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Nitrogen-doped carbon-based
phenolic resin loaded with Pd
NPs for hydrodechlorination of
4-Chlorophenol
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Yuhao Cai?, Deman Han?*? & Jianrong Chen**

The catalytic hydrodechlorination (HDC) technology exhibits great flexibility and safety under

mild conditions, and shows extremely promising application prospects for the degradation of
4-Chlorophenol (4-CP). Prepare the N-doped phenolic resin carbon support (PMF) using phenol,
melamine and formaldehyde as raw materials, and load Pd nanoparticles (NPs) on it. The XPS results
indicate that the Pd/PMF-800 has a higher Pyridine-N (24.8%) and a higher Pd®/(Pd?*+Pd°) ratio
(65.4%). Moreover, the difference in electronegativity between the N atom and the resin carbon
support enhances the binding energy between them. This enhancement promotes the nucleation
of Pd NPs on the surface of the resin carbon support, thereby imparting higher stability to the Pd
NPs. Due to these comprehensive advantages, Pd/PMF-800 has the highest dechlorination activity
(ks = 0.0594 min-2) and stability (dechlorination rate is 91.56% after 5 cycle). Additionally, it also
demonstrates efficient dehalogenation rates for 2-Chlorophenol and 4-Bromophenol. It can provide
a catalyst that has high-efficiency dehalogenation performance, strong acid and alkali stability and
adaptability, and can be recycled for the degradation of halogenated phenols in the environment.

Keywords Hydrodechlorination (HDC), 4-Chlorophenol (4-CP), Resin modification, Synergistic effect, Pd
nanoparticles (NPs)

Chlorophenols (CPs) are widely used in various industrial processes, including the production of herbicides,
insecticides, dyes, disinfectants, plant regulators, and wood preservatives'=. During the production process,
wastewater containing varying concentrations of CPs is generated, which enters the environment through
various pathways. Due to its acute toxicity and poor biodegradability, it poses a serious threat to the ecological
environment and human health*®. Traditional water treatment technologies, such as activated carbon,
microporous carbon fibers, or carbon nanotubes have been employed for adsorption and removal of CPs>”.
However, when its adsorption capacity is exhausted, only a small amount of adsorbent can be reused, and most
adsorbentsare prone tosecondary pollution. Among various detoxification technologies, including adsorption®-10,
biodegradation!!~!3, photocatalysis!*~!6, electrochemical oxidation!'”~2°,and Hydrodechlorination (HDC)>*21-24,
researchers have found that HDC technology has emerged as an environmentally friendly and effective method
to decompose stable C-Cl bonds and convert toxic CPs into safer and more valuable compounds?>2°. This
detoxification technology for removing CPs has the advantages of high flexibility, low energy consumption, and
process safety””. Pd/AC, Pd /CNTs, Pd/Fh (mesoporous ferrihydrite), Pd-Ni/yAl,O,-SiO, catalysts have been
confirmed by research to be effective in HDC”?#-%, the activity and stability of different Pd-based catalysts for
the hydrodechlorination of 4-CP are shown in Table 1. However, the practical application of Pd-based catalysts is
limited by issues such as high cost, decreased activity or even deactivation in multiple catalytic cycles. Therefore,
it is necessary to further develop catalysts with high performance and low cost.

Polymer resin carbon catalysts have been widely applied in the chemical and pharmaceutical industries.
Polymer resins have high surface area, enhanced porosity, adjustable pore size distribution, and surface functional
groups, which can remove specific pollutants®!. These characteristics enable resins carbon to be used as catalyst
carrier materials, especially when selectivity, stability, and ease of recovery are important considerations. In
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Catalyst | Activity (%) | Stability(%)(after three cycles)
Pd/AC 922 -

Pd/Fh 100 82

Pd/CNTs | 6< -

Table 1. Activity and stability of different Pd-based catalysts for the hydrodechlorination of 4-CP.

recent years, Zhou et al. developed Co-based resin carbon catalysts that activate persulfate to produce SO*
and-OH for the degradation of ibuprofen, achieving a degradation rate of over 70%32. Zhao et al. developed a
Cu-based resin carbon catalyst for methanol oxidative carbonylation to produce dimethyl carbonate, achieving
a 5% conversion rate for methanol and 100% selectivity for dimethyl carbonate®?. In a study by Macarena et al.,
Pd-supported spherical activated carbon based on polymer was developed and applied in the HDC of 4-CP
in the aqueous phase under similar environmental conditions. The catalyst demonstrated high dechlorination
ability during 100 h of continuous experiments*%. However, during the use of these catalysts, changes in pH value
can lead to a decrease in their catalytic activity, and it becomes difficult to control the size of the nanoparticles.
Therefore, it is crucial to develop new Pd-based resin carbon catalysts to improve catalytic performance.

Doping heteroatoms in carbon materials has been widely used as an effective method to regulate the electronic
and chemical properties of carbon materials®®=3%. The heteroatoms commonly used for doping carbon materials
include B, N, P, S etc. Due to the different sizes and electronegativity of different heteroatoms, the properties of
carbon materials doped with different heteroatoms vary. N-doped is the most widely used and has expanded to
multiple fields such as supercapacitors*~1, fuel cells*>~*, photocatalytic sensors*®, biosensors**=*. Melamine is
widely used as an N precursor for doping carbon materials due to its low price, easy availability, and suitability
for large-scale applications. Ze et al. prepared nitrogen doped carbon materials for absorbing carbon dioxide
using a melamine nitrogen source. The porosity of the carbon material reached 97.6%, the surface area was 1406
m?/g, and the heteroatom nitrogen content was 0.98-2.09%". Li et al. used melamine as a nitrogen source and
successfully prepared four non-metallic carbon nitride catalysts with different nitrogen contents by changing
the amount of melamine, which were used in the acetylene hydrochlorination reaction®'. Hu et al. prepared
N-doped agarose derived porous carbon electrode materials with high specific capacitance and long cycle life
using melamine as a nitrogen source through a one-step activation doping method®2. N-doped can enhance the
electrical conductivity, specific surface area, and pore structure of carbon materials. Additionally, N-doped can
also alter the catalytic activity of carbon materials.

In this work, three phenolic resin carbons with different N contents were prepared using melamine as the
N source and by varying the carbonization temperature. The synergistic effect of adjusting N-doped and N
content was utilized to optimize the phenolic resin carbon support. After loading Pd NPs, Pd/PMF exhibits
excellent catalytic performance in the HDC reaction of 4-CP in aqueous phase. We characterize and analyze
the appearance, elemental composition, degree of graphitization, chemical structure, and loading amount of
the catalyst through TEM, ICP, XRD, Raman, XPS and FTIR. The effects of pH and temperature on the reaction
of 4-CP HDC were investigated and catalytic hydrogenation dehalogenation of 2-Chlorophenol (2-CP) and
4-Bromophenol (4-BP). Finally, investigate the stability of catalysts in multiple 4-CP removal cycles. All results
indicate that the prepared Pd/PMF-800 can serve as a promising catalyst for the 4-CP HDC reaction.

Materials and methods

Chemicals

Phenol (C,H,OH, 99%), 4-Chlorophenol (C,H,CIO, 99%), melamine (C,HN, 99%), sodium hydroxide
(NaOH, 98%), 2-Chlorophenol (C,H,CIO, 99%) and 4-Bromophenol (C,;H_BrO, 98%) were purchased from
Shanghai McLean Biochemical Technology Co., Ltd. Formaldehyde (CH,O, 37%, 13.16 mol/L-14.23 mol/L) was
purchased from Zhejiang Sanying Chemical Reagent Co., Ltd. Cyclohexanone (C,H,,0, 99.5%, 9.65 mol/L) and
cyclohexanol (C6H120, 98%, 9.66 mol/L) were from Shanghai Runjie Chemical Reagent Co., Ltd. Hydrochloric
acid (HCI, 36%, 11 mol/L-11.64 mol/L) was purchased from Zhejiang Hanno Chemical Technology Co., Ltd.
PdCI, (99%) was purchased from Saen Chemical Technology (Shanghai) Co., Ltd. High-purity hydrogen gas
(H,, 99%) used as the hydrogen source was purchased from Taizhou Gas Co., Ltd. Activated carbon (AC) was
purchased from Shanghai Chemical Reagent Factory, China. All chemical substances used in the experiments
are of analytical grade, and deionized water was employed for all procedures. All chemicals were used as received
without further purification.

Catalyst Preparation
Co-condensed resin (PMF) was synthesized via a sol-gel process followed by freeze-drying, as reported by Li
et al.*’. Firstly, phenol, melamine, and formaldehyde were dissolved in a single-neck flask at a molar ratio of
1:1:2.5. The pH was adjusted to 8 using a 10 mol/L sodium hydroxide solution. The mixture was then heated in
a water bath at 90 °C for 1 h to obtain the PMFE which was subsequently sealed in a glass container and cured at
100 °C for 24 h. The resulting solid PMF was carbonized in a tubular furnace at temperatures of 700 °C, 800 °C,
and 900 °C for 4 h as control samples, with all other conditions held constant. The prepared PMF samples were
denoted as PMF-700, PMF-800, and PMF-900, respectively.

The Pd-based catalyst was synthesized using a wet impregnation method. A specific amount of PMF was
dispersed in deionized water, and a PdCl, solution (5 mg/mL) was added. The mixture was stirred for 4 h,
filtered, and then vacuum-dried at 80 °C. Subsequently, the catalyst was subjected to a temperature of 300 °C for
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2 hin a hydrogen atmosphere to obtain 1% Pd-loaded Pd/PME. As a control, 1% Pd/AC was prepared under the
same conditions. Weigh 500 mg of PdCl, and place it in a beaker. Add 1 mL of hydrochloric acid and 9 mL of
deionized water, then sonicate the mixture. After PACl, is completely dissolved, transfer the solution into a 100
mL volumetric flask and add deionized water to make up the volume to 100 mL.

Catalytic HDC experiment

A series of experiments were conducted for the HDC of 4-CP in a magnetic high-pressure parallel reactor (WP-
MSAR-500 A, Xian Huatai Kesi Chemical Technology Co., Ltd). To prepare the contaminated solution, 1200 mg
of 4-CP was added to 100 mL of pure water to obtain a 4-CP concentration of 12 mg/mL. Subsequently, 1 mL of
the resulting solution was transferred to a 10 mL quartz glass reaction tube, and then 10 mg of each synthesized
catalyst was added to the reaction tube. High-purity hydrogen gas was introduced into the reaction vessel, and it
was purged three times to ensure complete removal of air from the reaction vessel. The hydrogen gas pressure in
the reaction vessel was maintained at 0.1 MPa. When the temperature of the reaction vessel reached the preset
temperature, stirring was initiated. After every 10 min of reaction, 10 pL of the reaction mixture was sampled
at room temperature using a micropipette, a total of 8 times. The samples were extracted with ethyl acetate and
stored in a vial for further analysis. This study utilized a Shimadzu gas chromatograph equipped with a 5MS/Sil
column (0.25 mmx30 mmx0.25 um) to determine the concentration of 4-CP in the samples. The analysis was
performed with the 5M$/Sil column at 260 C.

Characterization

The morphology and distribution of Pd NPs were determined by TEM. Determine the crystal structure in
composite materials through XRD. Analyze the degree of graphitization of the carrier through Raman. Analyze
the effect of different carbonization temperatures on the chemical structure of the carrier using FTIR. Analyze
the valence state, element types and nitrogen types of Pd NPs in the catalyst using XPS. Determine the loading
amount of Pd in the catalyst using ICP-OES.

Mass transfer limitation

Evaluate the mass transfer rate inside and outside the particles, judging the impact of mass transfer on catalytic
activity. Based on the slip velocity method proposed by Hariott>?, calculate the total liquid-solid mass transfer
rate coefficient (k ), and evaluate the liquid-solid mass transfer rate outside the particles. The transmission rate
of a single ball is given by a semi theoretical equation®:

0.5 0.33
keDe Devp fd
Nan = =2+0. _— 1
i D. +06( i > (PDV> (1)

where N, is Sherwood number, D_ is diameter of catalyst, D_ is diffusion coefficient of 4-CP in water, v is the
average velocity of the fluid, p is solution density, u, indicates dynamic viscosity of the solution. The infinite
dilution diffusion coefficient of the non-electrolyte in water was estimated using the Hayduk-Loudie formula®:

~ 13.26x10°°

Dy=———r e
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where y_ is viscosity of the solvent, V,, is volume of solute molecular at normal boiling point. The mass transfer
rate constant was then calculated by multiplying the k_by the geometric surface area of the catalyst per volume
of the solution®!, a:

o Scxm Xl
o pcXVe V

3)

where S_is geometric surface area of the catalyst, V_is geometric volume of the catalyst, m is the mass of the
catalyst in the reactor tube, p_is the catalyst particle density, V is the reactor tube volume. Using the Weisz and
Prater standards® evaluate the liquid-solid mass transfer limitations within particles, which are the ratio of
reaction and diffusion rate, was used:

kobs DZ ( 4)
De

Obtaining reaction rate constant k ,  through fitting, D_ is diameter of catalyst, D, is effective diffusion rate,

calculated at 0.02 D *%. When the ratio less than 1, the mass transfer limitation within the particle can be ignored.

Reaction kinetics
The removal of 4-CP by all the catalysts follows pseudo-first-order kinetics>’:

dC
—— 5
It kobsC ( )

in the equation, C represents the concentration of 4-CP (mmol L™!), and k ;. (min~ 1) is the fitted pseudo-first-
order reaction rate constant. k , is obtained from the linear regression of the natural logarithm of the solution

phase concentration versus time.
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Turnover frequency
The initial turnover frequency value (TOF, min™!), which is the number of molecules reduced per minute at
each site. as follows®®

kobsCOI\/I

TOFy= CroaD

(6)

where kObs is reaction rate constant, C, is initial 4-CP concentration (mol L™1), M is Pd atomic weight (106.4 g
mol '), C,,, is Pd loading (g L™!). TEM analysis shows that Pd NPs are close to spherical, therefore the shape of
the NPs is 51m11ar to a cubic octahedron®. The dispersion of cuboctahedrons is calculated by*:

30v°+6
=— 5 7
10v°+15ve+11v+3
where v is the average order of cuboctahedral nanoparticles and calculated® by:
d 1
Y24, 2 ®

where d is the nanoparticle diameter obtained from TEM analysis, and d is the distance between metal atoms
which is equal to 0.275 nm for Pd.

Results and discussion

Characterization

The preparation of nitrogen-doped carbon carrier PMF is based on the co-condensation reaction of mixed resins.
As shown in Fig. 1a, a schematic diagram of the preparation of PMF-800 carrier. By mixing phenol, melamine,
and formaldehyde, adjusting the pH to 8 with sodium hydroxide, a co-condensation reaction is carried out
under a water bath condition at 90 “C. Phenol and formaldehyde react at a molar ratio of 1:1 to generate phenolic
resin, and melamine and formaldehyde react at a molar ratio of 1:1.5 to generate melamine formaldehyde resin,
and physical crosslinking occurs between the two resins generated in the subsequent gel and aging process. In
this system, melamine serves as a nitrogen source, while phenol and formaldehyde serve as carbon sources. The

(a) . ’ . OH

©

+

Y NaOH. 90°C ! Gelation and Aging
M . .
“ s Copolycondensation - Carbonization
L
PN

354 Mean Size = 3.17 nm Pd/PMF-800

=

1 2 3 4 5 6 Z
Diameter (um)

Fig. 1. (a) Schematic diagram of PMF-800 carrier preparation process, (b) TEM images of Pd/PMF-800 and
(c)corresponding particle size distribution images, (d) HRTEM images of Pd/PMF 800, (e) HAADF-STEM
images of Pd/PMF-800 and the corresponding elemental mapping images of C, N, O, and Pd.
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mixed resin undergoes a series of complex cracking, condensation, and rearrangement during the pyrolysis
process, which in turn affects the structure of nitrogen-doped carbon carriers. After heat treatment at 600 C,
phenolic hydroxyl groups tend to be stabilized, so different carbonization temperatures mainly affect the type of
nitrogen in N-doped carbon carriers.

The properties, especially the particle size, of Pd NPs play a crucial role in determining their catalytic
activity. To demonstrate the effect of N-doping on the dispersion and size of Pd NPs, the Pd-based catalysts were
characterized by TEM, as shown in Fig. 1b and Fig. Sla, d, g. The Pd NPs (marked by a red circle in Fig. 1b) in
Pd/PMF are spherical and uniformly dispersed on the surface of the carrier, showing excellent dispersibility.
The average particle sizes of Pd NPs on catalysts Pd/AC, Pd/PMF-700, Pd/PMF-800, and Pd/PMF-900 were
calculated to be 9.25, 3.45, 3.17, and 3.72 nm, respectively (Fig. 1c and Fig. S1b, e, h), indicating that N-doped
has a significant impact on the size of Pd NPs. The high-resolution TEM images (Fig. 1d and Fig. Slc, f, i)
reveal the lattice properties of Pd particles. The lattice spacing of approximately 0.23 nm corresponds to the face
centered cubic Pd (111) plane. Furthermore, the HAADF-STEM image of representative Pd/PMF-800 and its
corresponding elemental mapping images (Fig. le) also confirm the homogeneous dispersion of C, N, O and
Pd elements.

The XRD pattern of the catalyst is shown in Fig. 2a. Wide diffraction peaks are displayed near 20=24°,
indicating the successful carbonization of nitrogen-modified phenolic resin. The XRD pattern of Pd NPs is
almost consistent with Pd0, and the diffraction peaks at 40.1°, 46.4°, and 68.1° belong to the Pd (111), Pd (200),
and Pd (220) phases, respectively. This indicates that Pd NPs have been successfully loaded onto the surface of
the carrier and exist in a typical face-centered cubic structure.

In order to further investigate the effect of N-doped on the structure of carbon materials, Raman spectroscopy
analysis was performed on three resin carbon catalysts (Fig. 2b). The peak located at 1336 cm™! corresponds to
the D band, which is caused by defects in the carbon material. The peak located at 1576 cm™! corresponds to
the G band, which is caused by the vibration of sp? hybridized carbon atoms in the carbon material. The relative
strength ratio (I,/I ;) between the D and G band is commonly used to represent the degree of graphitization®'.
A higher ratio indicates a lower degree of graphitization. The I,/1, ratios of Pd/PMFE-700, Pd/PMF-800, and Pd/
PMF-900 were found to be 1.06, 1.18, and 1.03, respectively. The I,/1; ratio of Pd/PMF-800 is higher than those
the other two catalysts, indicating that it has more structural disorder and defect degree, which is more beneficial
for improving catalytic performance.

The N-doped degree, chemical bonding of the modified resin carbon carrier and the valence state of the
loaded Pd were investigated using XPS. Based on the XPS spectrum in Fig. 3a and the chemical composition in
Table 1, the carrier primarily consists of C (~ 285 eV, 81.82 ~ 84.48%), N (~ 402 eV, 5.66 ~ 8.37%), and O (~ 531 eV,
9.81~10.99%). The XPS measurement spectrum of the catalyst shows a Pd peak, indicating the successful
indicating the successful loading of Pd (Fig. 3a). The high-resolution C 1s spectrum can be deconvoluted into
three peaks, corresponding to different chemical groups, including C-C/C=C groups (284.8 ¢V), C-O/C-N
groups (285.8 eV), and C=0 groups (288.7 eV) (Fig. 3b). Figure 3c illustrates the N 1s spectrum, which was
fitted using deconvolution analysis to obtain four peaks corresponding to Pyridine-N (398.1 eV), Pyrrole-N
(399.1 eV), Graphite-N (400.8 eV) and Oxidized-N (403.2 eV). The content of each N species in the three resin
carbon carriers is listed in Table 2. The difference in electronegativity between heteroatoms and carriers, as well
as the higher binding energy between N-doped carriers and metal NPs compared to undoped carriers, enhances
the nucleation, catalytic activity, and stability of Pd NPs®2-%>. Among the four different N species, the Pyridine-N
species has unhybrid lone pair electrons and strong electron donating ability, which is more conducive to the
stability of Pd NPs on the carrier surface. Among the three N-doped catalysts, Pd/PMF-800 has a higher content
of Pyridine-N. In the Pd 3d high resolution spectrum (Fig. 3d), the peaks at 335.5 eV and 340.8 eV correspond
to Pd” in the 3d,, and 3d, , states, while the peaks at 336.7 ¢V and 341.9 eV correspond to Pd*" in the 3d,, and
3d,), states, respectively. This indicates that Pd in the catalyst exists in both Pd’ and Pd**states. Fig. S2 is the
spectrum of Pd 3d after five cycles of reaction. The content of Pd in different valence states is presented in Table
S2. Figure 3e is a schematic diagram of the N-binding types in the phenolic resin carbon support. The ratios of
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Fig. 2. (a) XRD pattern of Pd based modified resin carbon and activated carbon catalyst, (b) Raman spectra of
palladium based modified resin carbon catalyst.
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Fig. 3. (a) XPS spectra of all samples, high-resolution XPS spectra of (b) C 1s, (¢) N 1s and (d) Pd 3d, (e)
Schematic diagram of N binding types in carbon structure, (f) FTIR spectrogram of modified polymer resin.

Content (%) Proportion of various nitrogen species
Carrier | C (o] N | Pyridine nitrogen | Pyrrole nitrogen | Graphite nitrogen | Nitrogen oxide
PMEF-700 | 81.82 | 9.81 | 8.37 | 20.0 26.2 25.1 28.7
PMEF-800 | 82.11 | 10.99 | 6.90 | 24.8 8.7 44.3 222
PMF-900 | 84.48 | 9.86 | 5.66 | 17.5 10.0 47.8 24.7

Table 2. XPS analysis of the content of modified resin carriers C, N, O, and the proportions of various
nitrogen species.

Pd%/(Pd°+ Pd?*) in fresh catalysts Pd/AC, Pd/PMF-700, Pd/PMF-800, and Pd/PMF-900 are 46.8%, 59.5%, 65.4%,
and 57.9%, respectively. The catalytic hydrodechlorination reaction requires Pd° and Pd?*. The Pd sites have dual
properties and are composed of the combination of two substances: electron-deficient Pd** and metallic Pd%°.
From the FTIR spectrum shown in Fig. 3f, it is evident that the samples obtained at different carbonization
temperatures exhibit similar spectra, indicating that changes in carbonization temperature will not affect the
chemical structure of N-doped resin carbon carriers. The strong and broad absorption peak at 3438 cm™!
corresponds to the O-H stretching vibration of hydroxyl groups and the stretching vibration of N-H bonds. The
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Table 3. Mass transfer rate constant (a x k ), reaction rate constant (k
D_*/D,) for liquid-solid mass transfer within particles at pH=7.
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Fig. 4. (a) The rate constant of 4-CP reduction, (b) the initial turnover frequency. The pH values of the catalyst
are 3, 5,7, 11, 4-CP (12 mg), solvent (1 mL), catalyst 10 mg.

peak at 2924 cm™! is attributed to the stretching vibration of C-H bonds. The peak at 1637 cm™! corresponds
to the tensile vibration of C-N bonds, further confirming the presence of N-doped in the skeleton structure of
the modified resin, which is consistent with the conclusion of XPS. The peak at 1124 cm™! corresponds to the
C-O stretching vibration of aromatic ether. It should be noted that when a substance is subjected to different
carbonization temperatures, the infrared spectral positions of its constituents may shift®”. This phenomenon
occurs because the groups present in the substance undergo decomposition of or transformation into other
functional groups at high temperatures, leading to changes in the structure and chemical composition of the
material, resulting in shifts in the absorption peak positions in the infrared spectrum.

Mass transfer

The catalytic activity of the reaction system is influenced by the mass transfer rate both outside and inside the
catalyst particles®®. Smaller particle sizes and higher mixing rates contribute to reducing the impact of mass
transfe limitations®!. The calculated external mass transfer rate constant is greater than the measured observed
rate constant (k , ) (Table 3). Therefore, the influence of solid-liquid mass transfer on the reaction can be ignored,
since an explanation for ignoring the influence of mass transfer limitations outside the particles is that the catalyst
particles are smaller (< 1.8 x 10! mm). Therefore, the external mass transfer limitations in the development and
evaluation of the modified resin carbon catalyst can be ignored. As shown in Table 2, the calculated values of
the Weisz and Prater criteria for both the modified resin carbon catalysts and activated carbon catalysts are less
than 1. This indicates that the reduction rate of 4-CP on the surface of Pd NPs is significantly slower than its
diffusion rate through the internal pores. As a result, the mass transfer limitations within the particles can also
be disregarded.

Effect of pH

The change in pH value of the solution can have an impact on the catalytic activity of the catalyst to a certain
extent®®. Wastewater containing 4-CP is generated in industrial processes, and the pH value varies depending on
the production process. Therefore, it is crucial to develop a catalyst that can rapidly and efficiently degrade 4-CP
in industrial wastewater with different pH values. As shown in Fig. 4a, the reduction rate constants (k , ) of the
four catalysts were determined at pH 3, 5, 7 and 11 in 4-CP solution. The kobs of the three modified resin carbon
catalysts, Pd/PMF-700, Pd/PMF-800, and Pd/PMF-900, exhibited an increasing trend from pH 3 to 11, followed
by a decrease. At pH 7, they reached their highest kobs, which were 0.0289, 0.0594, and 0.0414 min~! (Table S1).
Pd/PMF-800 exhibited higher k ; than other catalysts at different pH conditions. The TOF also exhibits the
same trend (Fig. 4b). The dechlorination rate of Pd/AC is less affected by pH changes, with dechlorination rates
ranging from 19.06 to 22.7%, which is lower than the activity of resin carbon catalysts.
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As shown in Fig. 5, the HDC kinetics of 4-CP under different pH values were studied using Pd/PMF-800
as the catalyst. At pH 3, 5, 7, and 11, the required time for complete dechlorination of 4-CP is 80, 70, 60, and
80 min, respectively. In acidic solutions, the presence of high concentrations of CI~ forms PdCl3’ and PdCl 42’
with Pd NPs on the surface of resin-carbon carriers. Compared with the Pd® and Pd?*species required for 4-CP
HDC, PdCl,~ and PdCl,*~ have no activity in the dechlorination of 4-CP°. The formation of PdCl,~ and PdCl*~
also leads to the leaching of Pd NPs from the surface of the resin carbon support during the reaction process,
reducing the activity of the catalyst. In alkaline solution, the precipitation of metal hydroxides formed on the
surface of resin-carbon support leads to passivation of the catalyst surface. Therefore, the activity of the catalyst
decreases in alkaline solutions, leading to a decrease in the dechlorination effeciency of 4-CP’!72. Although the
complete dechlorination time of 4-CP is extended in both acidic and alkaline solutions, it can still be achieved
within a relatively short time, indicating the ability of Pd/PMF-800 in adapting to various pH values and exhibit
strong acid-base stability and adaptability. Catalysts can maintain their catalytic activity under different acid-
base conditions, which is of great significance for many catalytic reactions.

Effect of reaction temperature

A series of experiments were conducted at 30-75 “C to investigate the effect of resin carbon catalysts on 4-CP
HDC at different temperatures. The dechlorination rate of 4-CP is shown in Fig. S4. Temperature changes have
a certain impact on 4-CP HDC?. Taking the Pd/PMF-800 catalyst as an example, within 60 min, the removal
rate of 4-CP was only 46.2% at 30 C, 72.54% at 45 ‘C, and 100% at 60 ‘C. When the temperature rises to 75 C,
4-CP achieves complete removal within 30 min. The pseudo first-order reaction kinetics were used to compare
the catalytic performance of the four resin carbon catalysts at different temperatures. As shown in Fig. S5 and
Table S1, at reaction temperatures of 30, 45, 60, and 75 ‘C, the reaction rate constants for the removal of 4-CP by
Pd/PMF-800 are 0.0102, 0.0225, 0.0594, and 0.1291 min~"'. The dechlorination activity increased with increasing
temperature’®. Further fitting the activation energy of the reaction using the Arrhenius equation (Fig. 6). The
activation energies of 4-CP HDC under the four catalyst conditions of Pd/AC, Pd/PMF-700, Pd/PMF-800, and
Pd/PMF-900 are 60.3 k] mol~!, 53.1 k] mol~}, 47.1 k] mol~?, and 51.4 k] mol~!, respectively, which are lower
than the C-Cl bond dissociation energy (341.0 k] mol™!)7%. The experimental results indicate that N modified
resin catalysts exhibit high catalytic activity and can significantly reduce the activation energy of dechlorination
reactions. When using Pd/PMF-800 catalyst, the activation energy required for 4-CP HDC is the lowest.

Extensive research

In order to investigate the widespread applicability of Pd/PMF-800 catalyst, hydrodehalogenation experiments
were conducted on 2-CP and 4-BP. Figure 7 shows the experimental results of hydrodehalogenation for these
two different halogenated phenols. The TOF of the halogenated phenols follows the order of 4-BP > 4-CP > 2-CP
(TOF, values are 15.3, 13.6, and 5.6 min~", respectively). The binding energy of 4-BP is 280 k] mol™! and the
binding energy of 2-CP and 4-CP are 341 k] mol~!. 4-BP can dehalogenate in a shorter time due to its lower
binding energy. The dechlorination rate of 2-CP within 60 min is 90.02%, and 4-BP can completely dehalogenate
within 40 min. The reaction rate constants for the removal of 2-CP and 4-BP by Pd/PMF-800 catalyst are
0.0246 min~! and 0.0666 min™!, respectively. The conversion frequency for 2-CP and 4-CP are consistent with
the results reported by Xia et al.”>. They found that in the hydrogenation reaction of monochlorophenol in
aqueous solution, the hydroxyl ortho C-Cl bond is the most difficult to dechlorinate compared to the meta and
para C-Cl bonds. The steric hindrance effect of hydroxyl groups has a certain impact on the hydrogenolysis of
ortho C-Cl bonds.

Catalyst longevity

Test the reactivity of the catalyst in five consecutive cyclic reactions to investigate its stability (Fig. 8). After five
cycles of reaction, the activity of the Pd/AC catalyst decreased to 1.01%. After the same number of cycles, the
activities of Pd/PMF-700, Pd/PMF-800, and Pd/PMF-900 decreased to 71.31%, 91.56% and 69.82%, respectively.

1.0
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| A pH=7
0.8 pH=11
0.6 A
J
© 0.4
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0.2 1 i
A
0.0 s —=
0 20 40 60 80
Time (min)

Fig. 5. HDC kinetics of 4-CP under different pH values under Pd/PMF-800 conditions. Conditions: 4-CP
(12 mg), solvent (1 mL), catalyst 10 mg, 0.1 MPa H,, 60 °‘C, 80 min.
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Fig. 6. Fitting the relationship between reaction rate constant and temperature using Arrhenius equation.
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Fig. 7. (a) The hydrogenation and dehalogenation kinetics of Pd/PMF-800 catalysts on 2-CP and 4-BP,
respectively. (b) Plots of In(C,/C ) versus reaction time over Pd/PMF-800. Reaction conditions: The molar ratio
of substrate to Pd content is the same, 2-CP (12 mg), 4-BP (16 mg), deionized water (1 mL), pH=7, catalyst

10 mg, 0.1 MPa H,, 60 ‘C, 80 min.

Notably, after five consecutive cycles of reaction, the Pd/PMF-800 resin catalyst did not show significant Pd
loss (Table S3). The excellent stability of 4-CP HDC depends on the strong interaction between Pd NPs and the
carrier, which limits the loss of Pd NPs on the catalyst surface. As the number of cycles increased, the degradation
rate of 4-CP for all four catalysts showed a decreasing trend, suggesting that the catalyst surface may undergo
some changes after repeated use.

The catalyst was recovered after five cycles of experiments and characterized using TEM and XPS. The TEM
image of Pd/PMF-800 is shown in Fig. S6a, revealing no significant aggregation of Pd NPs. The particle size
distribution diagram is shown in Fig. Séb, confirming the slight growth of Pd NPs between 3.17 and 3.54 nm.
This partial increase in size is one of the reasons for the decreased activity of Pd/PMF-800 after five cycles.
Additionally, by comparing the Pd 3d XPS spectra of Pd/PMF-800 before and after the cyclic experiment (Fig.
S6d), it was observed that the ratio of Pd%/(Pd° + Pd**) decreased from 65.4 to 54.8%. This indicates a significant
change in the valence state of Pd° during the repeated dechlorination experiment. By combining XPS and TEM
results, we can conclude that there are slight changes between fresh and used catalysts, the size of Pd NPs and the
ratio of Pd%/(Pd°+ Pd?*) have a significant impact on the catalytic performance in HDC reactions.

Conclusions

In this work, N-doping phenolic resin carbon catalysts were successfully synthesized based on the co-
polycondensation reaction of mixed resins, with phenol and formaldehyde as the C source and melamine as
the N source. Specifically, the N-doped causes structural distortion, changes in charge density, and electronic
structure modulation in resin carbon materials, promoting electronegativity differences between N and resin
carbon carriers, and improving the nucleation, stability, and dispersion of Pd NPs on the surface of resin carbon
carriers. The required activation energy for 4-CP HDC under the conditions of Pd/PMF-800 catalyst is 47.1 k]
mol~!. Among them, Pd/PMF-800 showed excellent activity and stability towards 4-CP HDC. At a pH of 7 and
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Fig. 8. The reusability of Pd/AC, Pd/PME-700, Pd/PME-800, and Pd/PMF-900 catalysts for 4-CP HDC.
Conditions: 4-CP (12 mg), deionized water (1 mL), pH=7, catalyst 10 mg, 0.1 MPa H, pressure, 60 °‘C, 60 min.

areaction temperature of 60 ‘C, it achieved complete degradation of 4-CP within 60 min, after 5 cycles of testing
the dechlorination rate was 91.56%. Pd/PMF-800 has a higher Pyridine-N (24.8%) and a higher Pd%/(Pd**+Pd")
ratio (65.4%), which is more beneficial for improving catalytic performance. Importantly, the catalyst has broad
applicability and exhibits high activity towards various halogenated phenols. It achieves a dechlorination rate of
90.02% for 2-CP in 60 min and complete debromination for 4-BP in 40 min. At the same time, the catalyst also
has the characteristic of a wide range of pH values. We hope that this work can provide a catalyst with efficient
dehalogenation, strong acid-base stability and adaptability, and recyclability for the degradation of halogenated
phenols in the environment.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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