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Abstract. Heterogeneous Pd catalysts were developed by immobilizing Pd nanoparticles (Pd NPs) onto plant
polyphenol (bayberry tannin, BT) decorated c-Al2O3. The abundant hydroxyls of plant polyphenols were capable of
stabilizing the Pd NPs. Transmission electron microscopy observation confirmed that the Pd NPs with the diameter of 3.75
± 0.5 nm were highly dispersed in the catalyst. The as-prepared Al2O3–BT–Pd catalysts were found to be highly active in
mild hydrodechlorination (HDC) of 2,4-dichlorophenols (DCPs) using formic acid as a hydrogen source. The 2,4-DCPs
were completely dechlorinated in 4 h at 30°C and under atmospheric pressure. During the catalytic HDC, the stabilizing
capability of BT successfully prevented the leakage and aggregation of Pd NPs, thus ensuring a high cycling stability with
stable and high catalytic activity. The Al2O3–BT–Pd catalysts were recycled six times, without obvious loss of activity. In
the sixth cycle, the catalytic HDC yield still reached 98.29% under the same reaction conditions, superior to the control
catalysts, including c-Al2O3 supported Pd NPs (Al2O3–Pd) and powdered activated carbon supported Pd NPs (AC–Pd).
Furthermore, the Al2O3–BT–Pd also showed high activity in the mild catalytic HDC of 2,4,6-trichlorophenols and
chlorobenzene derivatives. Our results demonstrated efficient catalysts to address the environmental issue of chlorophenol
pollution.
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Introduction

Chlorophenols (CPs) have been widely used as raw
materials in the chemical industry [1]. However, CPs discharged in wastewater inevitably cause serious environmental pollution due to their high toxicity [2], strong odour
emission and poor degradation in natural environment [3].
Many techniques have been reported for the treatment of CP
pollution, such as incineration [4], biological methods [5]
and advanced oxidation [6]. Among these techniques, liquid
phase catalytic hydrodechlorination (HDC) is an attractive
alternative due to its high efficiency and safety under mild
conditions.
Various heterogeneous metal catalysts have been developed for HDC of CPs, including Pd [7], Pt [8], Rh [9], Ni [10],
etc. Pd catalysts are the most attractive for their high activity
in HDC of CPs. Multiple matrixes have been employed to
support Pd nanoparticles (NPs) for HDC of CPs, such as

activated carbon [11], Al2O3 [12–14] and zeolites [15].
Although these heterogeneous Pd catalysts exhibited good
catalytic activity in HDC of CPs under mild conditions, a
persisting challenge still exists due to the deactivation of
catalysts caused by aggregation and leaching of Pd. Traditional support matrix, such as active carbon and Al2O3 [16],
usually stabilize the Pd NPs via physical interaction, which is
incapable of inhibiting the aggregation [17] or leaching of Pd
NPs [18]. Polymers are likely to provide stronger stabilization to the Pd NPs through their abundant functional groups,
including –OH, –NH2 and –COOH [19,20]. However, the
advantages of inorganic support matrix in mechanical
strength and stability were irreplaceable by the polymers. In
consideration of above issues, modifying the inorganic
matrix by polymers with abundant functional groups is a
possible solution, which could not only improve the stability
of supported Pd NPs but also results in the high stability of the
inorganic supporting matrix.
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Plant polyphenols are one of the most abundant biomass
in nature, which are easily extracted from the root, stem,
leaf and fruit of plants [21]. Condensed tannins are typical
plant polyphenols, the condensate of hydroxyflavonol
monomers linked by C–C bonds. Bayberry tannin (BT) is a
type of condensed tannin with large numbers of phenolic
hydroxyls in its B rings (scheme 1). The typical characteristics of condensed tannins are their chelating ability
towards transition-metal ions. BT is able to coordinate with
various transition-metal ions by the formation of a fivemember ring, including Fe3? [22], Cr3? [23] and Pd2? [24].
Upon the reduction of these chelated metal species, the
stabilizing effect of BT molecules are expected to effectively prevent the aggregation of the resultant Pd NPs,
therefore allowing the formation of Pd NPs with uniform
particle size distribution and good dispersity. BT is watersoluble, which can be dissolved into solution for a facile
modification of inorganic materials. Besides, the active C6
and C8 in A rings of BT could react with the compound
containing amino group via Mannich reaction [25,26].
These features of BT make it an ideal candidate for modifying inorganic supports to prepare heterogeneous Pd catalysts with high catalytic performance.
In the present investigation, highly porous c-Al2O3 with
strong mechanical properties was utilized as a supporting
matrix to be modified with BT. The obtained supporting
matrix of Al2O3–BT was further applied for immobilization
of Pd NPs. The as-prepared heterogeneous Al2O3–BT–Pd
catalysts were fully characterized by transmission electron
microscopy (TEM), X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). The catalyst was further
used for mild HDC of CPs at 30°C and under atmospheric
pressure. The inflammable and explosive character combined with the low solubility in water was a drawback for
molecular hydrogen application in HDC reactions. Compared to molecular hydrogen, formic acid was an ideal
hydrogen source for HDC of CPs due to its safety and
convenience [27]. Therefore, formic acid was utilized as the
hydrogen source for the catalytic HDC of CPs by the
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Al2O3–BT–Pd catalysts. We investigated the influence of
temperature, concentration of HCOOH and CPs on the
catalytic activity of Al2O3–BT–Pd. The catalytic kinetics
and reusability were also investigated. For comparison,
catalytic HDC of CPs was also conducted by c-Al2O3
supported Pd NPs (Al2O3–Pd) and powdered activated
carbon supported Pd NPs (AC–Pd). Under the same
experimental conditions, the Al2O3–BT–Pd catalyst exhibited significantly enhanced reusability in comparison with
the Al2O3–Pd and AC–Pd catalysts.

2.
2.1

Experimental
Chemicals and materials

Chemical reagents such as PdCl2, c-Al2O3, 2,4dichlorophenol (DCP) (98%) analytically pure were purchased from Aladdin Reagent. Chemical reagents such as
HCOOH, Na2SO4, n-hexane, NaOH and NaBH4 analytically pure were purchased from Chengdu Kelong Chemical
Reagent Factory. BT was provided by the plant of forest
products in Guangxi province (China). Other chemicals
were analytical grade reagents and were used as received
without further purification. Deionized water was used in all
experiments.
2.2

Material characterization

TEM images were obtained using a JEOL 1200 EX-II
microscope that was operated at an accelerating voltage of
80 kV. High-resolution TEM (HRTEM) characterization
was performed with a Tecnai G2 F20 S-TWIN operated at
200 kV with energy dispersive X-ray spectroscopy STEM,
HAADF, CCD attachment. XPS of the electrode was performed with an X-ray photoelectron spectrometer (VG
Scientific ESCALAB 200) using monochromatic Al Ka
(1486.71 eV) X-ray radiation (15 kV and 10 mA); 160 eV
pass energy was used for survey scan, whereas 40 eV was
used for the high-resolution scan. Powder XRD patterns
were characterized at room temperature using a Bruker
AXS D8 Advance diffractometer with nickel-filtered Cu Ka
radiation (k = 1.5406 Å). Conversion of CPs was measured
by Agilent gas chromatography (Agilent 7890B). Ion
chromatography (DIONEX, ICS-1100) was used for the
detection of dechlorination. Nitrogen adsorption–desorption
analysis were used to determine the specific surface areas
and pore volumes of the catalyst samples.
2.3

Scheme 1. Schematic illustration showing the synthetic procedures of Al2O3–BT–Pd.
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Preparation of catalysts

A total of 1.0 g of BT was dissolved in 50.0 ml of deionized
water to obtain BT solution. A total of 1.0 g of c-Al2O3 was
added to the BT solution, and the mixture was stirred for 2 h
in a water bath at 30°C. The pH was adjusted to 6 after
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adding 2.5 ml glutaraldehyde (95%), and further stirred at
40°C for 6 h. The mixture was dried at 80°C to obtain BTmodified Al2O3 (Al2O3–BT). The specific surface area of
pure c-Al2O3 was 170.67 m2 g-1 (supplementary figure S1a).
After being modified by BT, the specific surface area
of support matrix Al2O3–BT decreased to 130.85 m2 g-1
(supplementary figure S1b). The decrease was due to some
of the channels occupied by BT molecules, which also
confirmed that the BT molecule was successfully grafted
onto the c-Al2O3. Subsequently, the as-prepared Al2O3–BT
was added into 10 ml (2.0 g l-1) of the PdCl2 solution. The
BT:c-Al2O3:Pd at a mass ratio of 1:1:0.01. A total of
10.0 ml (50.0 g l-1) NaBH4 solution was slowly added drop
by drop into the Al2O3–BT–Pd2? mixture to obtain Al2O3–
BT–Pd. The prepared Al2O3–BT–Pd was centrifuged,
washed with deionized water and dried at 60°C for 12 h in a
vacuum oven. According to the result of inductively coupled plasma atomic emission spectroscopy (ICP-AES), the
Pd amount in the prepared Al2O3–BT–Pd was 0.90 wt%.
The Pd NPs supported on c-Al2O3 (Al2O3–Pd) and active
carbon (AC–Pd) were prepared by solution impregnation
method.

2.4 Catalytic hydrodechlorination of chlorophenols
and chlorobenzenes
In a typical catalytic HDC reaction of CPs, the catalyst and
50.0 ml CP solution with different concentrations were
added into a 100.0 ml three-necked flask. Subsequently, a
certain amount of formic acid was added into the flask and
the mixture was continuously stirred at a preset temperature
for a certain period. After the reaction was completed, the
product was extracted with n-hexane and dried with anhydrous Na2SO4 for GC analysis. In the cycle stability calculation, the catalyst was washed three times with n-hexane
and deionized water for subsequent cycles and characterization. In a typical catalytic HDC reaction of chlorobenzenes, the catalyst, chlorobenzenes and 50.0 ml H2O were
added into a 100.0 ml three-necked flask. The remaining
steps were the same as catalytic HDC reaction of CPs.

3.

Results and discussion

TEM images of Al2O3–Pd, Al2O3–BT–Pd and AC–Pd are
shown in figure 1a–c. The Pd NPs in Al2O3–BT–Pd were
highly dispersed without any obvious aggregation and the
corresponding average particle size is 2.65 ± 0.3 nm
(figure 1b). In contrast, the Pd NPs suffer from evident
aggregation in Al2O3–Pd and AC–Pd, with the average
particle size of 29.97 ± 2.0 and 4.20 ± 0.5 nm, respectively.
The uniform Pd NPs with small particles in Al2O3–BT–Pd
could be attributed to the stabilizing effect of the abundant
hydroxyls of BT, which are able to inhibit the aggregation
of the Pd NPs. For the Al2O3–BT–Pd, the highly dispersed
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Pd NPs with uniform particle size indicate the potentially
excellent catalytic performances in subsequent HDC of
CPs. The HRTEM image of Al2O3–BT–Pd (figure 1e)
reveals that the Pd NPs have clear lattices. The lattice
spacing of Pd were 0.24 and 0.20 nm, which matches well
with the (111) and (200) planes of face-centred-cubic Pd
[28]. The fast Fourier transform algorithm image of Al2O3–
BT–Pd (inset in figure 1e) also shows the presence of lattice
spacing corresponding to the (111) and (200) planes of Pd
[29]. In the HRTEM images of Al2O3–Pd (figure 1d) and
AC–Pd (figure 1f), the Pd NPs show clear lattices with
different lattice spacing corresponding to the (111) and
(200) planes.
The Pd 3d XPS spectrum of Al2O3–BT–Pd is shown in
figure 2a. The peaks at 335.61 and 340.89 eV are ascribed
to the Pd 3d5/2 and Pd 3d3/2, respectively [30], indicating the
presence of Pd0. The peaks at 337.06 and 342.43 eV indicate the existence of Pd2? [31], due to a portion of palladium oxide in the Al2O3–BT–Pd. The content of Pd0 in the
Al2O3–BT–Pd was calculated to be 60.2%, while that of
Pd2? was 38.8%. These results suggested that the Pd NPs in
Al2O3–BT–Pd0 contain both metallic and oxide species.
The Pd 3d XPS spectra of Al2O3–Pd and AC–Pd are shown
in supplementary figure S2. The Pd NPs contained in
Al2O3–Pd and AC–Pd also consist of both metallic and
oxide species. The content of Pd0 in Al2O3–Pd and AC–Pd
were calculated and found to be 48.2 and 47.8%, respectively. Compared with Al2O3–Pd and AC–Pd, the metallic
Pd content was higher in Al2O3–BT–Pd. Notably, the phenolic hydroxyls of BT have reducing capability that could
provide the reducibility by forming quinone structure [32],
thus preventing the oxidation of Pd0. The XRD patterns of
Al2O3–Pd, Al2O3–BT–Pd and AC–Pd are shown in figure 2b. As for the Al2O3–BT–Pd, the diffraction peaks
located at 2h of 39.1, 45.48, 66.46, 79.52 and 84.04° are
ascribed to the (111), (200), (220), (311) and (222) of Pd0,
respectively [33]. In the XRD patterns of Al2O3–Pd and
AC–Pd, the peaks corresponding to different Pd crystal
planes were also observed. The XRD results were consistent
with TEM results, which confirm the existence of Pd0 in
these catalysts.
We investigated the influence of different parameters on
the catalytic performances of Al2O3–BT–Pd, including
catalyst dosage, HCOOH concentration, reaction time and
temperature. The conversion of 2,4-DCP was promoted
along with increase of the catalyst dosage (supplementary
figure S3a). When the dosage of the catalyst was increased
to 2 g l-1, the conversion of 2,4-DCP reached 98% at 30°C,
and further increase of catalyst dosage indicated no obvious
promotion to the conversion. Therefore, the amount of
catalyst used in the subsequent experiment was controlled
at 2.0 g l-1. As shown in figure 3a, 2,4-DCP presents a
*100% conversion in 5 h. The content of Cl- in the
solution was detected during the catalytic HDC progress,
which increased along with the reaction time, reaching the
maximum at 5 h (supplementary figure S3b). In the
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Figure 1. TEM images and Pd particle size distribution of (a) Al2O3–Pd, (b) Al2O3–BT–Pd and (c) AC–Pd, and the HRTEM images
of (d) Al2O3–Pd, (e) Al2O3–BT–Pd and (f) AC–Pd.

Figure 2.
AC–Pd.

(a) Pd 3d XPS spectrum of Al2O3–BT–Pd and (b) the XRD patterns of Al2O3–Pd, Al2O3–BT–Pd and

subsequent experiment, the reaction time was fixed at 5 h.
Al2O3–BT–Pd showed higher activity at higher temperature
(figure 3b). The conversion of 2,4-DCP dramatically
increased from 15.12 to 98.36%, when the temperature was
increased from 10 to 30°C. The conversion of 2,4-DCP

changed slightly along with the further increase of
temperature. The influence of HCOOH concentration on
HDC of 2,4-DCP is shown in figure 3c. A higher conversion of 2,4-DCP was obtained at a higher concentration of
HCOOH, which provides more hydrogen source for HDC.
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Figure 3. (a) Influence of reaction time, (b) reaction temperature and (c) HCOOH concentration on the HDC of 2,4-DCP catalysed by
the Al2O3–BT–Pd. Reaction conditions: 50 ml 20 mg l-1 2,4-DCP, 0.1 g Al2O3–BT–Pd.

Figure 4. (a) The influence of 2,4-DCP concentrations on the conversion of 2,4-DCP. (b) Plot of ln(Ct/C0) vs.
reaction time for the HDC of 2,4-DCP catalysed by Al2O3–BT–Pd. Reaction conditions: 50 ml 20 mg l-1, 0.1 g
Al2O3–BT–Pd, T = 30°C, 100 mmol l-1 CHOOH, 5 h.

When the concentration of HCOOH reaches 100 mmol l-1,
the enhancement on the HDC of 2,4-DCP gradually reaches
the equilibrium.
The catalytic efficiency was found to decrease with the
increase of 2,4-DCP concentration, while the 2,4-DCP
could be completely converted in about 8 h by Al2O3–BT–
Pd (figure 4a). Figure 4b shows the plots of ln(Ct/C0) vs.
reaction time by using Al2O3–BT–Pd as the catalyst in
HDC of 2,4-DCP, and the kinetics data fit at different
concentrations are shown in table 1. The catalytic kinetics

Table 1.

for HDC of 2,4-DCP follows the first-order kinetic model,
and the corresponding reaction rate constants (k) were
calculated (table 1). The reaction rate constant per unit
mass of Al2O3–BT–Pd (k0 ) was calculated by the following equation: k0 = k/mPd, where k and mPd are the reaction
rate constant and the dosage of Pd in Al2O3–BT–Pd,
respectively.
The k0 value was calculated to be 812.74 min-1 g-1,
indicating the high activity of Al2O3–BT–Pd as compared
with other reported catalysts [17,34,35].

Kinetics parameters obtained by the fitting of the first-order kinetics model.

Concentration of 2,4-DCP (mg l-1)

R2

k (min-1)

k0 (min-1 g-1)

5
10
20
40
60

0.9382
0.9170
0.8637
0.7959
0.9768

0.743
0.878
0.813
0.352
0.314

742.71
878.00
812.74
352.09
314.06

215

Page 6 of 7

Bull Mater Sci

(2020) 43:215

Figure 5. (a) Cycling stability of Al2O3–BT–Pd, Al2O3–Pd and AC–Pd in HDC of 2,4-DCP and (b) activity of
Al2O3–BT–Pd in HDC of CB, 1,2-DCB, 1,3-DCB, 1,2,4-TCB and 2,4,6-TCP.

Figure 6.

TEM images of (a) Al2O3–Pd, (b) Al2O3–BT–Pd and (c) AC–Pd after reused six cycles.

Al2O3–BT–Pd could be recycled six times without
significant loss of activity, exhibiting superior cycling
stability compared with the Al2O3–Pd and AC–Pd (figure 5a). In the first cycle, all the conversions of 2,4-DCP
catalysed by the three catalysts are higher than 95%. As for
the Al2O3–BT–Pd, the conversion of 2,4-DCP remains at
98.29% in the sixth cycle. However, the conversion of 2,4DCP over the Al2O3–Pd and AC–Pd decreased to 40.23 and
44.26%, respectively. As shown in figure 6a and c, the Pd
NPs in Al2O3–Pd and AC–Pd suffered from serious aggregation after six cycles of reuse. The average diameters of Pd
NPs in the used Al2O3–Pd and AC–Pd were 26.23 ± 0.3
and 75.5 ± 4.0 nm, respectively. In contrast, the Pd NPs in
Al2O3–BT–Pd (figure 6b) were still highly dispersed after
six cycles of reuse. The average diameter of Pd NPs in the
used Al2O3–BT–Pd were 3.84 ± 0.5 nm, which was slightly
increased compared to those of fresh Al2O3–BT–Pd. These
results proved that the Al2O3–BT is indeed capable of stabilizing the Pd NPs via the hydroxyls of BT, which effectively suppresses the aggregation of Pd NPs. The ICP-AES
reveals that the leaching of Pd in the Al2O3–BT–Pd is
negligible after six cycles. These results explain the
advantageous reusability of Al2O3–BT–Pd as compared to

the Al2O3–Pd and AC–Pd. The BT concentration in the
solution after catalytic reactions was determined by UV–
visible. The results showed no obvious leaching of BT
during the catalytic reaction, indicating the strong binding
effect between BT and Al2O3.
As shown in figure 5b, 2,4,6-trichlorophenols (2,4,6TCP) and a series of chlorobenzene derivatives were also
utilized to evaluate the HDC performance of the Al2O3–
BT–Pd catalyst under mild conditions. The conversions of
chlorobenzene (CB), 1,2-dichlorobenzene (1,2-DCB), 1,3dichlorobenzene (1,3-DCB), 1,2,4-trichlorobenzene (1,2,4TCB), 2,4,6-trichlorophenol (2,4,6-TCP) were still high up
to 99.49, 98.82, 98.95, 99.01 and 90.21%, respectively.
Therefore, the Al2O3–BT–Pd catalyst is applicable for HDC
of other chlorinated organic compounds.

4.

Conclusion

We have developed a highly active and recyclable Al2O3–
BT–Pd catalyst that was efficient in HDC of 2,4-DCP under
mild conditions by using formic acid as the hydrogen
source. For the as-prepared Al2O3–BT–Pd catalyst, the
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phenolic hydroxyls of BT were capable of stabilizing the Pd
NPs, which ensured the high dispersity of Pd NPs and
suppressed the detachment of Pd NPs. During the HDC of
2,4-DCP, the Al2O3–BT–Pd catalyst exhibited significantly
enhanced cycling stability compared to Al2O3–Pd and AC–
Pd, with six cycles of reuse without obvious loss of catalytic
activity. The Al2O3–BT–Pd catalyst also exhibited high
activity in HDC reaction of other chlorinated organic
compounds, including CB, 1,2-DCB, 1,3-DCB, 1,2,4-TCB
and 2,4,6-TCP.
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