectroChem 2016, 3, 218–227. [CrossRef]

12. Nasrollahzadeh, M.; Sajjadi, M.; Shokouhimehr, M.; Varma, R.S. Recent developments in palladium (nano)catalysts supported on
polymers for selective and sustainable oxidation processes. Coord. Chem. Rev. 2019, 397, 54–75. [CrossRef]

13. Xia, H.; Zhang, Z.; Liu, J.; Deng, Y.; Zhang, D.; Du, P.; Zhang, S.; Lu, X. Novel Fe-Mn-O nanosheets/wood carbon hybrid with
tunable surface properties as a superior catalyst for Fenton-like oxidation. Appl. Catal. B Environ. 2019, 259, 118058. [CrossRef]

14. Song, M.; Tao, X.; Wu, Y.; Qing, Y.; Tian, C.; Xu, H.; Lu, X. Boosting oxygen evolution activity of NiFe layered double hydroxide
through interface engineering assisted with naturally-hierarchical wood. Chem. Eng. J. 2021, 421, 129751. [CrossRef]

15. Zhang, Z.; Terrasson, V.; Guenin, E. Lignin Nanoparticles and Their Nanocomposites. Nanomaterials 2021, 11, 1336. [CrossRef]
16. Dong, Y.; Bi, J.; Zhang, S.; Zhu, D.; Meng, D.; Ming, S.; Qin, K.; Liu, Q.; Guo, L.; Li, T. Palladium supported on N-Heterocyclic

carbene functionalized hydroxyethyl cellulose as a novel and efficient catalyst for the Suzuki reaction in aqueous media. Appl.
Surf. Sci. 2020, 531, 147392. [CrossRef]

17. Marulasiddeshwara, M.B.; Kumar, P.R. Synthesis of Pd(0) nanocatalyst using lignin in water for the Mizoroki-Heck reaction
under solvent-free conditions. Int. J. Biol. Macromol. 2016, 83, 326–334. [CrossRef]

18. Shahriari, M.; Sedigh, M.A.; Mahdavian, Y.; Mahdigholizad, S.; Pirhayati, M.; Karmakar, B.; Veisi, H. In situ supported Pd NPs on
biodegradable chitosan/agarose modified magnetic nanoparticles as an effective catalyst for the ultrasound assisted oxidation of
alcohols and activities against human breast cancer. Int. J. Biol. Macromol. 2021, 172, 55–65. [CrossRef]

19. Tao, X.; Xu, H.; Luo, S.; Wu, Y.; Tian, C.; Lu, X.; Qing, Y. Construction of N-doped carbon nanotube encapsulated active
nanoparticles in hierarchically porous carbonized wood frameworks to boost the oxygen evolution reaction. Appl. Catal. B
Environ. 2020, 279, 119367. [CrossRef]

20. Donath, S.; Militz, H.; Mai, C. Wood modification with alkoxysilanes. Wood Sci. Technol. 2004, 38, 555–566. [CrossRef]
21. Weinstock, I.A.; Atalla, R.H.; Reiner, R.S.; Moen, M.A.; Hammel, K.E.; Houtman, C.J.; Hill, C.L.; Harrup, M.K. A new environmen-

tally benign technology for transforming wood pulp into paper. Engineering polyoxometalates as catalysts for multiple processes.
J. Mol. Catal. A Chem. 1997, 116, 59–84. [CrossRef]

22. Dong, B.H.; Hinestroza, J.P. Metal nanoparticles on natural cellulose fibers: Electrostatic assembly and in situ synthesis. ACS Appl.
Mater. Interfaces 2009, 1, 797–803. [CrossRef]

23. Lin, X.; Wu, M.; Wu, D.; Kuga, S.; Endo, T.; Huang, Y. Platinum nanoparticles using wood nanomaterials: Eco-friendly synthesis,
shape control and catalytic activity for p-nitrophenol reduction. Green Chem. 2011, 13, 283–287. [CrossRef]

24. Negui, M.; Zhang, Z.; Foucher, C.; Guénin, E.; Richel, A.; Jeux, V.; Terrasson, V. Wood-Sourced Polymers as Support for Catalysis
by Group 10 Transition Metals. Processes 2022, 10, 345. [CrossRef]

25. Agarwal, U.P. Raman imaging to investigate ultrastructure and composition of plant cell walls: Distribution of lignin and cellulose
in black spruce wood (Picea mariana). Planta 2006, 224, 1141–1153. [CrossRef]

26. Yin, Y.; Berglund, L.; Salmén, L.J.B. Effect of steam treatment on the properties of wood cell walls. Biomacromolecules 2011, 12,
194–202. [CrossRef] [PubMed]

27. Benaissi, K.; Johnson, L.; Walsh, D.A.; Thielemans, W.J.G.C. Synthesis of platinum nanoparticles using cellulosic reducing agents.
Green Chem. 2010, 12, 220–222. [CrossRef]

28. Iben Ayad, A.; Belda Marín, C.; Colaco, E.; Lefevre, C.; Méthivier, C.; Ould Driss, A.; Landoulsi, J.; Guénin, E. “Water soluble”
palladium nanoparticle engineering for C–C coupling, reduction and cyclization catalysis. Green Chem. 2019, 21, 6646–6657.
[CrossRef]

29. Dandapat, A.; Jana, D.; De, G. Pd nanoparticles supported mesoporous γ-Al2O3 film as a reusable catalyst for reduction of toxic
CrVI to CrIII in aqueous solution. Appl. Catal. A Gen. 2011, 396, 34–39. [CrossRef]

30. Besserer, A.; Obame, S.N.; Safou-Tchima, R.; Saker, S.; Ziegler-Devin, I.; Brosse, N. Biorefining of Aucoumea klaineana wood:
Impact of steam explosion on the composition and ultrastructure the cell wall. Ind. Crops Prod. 2022, 177, 114432. [CrossRef]

31. Gáspár, M.; Kálmán, G.; Réczey, K. Corn fiber as a raw material for hemicellulose and ethanol production. Process Biochem. 2007,
42, 1135–1139. [CrossRef]

32. Rahimi, S. Physical Properties and Drying Behavior of Hydrothermally Treated Yellow-Poplar; Libraries at West Virginia University:
Morgantown, WV, USA, 2017. [CrossRef]

33. Salehian, P.; Karimi, K.; Zilouei, H.; Jeihanipour, A. Improvement of biogas production from pine wood by alkali pretreatment.
Fuel 2013, 106, 484–489. [CrossRef]

34. Ali, M.R.; Abdullah, U.H.; Ashaari, Z.; Hamid, N.H.; Hua, L.S. Hydrothermal Modification of Wood: A Review. Polymers 2021, 13,
2612. [CrossRef] [PubMed]

35. EN 350:2016; Durability of Wood and Wood-Based Products—Testing and Classification of the Durability to Biological Agents of
Wood and Wood-Based Materials. European Committee for Standardization: Newark, DE, USA, 2016.

https://doi.org/10.1039/C4CY00760C
https://doi.org/10.1016/j.chemosphere.2020.128358
https://doi.org/10.1021/jacs.3c00645
https://doi.org/10.1002/celc.201500432
https://doi.org/10.1016/j.ccr.2019.06.010
https://doi.org/10.1016/j.apcatb.2019.118058
https://doi.org/10.1016/j.cej.2021.129751
https://doi.org/10.3390/nano11051336
https://doi.org/10.1016/j.apsusc.2020.147392
https://doi.org/10.1016/j.ijbiomac.2015.11.034
https://doi.org/10.1016/j.ijbiomac.2021.01.037
https://doi.org/10.1016/j.apcatb.2020.119367
https://doi.org/10.1007/s00226-004-0257-1
https://doi.org/10.1016/S1381-1169(96)00074-X
https://doi.org/10.1021/am800225j
https://doi.org/10.1039/C0GC00513D
https://doi.org/10.3390/pr10020345
https://doi.org/10.1007/s00425-006-0295-z
https://doi.org/10.1021/bm101144m
https://www.ncbi.nlm.nih.gov/pubmed/21133402
https://doi.org/10.1039/B913218J
https://doi.org/10.1039/C9GC02546D
https://doi.org/10.1016/j.apcata.2011.01.032
https://doi.org/10.1016/j.indcrop.2021.114432
https://doi.org/10.1016/j.procbio.2007.04.003
https://doi.org/10.33915/etd.6466
https://doi.org/10.1016/j.fuel.2012.12.092
https://doi.org/10.3390/polym13162612
https://www.ncbi.nlm.nih.gov/pubmed/34451152


Nanomaterials 2023, 13, 2491 12 of 12

36. Farooq, M.; Shujah, S.; Tahir, K.; Nazir, S.; Ullah Khan, A.; Almarhoon, Z.M.; Jevtovic, V.; Al-Shehri, H.S.; Tasleem Hussain,
S.; Ullah, A. Ultra efficient 4-Nitrophenol reduction, dye degradation and Cr(VI) adsorption in the presence of phytochemical
synthesized Ag/ZnO nanocomposite: A view towards sustainable chemistry. Inorg. Chem. Commun. 2022, 136, 109189. [CrossRef]

37. Grzeschik, R.; Schäfer, D.; Holtum, T.; Küpper, S.; Hoffmann, A.; Schlücker, S. On the Overlooked Critical Role of the pH Value on
the Kinetics of the 4-Nitrophenol NaBH4-Reduction Catalyzed by Noble-Metal Nanoparticles (Pt, Pd, and Au). J. Phys. Chem. C
2020, 124, 2939–2944. [CrossRef]

38. Deka, P.; Deka, R.C.; Bharali, P. In situ generated copper nanoparticle catalyzed reduction of 4-nitrophenol. New J. Chem. 2014, 38,
1789–1793. [CrossRef]

39. Zhang, L.; Lu, H.; Chu, J.; Ma, J.; Fan, Y.; Wang, Z.; Ni, Y. Lignin-Directed Control of Silver Nanoparticles with Tunable Size in
Porous Lignocellulose Hydrogels and Their Application in Catalytic Reduction. ACS Sustain. Chem. Eng. 2020, 8, 12655–12663.
[CrossRef]

40. Xiao, W.-Z.; Xiao, L.-P.; Yang, Y.-Q.; Xu, Q.; He, W.-Q.; Zhang, J.; Wang, R.-Y.; Zhao, X.; Zhai, S.-R.; Sun, R.-C. Fully exposed silver
nanoparticles stabilized on pH-responsive lignin-reactors for enhanced 4-nitrophenol reduction. J. Environ. Chem. Eng. 2022, 10,
107945. [CrossRef]

41. Mourdikoudis, S.; Montes-Garcia, V.; Rodal-Cedeira, S.; Winckelmans, N.; Perez-Juste, I.; Wu, H.; Bals, S.; Perez-Juste, J.; Pastoriza-
Santos, I. Highly porous palladium nanodendrites: Wet-chemical synthesis, electron tomography and catalytic activity. Dalton
Trans. 2019, 48, 3758–3767. [CrossRef]

42. Ye, W.; Chen, Y.; Zhou, F.; Wang, C.; Li, Y. Fluoride-assisted galvanic replacement synthesis of Ag and Au dendrites on aluminum
foil with enhanced SERS and catalytic activities. J. Mater. Chem. 2012, 22, 18327–18334. [CrossRef]

43. Lv, J.-J.; Wang, A.-J.; Ma, X.; Xiang, R.-Y.; Chen, J.-R.; Feng, J.-J. One-pot synthesis of porous Pt–Au nanodendrites supported on
reduced graphene oxide nanosheets toward catalytic reduction of 4-nitrophenol. J. Mater. Chem. A 2015, 3, 290–296. [CrossRef]

44. Huang, Y.; Ma, H.; Wang, S.; Shen, M.; Guo, R.; Cao, X.; Zhu, M.; Shi, X. Efficient catalytic reduction of hexavalent chromium
using palladium nanoparticle-immobilized electrospun polymer nanofibers. ACS Appl. Mater. Interfaces 2012, 4, 3054–3061.
[CrossRef] [PubMed]

45. Chen, S.; Wang, G.; Sui, W.; Parvez, A.M.; Dai, L.; Si, C. Novel lignin-based phenolic nanosphere supported palladium
nanoparticles with highly efficient catalytic performance and good reusability. Ind. Crops Prod. 2020, 145, 112164. [CrossRef]

46. Li, D.-N.; Shao, F.-Q.; Feng, J.-J.; Wei, J.; Zhang, Q.-L.; Wang, A.-J. Uniform Pt@Pd nanocrystals supported on N-doped reduced
graphene oxide as catalysts for effective reduction of highly toxic chromium(VI). Mater. Chem. Phys. 2018, 205, 64–71. [CrossRef]

47. Liang, M.; Su, R.; Qi, W.; Zhang, Y.; Huang, R.; Yu, Y.; Wang, L.; He, Z. Reduction of Hexavalent Chromium Using Recyclable
Pt/Pd Nanoparticles Immobilized on Procyanidin-Grafted Eggshell Membrane. Ind. Eng. Chem. Res. 2014, 53, 13635–13643.
[CrossRef]

48. Xu, T.; Xue, J.; Zhang, X.; He, G.; Chen, H. Ultrafine cobalt nanoparticles supported on reduced graphene oxide: Efficient catalyst
for fast reduction of hexavalent chromium at room temperature. Appl. Surf. Sci. 2017, 402, 294–300. [CrossRef]

49. Liu, L.; Xue, J.; Shan, X.; He, G.; Wang, X.; Chen, H. In-situ preparation of three-dimensional Ni@graphene-Cu composites for
ultrafast reduction of Cr(VI) at room temperature. Catal. Commun. 2016, 75, 13–17. [CrossRef]

50. Bhowmik, K.; Mukherjee, A.; Mishra, M.K.; De, G. Stable Ni nanoparticle-reduced graphene oxide composites for the reduction
of highly toxic aqueous Cr(VI) at room temperature. Langmuir 2014, 30, 3209–3216. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.inoche.2021.109189
https://doi.org/10.1021/acs.jpcc.9b07114
https://doi.org/10.1039/c3nj01589k
https://doi.org/10.1021/acssuschemeng.0c04298
https://doi.org/10.1016/j.jece.2022.107945
https://doi.org/10.1039/C9DT00107G
https://doi.org/10.1039/c2jm32170j
https://doi.org/10.1039/C4TA05034G
https://doi.org/10.1021/am300417s
https://www.ncbi.nlm.nih.gov/pubmed/22591166
https://doi.org/10.1016/j.indcrop.2020.112164
https://doi.org/10.1016/j.matchemphys.2017.10.074
https://doi.org/10.1021/ie5021552
https://doi.org/10.1016/j.apsusc.2017.01.114
https://doi.org/10.1016/j.catcom.2015.11.015
https://doi.org/10.1021/la500156e

	Introduction 
	Materials and Methods 
	Materials 
	Characterization Methods 
	Pretreatment of Wood Blocks 
	Preparation of Pd@wood Catalyst 
	General Procedure for Reduction of 4-Nitrophenol 
	General Procedure for Reduction of Cr (VI) 

	Results and Discussion 
	Structural Characterization of Catalyst 
	Study of Catalytic Properties 

	Conclusions 
	References

