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Enhanced catalytic degradation process of o-nitrochlorobenzene by palladium-
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Abstract: Over Pd/Fe bimetallic catalyst, o-nitrochlorobenzene( o-NCB), at a concentration of 20 mg/L in aqueous solutions, is rapidly
converted to o-chloroaniline( o-CAN) first, and then guickly dechlorinated to aniline( AN} and Cl~ , without other intermediate reaction
products. The aminaled and dechlorinated reactions are believed to take place on the surface site of the Pd/Fe. The o-NCB removal
efficiency and the next dechlorination rate increase with an increase of bulk loading of palladium and catalysts addition due to the increase
of both the surface loading of palladium and the total surface area. These results indicate that reduction, amination and dechlorination of o-
NCB by palladium-catalyzed Fe' particles, can be designed for remediation of contaminated groundwater .
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Introduction

(o-NCB, C,H,CINO,) is a
chemical intermediate used for the synthesis of various

¢-Nitrochlerobenzene

industrial chemicals, including explosives, pesticides, dyes/
pigments, and engineering polymers. It is also used as a raw
material for o-nitreaniline. By their nature, the ahove are
highly toxic and poorly biodegradable compounds that are now
established as a class of priority environmental pollutants by
the US EPA(USEPA, 1988).

The use of zero valent tron{Fe') for the treaiment of
contaminants in wastewaters and groundwaters has been the
focus of much recent research. Researchers have studied
different classes of compounds such as halogenated organics
( Muftikian, 1995; Xu, 2003; 2004), azoaromatics( Weber,
19963, nitroaromatics { Scherer, 2001) and inorganics{ Su,
2001). The majority of these studies are concemed with
chlorinated organics, because they are widespread, mobile,
and represent important environmental contaminants .

Chloronitrobenzenes are more difficult to dechlorinate
than chlorinated aliphatic hydrecarbons. Research regarding
reductive dechlorination with zero valent iron led to the
discovery that a bimetatlic preparation for iron and palladium
was a superior reductant for chlorinated organics. Pd/Fe
bimetal dramatically accelerated the reductive dechlarination
(Liu, 200t; Xu, 2003; 2004). Laboratory research in the
past few years has shown that Fe’ could degrade many
chlorinated organic compounds, including some herbicides
and pesticides. These reactions also have obvious commercial
implications; therefore, it is important to investigate the
factors that may affect the rate of dechlorination. Previous
studies focused on monitoring the disappearance of
chlorchenzenes in the presence of Fe', and no detailed
reaction kinetics has been reported. In this study, o-NCB
was chosen as a model compound. The reduction of
nitrochlorobenzene by Pd/Fe bimetal may occur via the
scheme depicted in Eq.(1).

C,H,CINO, + 6H" + 3Fe’ — C,H,CINH, + 3Fe’"
+ 2H,0, (1)

2C,H.CINH, + Fe® — 2C,H,NH, + Fe’* 4+ 2C1° .
(2)

The purpose of this research was to identify the

patameters that might affect rates of 0-NCB reduction( reduce
to 0-CAN) and then its dechlorination by Pd/Fe himetallic
catalysts, the loxicity will bhe
biodegradability will be improved when the ¢-NCB is reduced
to aniline.

reduced, and the

1 Experiments and methods

1.1 Chemicals

All chemicals used for the experiments were of AR
grade. Potassium hexachloropalladate ( 99% , Aldrich,
USAY, o-NCB{ >99% } and o-CAN{ >98.5% }, methano!
(HPLC grade, > 99.9% ), iron powder reduced { > 200
mesh, >98.0% ), acelone, sulfuric acid({ H,S0, ) and other
reagents were analytical grade. These reagents, except
potassium hexachloropalladate , were purchased from Shanghai
Chemical Reagents Company, China.
1.2 Pd/Fe catalyst preparation and characterization

Pd/Fe bimetallic catalysts were prepared in an anaerobic
glovebox (under nitrogen gas) . Iron powder was washed using
0.1 mol/L H,80,, then acetone, and rinsed with distilied
waler so as 10 remove surface oxide layers and undesired
organic compounds prior to palladization. An aqueous
solution of potassium hexachloropalladate was added to a
hottle containing iron powder; Pd/Fe bimetallic particles were
then prepared following the reactien as indicated in Eq.(3).
The solution in the bottle was continuously stirred until the

dark orange solution turned to pale yellow. The deposition of

palladium on the surface of iron particles resulted in a
bimetallic surface ( Pd/Fe). Then, the palladized iron was
nnsed twice with delonized water and used for the reaction
without drying.
PACL™ + 2Fe” — 2Fe™ + Pd’ + 6C1 . (3)

Surface areas ( BET area) of iron and palladized iron
were measured by employing the nitrogen adsorption method
with a ST-03 surface analyzer ( Beijing, China). The
morphology of the particles was obtained using a scanning
electron microscope( SEM) (5-570 Hitachi, Japan)} at 20 kV
under a magnification of 20000 .
1.3 Batch experimental procedures

The desired concentration of the o-NCB stock solution
was adjusted using methanol as the solvent, and the solution
was stored in a refrigerator at about 5C . An 0-NCB solution
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of 50 mg/L was prepared by further dilution of the stock
solution, Batch experiments for o-NCB dechlorination were
conducted in 75 ml bottles. In most cases the hottles,
containing 1-—3 g Pd/Fe, were then filled with o-NCB
solution, leaving no headspace, and were sealed immediately
with butyl rubber septa. Each bottle was placed in an
incubator shaker ( 200 r/min, 25 £ 1°C). Aliquots of the
samples were withdrawn at the indicated times from the
supernatant using a syringe, and filtered through a piece of
membrane filter with a pore size of 0.45 pm for subsequent
analyses .
1.4 Analytical method

Organic compounds such as aniline, o-CAN, o-NCB,
etc. were measured by Waters High Performance Liquid
Chromatography with a column of Nova-Pak C18, 4 ym, 3.9
x 150 mm; mobile phase: MeOH/H,(Q (80/20 v/v), flow
detector: UV at 254 nm;
temperature: 35T ; sample volume: 20 pl.

Chloride analysis was performed by ion chromatography
(792 Basic IC, Metrohm) equipped with Metrosep A Supp4
column with a size of 4 x 250 mm. Suppressed conductivity
detector was applied. The flow rate of elvent (1.7 mmol/L
NaHCO, + 1.8 mmol/L Na,CO,, with chemical suppression)
was 1.0 ml/min. The sample volume is 20 (1. Before being
injected, sample solutions were always filtered through a

rate: 1.0 ml/min; column

0.45 ym membrane filter.
2 Results and discussion

2.1 Reduction and dechlorination of ¢-NCB

Catalytic amination and dechlorination of ¢-NCB over
Pd/Fe catalysts with 1 g and 5 g loading are shown in Fig.1
and Fig.2.
then quickly reduced to aniline. It seemed both ¢-NCB and
chloroaniline were absorbed on the surface of Pd/Fe bimetal
during dechlorination, so part of the o-NCB was reduced to
chloroaniline and dechlorinated to aniline directly on the
surface of Pd/Fe without retuming to the solution. It can also
be seen that no other intermediates or final products were
generated besides chloroaniline and aniline. A  typical

o0-NCB was first transformed te o-chloroaniline

catalytic amination and dechlorination process resulting from
the batch tests are shown in Fig.1. As seen from the figures,
the aqueous concentration of the o-NCB declined rapidly and
dropped below the detectable limit of the HPLC within 30 min
at the Pd/Fe mass concentration of 5 g/75 ml with 0.02%
Fd. Final reaction products in the solution were determined
1o be aniline and inorganic chloride.
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Fig.1  Transformation plot of o-NCB over Pd/Fe catalysts as a function of
time

Cp =20 mg/L, Pd loading 0.020% , PdiFe powder 5 g /75 ml, T =25C,
pH=6.5
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Fig.?  Transformation plot of o-NCB over Pd/Fe catalysts as a function of
time

o =20 mg/l, Pd losding §.020% , PdfFe powder | g /75 ml, T=25C,
pH=6.5

2.2 Effects of experimental factors on transformation
efficiency
2.2.1 Effects of the mass fraction of Pd in the bimetal
The variation of removal efficiency during the reaction
period under different Pd mass fractions in the bimetal is
presented in Fig.3. With the increase of Pd loading, the
removal efficiency of o-NCB increases as shown in Fig.3a.
The removal percentage of 6-NCB reaches 78.2% in 15 min
for particles with 0.03% Pd, and 1009% o-NCB was
removed in 30 min. In contrast, only 50.4% of removal
efficiency is obtained in 15 min for particles with 0.01% Pd,
and needs more than 90 min to remove all o-NCB. The
presence of palladium on the surface of iron speeds up the
reduction rteaction dramatically as shown Fig. 3b. For
particles with 0.01% Pd, also all 0-NCB was removed after
90 min reaction, but no aniline was found at the end of
reaction ( at 150 min), the o-CAN reaches the maximum
concentration at 150 min, so just the amination reaction
and no dechlorination reaction happened. In
contrast, the intermediate reaction product of o-CAN reaches

ocurred ,

the maximum attainable amount at 45 min for particles with
above 0.02% Pd, and then rapidly reduced to the final
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Fig.3 Effect of Pd mass-fraction on the o-NCB removal efficiency
Cy =20 mg/L, Pd loading 0.01% —0.03% , Pd/Fe powder 3 g /75 ml, T =
25C, pH=6.5
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reaction product, aniline { product of dechlorination), at the
end of reaction, almost all 6-CAN was reduced to aniline .
2.2.2 Effects of Pd/Fe mass concentration

Fig.4 shows the increase of 0-NCB removal efficiency
with reaction time at the selected Pd/Fe mass concentrations .
At the Pd/Fe mass concentration of 1 g/75 ml, only 38.7%
of 0-NCB could be removed in 15 min. However, 72.69%
and 90.05% of o-NCB were removed at the Pd/Fe mass
concentrations of 3 g/75 ml and 5 g/75 ml respectively at the
same reaction time, and 100% of o-NCB was removed in 30
min with 5 g /75 ml and 3 g/75 ml catalysts in Fig.4a. The
intermediate reaction product of 0-CAN reached the maximum
concentration at 30 min at the Pd/Fe mass concentration of 5
g/75 ml, while 45 and 150 min for catalysts addition of 1 g/
75 ml and 3 g/ 75 ml respectively. And 2.567, 10.89 and
13.27 mg/L aniline were found with 150 min at the Pd/Fe
mass concentration of 1 g/75 ml, 3 g/75 ml and 5 g/75 ml,
respectively, which also means that the dechlorination
efficiency of 0-NCB increased with the increase of Pd/Fe
mass concentrations. It is believed that the reduction, and
then dechlorination reaction, occurs on the Pd/Fe surface.
As the Pd/Fe mass concentration increases, the reactive Fe
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Fig.4 Effect of Pd/Fe additions on the 0-NCB removal efficiency
Cy =20 mg/L, Pd loading 0.020% , Pd/Fe powder 1—3 g/75 ml, T =
25C, pH=6.5

a Before dechlorination

site concentration and adsorptive Pd site concentration
increase simultaneously, which leads to the increase of
reaction rate.
2.3 Reduction and dechlorination mechanism of ¢-NCB
It is hypothesized that the reduction and dechlorination
of 0-NCB occurs when adsorbed on the surface of Pd/Fe.
The Pd on the Fe surface acts as a collector of hydrogen gas
produced by the reaction of Fe with water, i.e., the
corrosion reaction of iron:
Fe’ + 2H,0 — Fe’' + H, + 20H" . (4)
On the palladium surface, the produced hydrogen is
dissociated into H atoms. The ¢-NCB adsorbed on the Pd/Fe
surface is reductively dechlorinated through the following

reaction ;
Cl
NH,
| - \
/ﬂ -
o .
k, h ks
Cl /
NO,
P
. k

P (5)
[

The reaction products, chloroaniline, aniline and
chloride ion, are released into the solution. The chlorine in
0o-NCB is substituted by hydrogen with the formation of
aniline. The hydrogen atom is solely supplied by H,0 as
proved by an experiment conducted in a D,0 solution ( Liu,
2001). In the presence of dissolved oxygen under weak
acidic or neutral conditions, the following reaction also
oceurs :

4Fe’ + 10H,0 + 0, —~> 4Fe(OH), v+ +8H . (6)

After reaction, surface passivated layers are formed due

lo the precipitation of metal hydroxides and metal carbonates
on the surface of iron and Pd/Fe(Fig.5).

3 Conclusions

The Pd/Fe catalytic reductants showed prominent
activity in the reductive dechlorination of 0-NCB at ambient
temperature and pressure. The reduction and dechlorination
are believed to take place on the surface site of the catalyst
following a pseudo-first-order reaction. The final reduced
product for chloroaniline is aniline. The conversion rate
depends on the reaction Pd loading and the addition of Pd/
Fe, and so on. Chloroaniline represents stable partially
reduction intermediates in the generation of aniline. The
removal efficiency of 0-NCB rate benefited from the increase

Wl il

b After dechlorination

Fig.5 SEM images of Fe powers
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in bulk loading of palladium due to the increase of hoth the
surface loading of palladium and the total surface area. The
present finding can be valuable in designing in situ treatment
of chlorobenzene contaminated groundwater and soil .
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