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This study focuses on the hydrodechlorination of chlorinated arenes as well as polychlorinated biphenyls (PCBs) utilizing a resin-
supported Pd(0) catalyst. Bearing in mind the dangers associated with toxic PCBs, treatment of the remnants of industrial wastes
containing PCB congeners is indispensable. One such method is reductive hydrodechlorination. Instead of utilizing traditional
sources of hydrogen, ammonium formate is used for in situ hydrogen generation. Moreover, palladium nanoparticles are
supported on an anionic exchange resin which makes the process recyclable with a negligible change of yield after recycling
experiments. The catalyst is demonstrated in the hydrodechlorination of a wide range of chlorinated compounds and PCB conge-
ners including aroclors 1242, 1248 and 1254. Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Polychlorinated biphenyls (PCBs), synthetic compounds of the 19th
century, are known for their remarkable thermochemical stability
and subsequent extensive use as additives in adhesives, casting
agents, plasticizers and paints as well as fire retardants and insula-
tors in electric appliances.[1] However, soon after the commercial
production of PCBs, incidents including a mass poisoning due to
Yushō disease in Japan[2] led to the prohibition of PCBs except for
enclosed use in capacitors and transformers. By the 1970s, they
were strictly banned for further production and subsequent use.
PCBs are classified as some of the most toxic persistent organic
pollutants,[3] with half-lives ranging from a few weeks to several
years.[4] There have been serious concerns about PCBs remaining
in the world.[5] It has been estimated that almost 31% of the total
amount of PCBs has evaporated with 60% present in stored waste
and 4% being decontaminated.[6] Owing to their high stability, long
half-lives and lipophilicity for the plasma of living beings, they are
considered to be toxic at the trans-generational level producing
high risks ofmental andmotor deformities,[7] necrosis,[8] liver ulcers,
dermatological infections, endocrine effects and carcinogenesis in
humans.[9]

Therefore, there is an urgent need to get rid of these non-dioxin
toxins so that living organisms can be protected from contamina-
tion. In the past, various measures have been adopted for the
destruction, detoxification or elimination of PCBs including landfill
capping, incineration, microbial degradation, solvent extraction,
photocatalysis and chemical methods of PCB transformation
including oxidative as well as reductive dechlorination. These
methods have been reviewed and investigated.[10] However, they
have limitations like the leaching out of PCBs in air or soil from land-
fill storage, the need of a high temperature or production of hazard-
ous chlorinated by-products in incineration and sluggish microbial

remediation.[11] Reductive dechlorination seems to be an appropri-
ate choice for the remediation of polychlorinated compounds with
respect to efficiency, cost and green by-products. A brief and com-
prehensive review was conducted by Wu and co-workers in
2012[10] where various sources for reductive hydrogen starting from
H2 gas, to H2-saturated water, water, carboxylic acid, alcohol and
hydrazine-like molecules are mentioned. Much of this research in-
cludes transitionmetal catalytic hydrodechlorination. The transition
metals mostly employed for the task are iron, palladium and
nickel[12] and their combination[13] or other metals like magnesium
and aluminium.[14] This metal-catalyzed hydrodechlorination has
advantages over other strategies employed for the detoxification
of PCBs. However, there is still opportunity for improvement. Recent
reports of Fe0/Ni0 present a nice picture of hydrodechlorination but
the aspect of recyclability of the catalyst is lacking.[15] Sometimes,
the reaction temperature needs to be elevated in order to obtain
optimized results[16] or the reaction time may become
prolonged.[17] Some palladium nanoparticles have recently been
reported as robust catalysts like those encapsulated by resin,[18]

anchored by dendrimer networks[19] and supported by carbon.[20]

Hydrodechlorination is also reported to be catalyzed by palladium
nanoparticles installed in micro-flow devices; however, despite
excellent catalysis at the parts per million level, a report on the
recyclability of the catalyst is missing.[21]
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Herein, we report an efficient, recyclable Pd(0) catalyst for the
hydrogenolysis of the C–Cl bond in chlorinated arenes. Ammonium
formate was employed as a hydrogen source as we explored
previously.[22] The overall scheme of the catalysis is shown in Fig. 1.

Results and discussion

Palladium nanoparticles are supported on an AG 1-X8 anion
exchange resin, a copolymer of styrene and divinylbenzene units
with quaternary ammonium ions attached to the aromatic skeleton
and chloride counter anions as shown in Fig. 2. AG 1-X8 has been
used for the sorption, exchange and separation of various
anions.[23] In addition, it has strong affinity for the separation of
various metals like Ni, Co, Cu, Zn, Mn and Fe from their respective
solutions.[24] The evidence of strong interactions of AG 1-X8 resin
with various metals led us to consider it as a support for palladium
nanoparticles. The results are quite promising for the
hydrodechlorination of chlorinated arenes.
The AG 1-X8 resin has an open structure with crosslinked poly-

meric chains that can accommodate small molecules smoothly.
The average mesh size range is 106–180 μm with a round bead-
type morphology as shown in the scanning electron microscopy
(SEM) image in Fig. 3. It has been explored for applications includ-
ing anion exchange and metal extraction; but herein, we report
its novel application as a catalyst support.
The synthesis of the catalyst was carried out by applying a simple

protocol of mechanical shaking at room temperature. Metal is
tightly held by the coordination interactions with ammonium
nitrogen.
Pd(OAc)2 is used to load Pd(II) on the resin in anhydrous tetrahy-

drofuran (THF) as a solvent at room temperature, followed by the
reduction of Pd(II) using NaBH4 in methanol as a solvent. AG 1-X8
resin is of a light yellow color and undergoes a color change from
light orange brown to black with coordination and reduction,
respectively, accounting for Pd(II) and Pd(0) as shown in Fig. 1.
The catalyst developed was analyzed using inductively coupled

plasma (ICP) analysis, SEM, transmission electron microscopy
(TEM) and energy-dispersive analysis of X-rays (EDAX) to obtain
better insight into the catalyst behavior. The TEM images provide
a clear picture of palladium nanoparticles bonded with the resin
support. From the analysis of the TEM images, the average size of
palladium nanoparticles is 4 nm (Fig. 3) and the loading was

calculated to be 0.65 mmol Pd g�1 of resin on the basis of ICP anal-
ysis of the fresh catalyst.

The synthesized catalyst was used for the dechlorination of a
range of mono-, di- and polychlorinated arenes. The reactions were
carried under mild reaction conditions at room temperature using
ammonium formate as an in situ hydrogen source and aqueous al-
cohol as the solvent. Similar conditions were investigated in a pre-
vious study.[25]

The catalytic system comprising Pd(0) supported on AG 1-X8
resin reacts efficiently with almost quantitative results (98–100%
product yields) in a very short time, regardless of other functionali-
ties present on the aromatic skeleton like hydroxyl, carboxyl, amino
or ester groups (Table 1). This is strong support for the high effi-
ciency of the developed catalytic system for various mono-, di-
and polychlorinated substrates.

The developed catalyst was evaluated by conducting recycling
experiments for the hydrodechlorination of chlorinated substitutedFigure 2. Structure of AG 1-X8 resin.

Figure 1. Catalyst synthesis: (a) AG 1-X8 resin; (b) Pd(II) supported on resin;
and (c) fresh catalyst.

Figure 3. (a) SEM image of AG 1-X8 resin at resolution of 1.00 mm. TEM
images of the catalyst showing Pd nanoparticles at resolutions of (b)
100 nm, (c) 50 nm and (d) 20 nm. (e) Palladium size distribution. (f)
Energy-dispersive X-ray spectrum of the catalyst.
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arenes. The first recycle followed the general procedure of the
hydrodechlorination. The subsequent reactions were carried out
using the catalyst recovered from the previous recycle experiment.
This process was carried out for over nine recycles and the product
was obtained in virtually quantitative yields (95–100%). The
product yield decreases from quantitative to 95% but we believe
that it is a handling error as recycling does not affect the results
of the first to sixth cycles and the later seventh to ninth cycles
(Table 2). This proposition was supported from the ICP analysis of
the reaction mixture giving a Pd content less than 10 ppm.

The present system was also investigated for its application in
real systems such as the hydrodechlorination of PCBs with average
chlorine number (ACN) ranging from ca 3 to 5,[17] commercially
available as aroclors. Aroclors are complex mixtures of various

congeners of PCBs. They are named based on the average number
of carbon atoms in the compounds (e.g. 12 (biphenyl)) and the
weight percentage of chlorine in the mixture.

For the hydrodechlorination of aroclors, a set of experiments was
conducted using excess (20 equiv. ammonium formate) at room
temperature. With respect to the average chlorine number of a par-
ticular aroclor, the palladium catalyst used was 5 mol% of the
aroclor substrate. The reaction progress was monitored every hour
by GC-MS, as shown for aroclor 1254 in Fig. 4. The mixture of PCB
congeners can be seen for three aroclor samples as shown in Fig. 5.
With the progress of the reaction, the aroclor starts converting to
the only biphenyl product and eventually a sole biphenyl peak
can be seen after 3 h (Fig. 4(d)). Similarly, the hydrodechlorination
of aroclors 1248 and 1242 proceeds smoothly with quantitative
yields of biphenyl after 1 and 5 h, respectively (Table 3).

At first, a comparison of the progress of the reaction among the
aroclors was made on the basis of average chlorine number.
Hydrodechlorination of aroclor 1242 was expected to complete in
shorter reaction time as compared to aroclor 1254. However, the
results are contrary to the prediction. A study conducted on
hydrodechlorination pathways for Fe3O4 reaction system showed
that the reaction is not equally facile for ortho-, meta- and para-
substituted aroclors.[26] We propose the reaction of aroclor 1242
to be not as facile as that of aroclor 1254 on the basis of the substi-
tution pattern of the most abundant PCB congener in the mixture.
Therefore, the percentage of chlorine in the aroclor as well as the
substitution pattern of chlorine on the biphenyl ring are
estimated to be crucial parameters for the hydrodechlorination of
aroclors.[27]

A new and efficient catalytic system was developed for the
hydrodechlorination of chlorinated arenes. Initially, palladium
nanoparticles were supported on an anion exchange resin and
application of the system for dechlorination was explored using
ammonium formate for in situ hydrogen donation to the substrate.
The catalyst is found to be active not only for the
hydrodechlorination of chlorinated arenes but also for the
complete detoxification of commercially available samples of PCB
congeners by dechlorination. Palladium at 5 mol% is been shown
to be sufficient to yield quantitative results and the catalyst can
be recycled for use again in subsequent reaction runs. The reaction
is conducted under very mild conditions at room temperature and
the use of ammonium formate as hydrogen source overcomes the
gas management and safety issues encountered when using
hydrogen gas. Application of the developed system for the detoxi-
fication of commercially available PCBs and its recyclability are the
two eminent features of the catalyst.

Experimental

Catalyst preparation

To coordinate Pd(II) with the AG 1X8 resin, amixture of 2.0 g of resin
and 0.22 g of Pd(OAc)2 in 25 ml of deoxygenated anhydrous THF
was subjected to vigorous mechanical shaking (15 rpm) at room
temperature for 12 h. An orange-brown-colored product of Pd(II)
supported on resin was collected from the mixture after filtration
and dried under vacuum at 40°C.

The collected Pd(II) complex was reduced using 0.11 g of NaBH4

in 25 ml of anhydrous methanol in a shaker. After 12 h of vigorous
shaking, black-colored catalyst was collected after filtration, washed
with methanol and dried in a vacuum oven at 40°C. The catalyst
loading was found to be 0.65 mmol of Pd per gram of the catalyst.

Table 1. Substrates for the hydrodechlorination of mono-, di- and
polychlorinated arenesa

Entry Substrate Product Time (h) Yield (%)b

1 Chlorobenzene Benzene 3 Quant.c

2 4-Chlorotoluene Toluene 2 Quant.c

3 (4-Chlorophenyl)methanol Benzyl alcohol 2 98

4 4-Chlorophenol Phenol 2 99

5 4-Chloroaniline Aniline 2 99

6 4-Chlorobenzoic acid Benzoic acid 3 99

7 4-Chlorobenzamide Benzamide 3 99

8 Methyl 4-chlorobenzoate Methyl

benzoate

2 99

9 3-Chloropyridine Pyridine 2 99

10 1,3-Dichlorobenzene Benzene 2 Quant.

11 2,4-Dichlorophenol Phenol 4 99

12 3,5-Dichlorophenol Phenol 4 99

13 2,4-Dichloroaniline Aniline 4 99

14 3,5-Dichloroaniline Aniline 4 99

15 2,4-Chlorobenzoic acid Benzoic acid 3 99

16 1,3,5-Trichlorobenzene Benzene 5 Quant.

17 2,4,5,6-Tetrachloroaniline Aniline 12 99

18 2,4,6-Trichlorophenol Phenol 12 99

19 Pentachloroaniline Aniline 12 99

aReaction conditions: chloroarene (1 equiv., 1 mmol), ammonium
formate (3 equiv. per chlorine atom), Pd catalyst (5 mol%, 0.05 mmol,
0.077 g), isopropanol–H2O (9:1 ratio), reaction conc. 0.5 M.
bIsolated yield.
cGC yield.

Table 2. Hydrodechlorination of 4-chlorobenzoic acid to benzoic acida

Recycle 1 2 3 4 5 6 7 8 9

Yield (%)b 99 99 98 100 99 100 95 95 96

aReaction conditions: 4-chlorobenzoic acid (1 equiv., 1 mmol, 0.156 g),
ammonium formate (3 equiv., 3 mmol, 0.189 g), Pd catalyst (5 mol%,
0.05 mmol, 0.077 g), isopropanol–H2O (9:1 ratio), 3 h, reaction conc.
0.5 M.
bIsolated yield.
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Figure 4. GC-MSmonitoring of the hydrodechlorination of aroclor 1254: (a)
start; (b) 1 h; (c) 2 h; (d) 3 h. Figure 5. GC-MS analysis of aroclor congeners 1242, 1248 and 1254.
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General procedure for hydrodechlorination of substituted
benzenes

For a typical experiment of hydrodechlorination, chloroarene
(1 mmol) and Pd(0) catalyst (0.077 g, 5 mol%) were added to a
10 ml round-bottom flask containing 1.8 ml of isopropanol. The
reaction mixture was stirred at room temperature, followed by the
addition of ammonium formate (0.189 g, 3 mmol) solution in
0.2 ml of water. The progress of the reaction was monitored by GC
until completion (3 h). Upon completion, the reaction mixture was
diluted with ethyl acetate. The catalyst was filtered and the filtrate
was analyzed using ICP analysis. The reaction mixture was washed
with water, extracted with ethyl acetate and analyzed using GC.

Characterization and analysis

SEM and EDAX measurements were performed with a high-
resolution Jeol electron microscope at an acceleration of 300 kV
while TEM experiments were carried out using a Jeol JEM 2100F field
emission electronmicroscope. The loading of Pd nanoparticles in the
catalyst was estimated using ICP analysis with a JY Ultima 2C (Jobin
Yuon, France). ICP analysis was also used to check for leaching out
after recycle testing. 1H NMR spectra were recorded with a Bruker
400 MHz instrument using CDCl3 solvent and tetramethylsilane as
an internal standard. GC and GC-MS analyses were performed with
an Agilent 7890A GC system and 5975C MSD, respectively.

Hydrodechlorination of aroclors

Hydrodechlorination of 25 mg of aroclor was carried out using the
general procedure described for chlorinated arenes. The reactions
were monitored by GC-MS.

Recycling experiments

Hydrodechlorination of 4-chlorobenzoic acid was carried out
following the general procedure described before. The catalyst
was recovered after the reaction, washed with methanol and dried.
It was then reused again in the next recycle test.
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Table 3. Hydrodechlorination of aroclorsa

Entry PCB ACNb Time (h) Yieldc

1 1242 3.10 5 Quant.

2 1248 3.91 1 Quant.

3 1254 4.96 3 Quant.

aReaction conditions: aroclor (25 mg; 0.76, 0.86, 0.96 μmol for aroclor
1242, 1248, 1254, respectively; 1 equiv.), ammonium formate (20
equiv.), Pd catalyst (5 mol%), isopropanol–H2O (9:1 ratio), reaction
conc. 0.5 M.
b[(conc % monochloro) + (conc % dichloro) × 2 + (conc %

trichloro) × 3 + …]/100.
cGC yield.
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