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a b s t r a c t

A partially reduced Pd/�-Fe2O3 nanocomposite catalyst (Pd/�-Fe2O3-PR) was prepared using PdO and
ferric hydroxide colloidal particles as starting materials. This catalyst exhibited excellent catalytic prop-
erties for the selective hydrogenation of para-chloronitrobenzene (p-CNB) to para-chloroaniline (p-CAN).
The selectivity to p-CAN reached 99.2% at complete conversion of the substrate and intermediates,
and the hydrodechlorination of p-CAN was fully suppressed over Pd/�-Fe2O3-PR. The byproduct ani-
line was derived from the hydrodechlorination of p-CNB and 4,4′-dichloroazobenzene intermediate, a
eywords:
alladium
anocomposite catalyst
O chemisorption
hloronitrobenzene
ydrogenation

new hydrodechlorination route. X-ray photoelectron spectroscopy characterization indicated an electron
transfer from the partially reduced �-Fe2O3 nanoparticles to the Pd particles in Pd/�-Fe2O3-PR. IR-CO
probe and CO chemisorption experimental results revealed that CO could hardly be chemisorbed on
the Pd particles in Pd/�-Fe2O3-PR under our experimental conditions, implying an electronic interaction
between the Pd particles and �-Fe O -PR nanoparticles, which may be a cause of the observed superior

Pd/�-
ydrodechlorination selectivity to p-CAN over

. Introduction

Aromatic chloroamines are important intermediates in the syn-
hesis of dyes, drugs, herbicides, and pesticides [1]. At present these
rganic amines are generally produced through selective hydro-
enation of the corresponding aromatic chloronitro compounds
ver transition metal catalysts such as noble metals and nickel. In
his process the hydrodechlorination of the aromatic chloroamines
ften occurs over most metal catalysts because of the electron-
onating effect of amino groups in the aromatic ring [2]. Recently,
eane and coworkers reported that in the continuous gas phase
ydrogenation of p-chloronitrobenzene (p-CNB) over several sup-
orted Ni catalysts, p-CAN was produced as a sole product at p-CNB
onversion of about 15%, which is enlightening for the development
f clean routes to produce chloroanilines [3].

Selective hydrogenation of chloronitrobenzenes (CNBs) to the
orresponding chloroanilines (CANs) has been intensively stud-
ed over Pt and Pt-based alloy catalysts for their high catalytic
ctivities combined with relatively low catalytic hydrodechlorina-

ion rates [4–9]. Recently, we reported a magnetic Pt/�-Fe2O3-PR
anocomposite catalyst which was prepared using “unprotected”
t nanoclusters [10] and ferric hydroxide nanoparticles as building
locks [11]. Over this catalyst, superior selectivities to haloanilines

∗ Corresponding author. Tel.: +86 10 6275 7497; fax: +86 10 6276 5769.
E-mail address: wangy@pku.edu.cn (Y. Wang).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.03.033
2 3

Fe2O3-PR.
© 2009 Elsevier B.V. All rights reserved.

were achieved and hydrodehalogenation of the target haloanilines
products was fully suppressed in the hydrogenation of a series of
halonitrobenzenes, including o-CNB, bromonitrobenzenes (BNBs),
2,4-dinitrochlorobenzene and iodonitrobenzenes [11–13].

Compared with Pt catalysts, Pd catalysts generally exhibit low
catalytic selectivity to CANs in the hydrogenation of CNBs because
the concomitant hydrodechlorination reactions are serious over
usual Pd-based catalysts [14–16]. The most attractive advantage of
Pd-based catalysts over Pt-based ones is their low cost. In order
to improve the selectivity to CANs in the hydrogenation of CNBs
over Pd catalysts, several strategies have been developed, such as
introducing some promoting or inhibiting additives to the solu-
tion phase [16,17] or to the catalysts [18], alloying Pd with other
metals [15,16,19–21], applying partly poisoned catalysts [22–25],
conducting the reaction in supercritical carbon dioxide [26] and
modulating the metal/support interaction in supported Pd cata-
lysts [1,27]. Generally speaking, introducing soluble additives into
the reaction media will increase the difficulty in separating the
products. Kralik and coworkers reported that the selectivity to
CANs in the hydrogenation of CNBs over a sulphonated poly-
(styrene-co-divinylbenzene) supported Pd catalyst could reach 90%
at stoichiometric consumption of hydrogen [1]. Li and cowork-

ers recently markedly improved the p-CAN selectivity to 96.6% at
p-CNB conversion close to 100% over a PVP-Pd/Al2O3 catalyst by
introducing a soluble salt of Sn4+ into the reaction media with a
Sn4+/Pd molar ratio of 1:1 [17]. Increasing the dosage of Sn4+ fur-
ther improved the selectivity to p-CAN, but decreased the catalytic

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:wangy@pku.edu.cn
dx.doi.org/10.1016/j.molcata.2009.03.033
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eaction rate synchronously. Dechlorination reaction was reported
o be completely blocked when the molar ratio of Sn4+/Pd was up
o 5, while p-chloronitrosobenzene (p-CNSB) intermediate formed
n the reaction was difficult to be totally reduced to p-CAN in this
ondition.

Although intensive efforts have been made to solve the problem
f hydrodechlorination in CNB hydrogenation, still it is a chal-
enge to create novel palladium catalysts for further improving the
electivity to CAN at complete conversion of the substrates and
ntermediates and simultaneously maintaining the high catalytic
ctivity. To the best of our knowledge, the complete suppression
f CAN hydrodechlorination over a supported Pd catalyst in the
bsence of any soluble organic or inorganic additive or modifier
as so far been scarce.

In this paper, we report a partially reduced Pd/�-Fe2O3
anocomposite catalyst (Pd/�-Fe2O3-PR) that exhibited high
atalytic activity and superior selectivity to p-CAN in the hydro-
enation of p-CNB. The hydrodechlorination of p-CAN was fully
uppressed at complete conversion of p-CNB and other intermedi-
tes and the selectivity to p-CAN reached 99.2% at 303 K and 4 MPa.

hydrodechlorination route over Pd/�-Fe2O3-PR, i.e. through
he hydrodechlorination of 4,4′-dichloroazobenzene intermediate
as revealed for the first time. The ferromagnetic Pd/�-Fe2O3-PR
anocomposite catalyst could be conveniently separated from the
eaction system in an applied magnetic field and exhibited good
eusability.

X-ray photoelectron spectroscopy (XPS) measurements revealed
n electron transfer from the partially reduced �-Fe2O3 particles to
he Pd particles in Pd/�-Fe2O3-PR. Moreover, it was found for the
rst time that CO could hardly be chemisorbed on the Pd particles
eposited on the partially reduced �-Fe2O3 nanoparticles under
ur measurement conditions. We believe that these characteristics
re important causes of the superior selectivity to p-CAN in the
ydrogenation of p-CNB over Pd/�-Fe2O3-PR.

. Experimental

.1. Reagents

Hydrogen (99.999%) was supplied by Beijing Gases Company.
d/C (Pd: 3 wt%) was purchased from Acros. Methanol (HPLC grade,
9.9%) was purchased from Fisher. Other reagents used in this work
ere of analytical grade.

.2. Catalyst preparation

.2.1. Colloid preparation
A dark-red hydrosol of PdO was prepared simply by adding an

queous solution of sodium hydroxide (0.2 M) to a solution of PdCl2
2.82 × 10−2 mol/L) in 20 ml water to adjust pH to 12. The colloid
olution of ferric hydroxide was prepared according to a method
eported previously [11]. An aqueous solution of ammonia (10%)
as added to a solution of FeCl3 (4%) in 100 ml of water to adjust
H to about 7.5, producing a precipitate that was separated by a
lter, washed with water, and peptized in 60 ml of aqueous solution
f FeCl3 (1%), resulting in a transparent colloidal solution of ferric
ydroxide.

.2.2. Catalyst preparation
The Pd/�-Fe2O3 nanocomposite catalyst was prepared as fol-

ows: 30 ml of the prepared hydrosol of PdO was mixed with 60 ml

f ferric hydroxide colloidal solution at required ratio under stirring
o obtain a complex sol. After stirring for 0.5 h, 90 ml of ethylene gly-
ol was added to the complex sol. The mixture was then refluxed
nder a N2 flow for 2 h, and then a solution of sodium glycollate
0.5 g in 1 ml water) was added to the reaction system. The obtained
sis A: Chemical 308 (2009) 79–86

mixture was further refluxed for 20 h to produce a magnetic pre-
cipitate which was separated by an applied magnetic field, washed
with water, and dried at 353 K in air, producing a brownish-red solid
of Pd/�-Fe2O3. The Pd content of the prepared catalyst was mea-
sured to be 3.0 wt% by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, PROFILE SPEC, LEEMAN LABS).

2.3. Catalytic hydrogenation of p-CNB

Hydrogenation of p-CNB was carried out in a 50-ml reactor
with magnetic stirring at 303 K and atmospheric pressure of H2.
Prior to the reaction, air in the system was replaced by hydro-
gen 20 times, and the catalyst, Pd/�-Fe2O3 (3 wt%, 15.0 ± 0.1 mg) or
Pd/C (3 wt%, 5.0 ± 0.1 mg), dispersed in 10 ml methanol, was acti-
vated under hydrogen for 180 min. Then a methanol solution of
p-CNB was added to the reactor to start the reaction. The hydro-
gen uptake was monitored by a constant pressure gas burette. The
products were identified by GC–MS coupling (Perkin-XL) and quan-
titatively analyzed by gas chromatography (Shimadzu GC-2010),
using a flame ionization detector and a capillary column Rtx-5 MS
(Ø0.25 mm × 60 m). Biphenyl as an internal standard substance was
added into the samples for GC measurement rather than into the
reaction system, to avoid its influence on the reaction. The semi-
quantitative analysis of trace aniline (AN) in the reaction mixture
was also conducted by comparing the AN peak area in GC with those
of standard solutions with ratios of AN to p-CAN less than 0.7%. Dif-
ferent amounts of the catalysts were used in the hydrogenation
reaction in order to avoid the diffusion control on the reaction rate.

2.4. Characterization of the catalyst

2.4.1. IR-CO probe characterization of the catalysts
In a typical experiment, the Pd/�-Fe2O3 (25 mg) catalyst was

ground under air and pressed into a self-supporting wafer with a
diameter of 1.5 cm, which was treated in the IR cell under vacuum
of 1–3 × 10−5 Torr at 373 K for 2 h to remove adsorbed water and
impurities on the sample. After the sample was cooled to 303 K,
5 kPa of CO was charged into the IR cell to achieve the chemisorption
equilibrium. The gaseous CO was removed by evacuation, and the
spectrum of CO adsorbed on the catalyst was recorded on a FTIR
spectrometer (Tensor 27, Bruker) with a resolution of 4 cm−1. The
IR spectrum of the sample before exposure to CO was used as a
subtraction background.

In another experiment, a self-supporting wafer of the Pd/�-
Fe2O3 catalyst (25 mg) was first treated under flowing hydrogen
at 308 K for 5 h to form a partially reduced Pd/�-Fe2O3 catalyst
(Pd/�-Fe2O3-PR) that was then heated at 573 K in vacuum for 3 h
in the IR cell. IR-CO probe measurements on this sample were con-
ducted in the same manner and conditions as applied in the typical
experiment.

2.4.2. CO chemisorption on the catalysts
In the chemisorption experiments on the Pd/�-Fe2O3-PR and

fresh Pd/�-Fe2O3 catalysts, the CO/Pd ratio was determined on
Micromeritics ASAP 2010C instrument. In the analysis of the Pd/�-
Fe2O3-PR, 0.05 g of Pd/�-Fe2O3 (Pd: 3 wt%) was loaded into a U-type
tube and treated in the following steps: evacuation at 308 K for 0.5 h
and then at 473 K for 1 h, reduction by flowing hydrogen at 308 K
for 3 h, and evacuation at 573 K for 2 h and at 308 K for 0.5 h. The
CO adsorption was measured at 308 K and at 4–50 kPa of CO. The
fresh Pd/�-Fe2O3 catalyst was treated and analyzed as described

previously, except for the hydrogen reduction process.

2.4.3. XPS measurement of the catalysts
XPS measurements were carried out with an Axis Ultra pho-

toelectron spectrometer using an AlK� (1486.7 eV) X-ray source,
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ture. It can be discerned that several diffraction peaks slightly shift
to the lower angle side relative to those in the fresh Pd/�-Fe2O3
catalyst (see the insert of Fig. 2). Thus we can speculate that Pd/�-
Fe2O3 was partially reduced in the activation process, catalyzed by
the Pd particles, which was similar to the phenomenon that we
Fig. 1. STEM image (a), area-selected EDX spectra (b) of Pd/�

ith the pressure of the measuring chamber set at 5 × 10−9 Torr.
he binding energy scales for the samples were referenced by set-
ing the C 1s binding energy of contamination carbon to 284.8 eV.
he Pd/�-Fe2O3-PR catalyst for the XPS measurement was prepared
y reducing fresh Pd/�-Fe2O3 (Pd: 3 wt%) with hydrogen at 308 K
or 5 h in the pretreatment chamber of the XPS spectrometer. The
ample was moved to the analysis chamber after the pretreatment
hamber was flushed with argon and evacuated. For comparison,
d powder was also treated with hydrogen and then analyzed in
he same manner and conditions.

.4.4. STEM, XRD and BET characterization of the catalysts
STEM images were taken on a Philips Tecnai F30 scanning trans-

ission electron microscope equipped with a high-angle-annular
ark-field (HAADF) detector. The sample was prepared by dis-
ersing Pd/�-Fe2O3 in 10 ml of water solution containing 10 mg
olyvinylpyrrolidone (PVP) followed by ultrasound irradiation for
everal minutes. A drop of the dilute suspension was placed onto a
opper grid covered with a carbon film. Excess liquid was removed
y a piece of filter paper. The sample was dried in vacuum at
oom temperature for 12 h. The particle size distribution histogram
as obtained on the basis of the measurements of 250 particles.

he XRD patterns were recorded on a Rigaku D/max 2500 diffrac-
ometer operated at 40 kV voltage and 300 mA current with a Cu
adiation source. The specific surface area of the catalyst was mea-
ured on a Micromeritics ASAP 2010M instrument.

. Results and discussion

Fig. 1a shows the STEM image of the Pd/�-Fe2O3 nanocompos-
te catalyst. Combined EDX analysis (Fig. 1b) revealed that black
pots in Fig. 1a are the image of palladium nanoparticles which
ocate on the surfaces of Fe2O3 nanoparticles (the grey area in the
hotograph). The Pd particles in the Pd/�-Fe2O3 catalyst have an
verage diameter of 12.5 nm, with a size distribution from 5 to

1 nm (Fig. 1c).

Fig. 2a illustrates the XRD pattern of the fresh Pd/�-Fe2O3 (Pd:
wt%) nanocomposite catalyst. Diffraction peaks with 2� = 30.2◦,
5.7◦, 43.4◦, 57.4◦, 63.0◦, are the signals of maghemite nanoparticles
n the Pd/�-Fe2O3 catalyst [28]. The diffraction peaks at 2� = 40.1◦,
3, and the size distribution of Pd particles in Pd/�-Fe2O3 (c).

46.6◦ and 68.1◦ are the characteristic signals of the face centered
cubic crystalline phase of Pd. The average crystal size of Pd in the
Pd/�-Fe2O3 nanocomposite is 13.4 nm as calculated from the (1 1 1)
diffraction peak using the Scherrer formula, which is consistent
with the results of TEM analysis. When Pd/�-Fe2O3 catalyst was
activated with hydrogen at 303 K and atmosphere pressure, a color
change from brownish-red to black was observed. The XRD pattern
of the activated Pd/�-Fe2O3 catalyst is shown in Fig. 2b. The sam-
ple for this measurement was prepared by treating Pd/�-Fe2O3 in
methanol with hydrogen for 5 h at 303 K. Then it was separated by
an applied magnetic field and dried in vacuum at room tempera-
Fig. 2. XRD pattern of the fresh Pd/�-Fe2O3 nanocomposite catalyst (a) and the cata-
lyst activated with hydrogen at 308 K and atmospheric pressure (b). The insert shows
the shift of the diffraction peaks of the activated Pd/�-Fe2O3 catalyst.
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ig. 3. The core-level spectra of Fe 2p in Pd/�-Fe2O3 (a) and Pd/�-Fe2O3-PR (b). The
inding energy scales for these samples were referenced by setting the C 1s binding
nergy of contamination carbon to 284.8 eV.

reviously observed over the Pt/�-Fe2O3 catalyst [12]. The partially
educed Pd/�-Fe2O3 catalyst was designated as Pd/�-Fe2O3-PR.

The partial reduction state of the Fe2O3 particles in activated
d/�-Fe2O3 was further confirmed by XPS measurements. The XPS
pectra of Fe 2p in Pd/�-Fe2O3 and Pd/�-Fe2O3-PR catalysts are
hown in Fig. 3. The satellite peak near 719 eV as a characteristic
f �-Fe2O3, which does not appear in the XPS spectrum of Fe3O4
29], can be clearly seen in the spectrum of Pd/�-Fe2O3 (Fig. 3a). The
ntensity of this satellite peak decreased obviously after the sample
as treated with hydrogen at 308 K for 5 h (Fig. 3b), confirming that
-Fe2O3 particles in Pd/�-Fe2O3 had been partially reduced during
he activation process.

Fig. 4 shows the cumulative hydrogen uptake curves in the
ydrogenation of p-CNB over Pd/�-Fe2O3-PR and a Pd/C catalyst.
ver Pd/�-Fe2O3-PR, hydrogen consumption increased almost lin-
arly within 25 min followed by a slow increase of hydrogen uptake.
fter 40 min, no more increase in the hydrogen uptake was detected
ith the extension of reaction time. The recorded amount of hydro-

en uptake was only slightly larger than the theoretic amount for
he complete transformation of p-CNB into p-CAN. A quite different
ydrogen uptake curve was observed over the Pd/C catalyst, which
as characterized by a fast initial rate of hydrogen consumption,
ith a durative and obvious increase in hydrogen uptake after the

toichiometric hydrogen consumption for producing p-CAN. In this
easurement, 5 mg of Pd/C was used to avoid any significant mass
iffusion limitation on the reaction rate.
Table 1 lists the catalytic properties for the hydrogenation of

-CNB over the Pd/C and Pd/�-Fe2O3-PR catalysts. The Pd/C cat-
lyst was a very active catalyst in this reaction, with an initial

able 1
atalytic properties of Pd/�-Fe2O3-PR and Pd/C for the hydrogenation of p-CNBa.

atalyst Pd in catalyst (mmol) Reaction time (min) In

d/C 1.41 × 10−3 26d 2
d/C 1.41 × 10−3 60
d/�-Fe2O3-PR 4.23 × 10−3 41d 4
d/�-Fe2O3-PR 4.23 × 10−3 300

a Reaction conditions: temperature, 303 K; hydrogen pressure, 0.1 MPa; substrate, 1 mm
b molhydrogen/(molPd s); the uncertainty of the initial H2 uptake rate was less than 5%.
c Over Pd/�-Fe2O3-PR a main byproduct was characterized to be p-ClC6H4N CH2, wh

rom the oxidation of MeOH due to the existence of a trace amount of oxygen in this reac
d Reaction time for the complete conversion of the substrate and all intermediates.
Fig. 4. Cumulative hydrogen uptake of p-CNB hydrogenation over Pd/C and
Pd/�-Fe2O3-PR catalysts. Reaction conditions: temperature, 303 K; hydrogen
pressure, 0.1 MPa; substrate, 1 mmol; solvent, 20 ml methanol; Pd in catalyst,
4.23 × 10−3 mmol for Pd/�-Fe2O3-PR, 1.41 × 10−3 mmol for Pd/C.

hydrogenation uptake rate of 2.5 molhydrogen/(molPd s) at 303 K and
0.1 MPa. However, the selectivity to the desired product p-CAN over
this catalyst was poor. The yields of p-CAN and AN were 50.7%
and 49.0%, respectively, when the reaction completed (defined as
the complete conversion of the substrate and all intermediates).
When the reaction time was extended to 60 min, the yield of the
desired product p-CAN decreased to 22.1% and the yield of AN
increased to 77.4%. At 303 K and 0.1 MPa, the initial hydrogena-
tion uptake rate in the hydrogenation of p-CNB over Pd/�-Fe2O3-PR
(4.9 × 10−1 molhydrogen/(molPd s)) was 19.6% of that over the Pd/C
catalyst. This is partly due to the fact that Pd particles (dav = 12.5 nm)
in Pd/�-Fe2O3-PR are much larger than that in the Pd/C catalyst
(dav = 3.0 nm) with a size distribution from 1 to 6 nm as revealed by
TEM analysis. Superior selectivity to p-CAN was achieved over Pd/�-
Fe2O3-PR in this hydrogenation reaction. At 303 K and 0.1 MPa, the
selectivity to p-CAN reached to 96.2% when the reaction was com-
plete at 41 min, and the content of AN in the final products was only
3.6%. Extending the reaction time to 300 min, no increase in the con-
tent of the dechlorination byproduct was detected, suggesting that
the hydrodechlorination of p-CAN was fully suppressed over the
Pd/�-Fe2O3-PR catalyst. The effects of hydrogen pressure and the
concentration of substrate on the reaction rate and selectivity to
p-CAN were investigated in the hydrogenation of p-CNB over Pd/�-
Fe2O3-PR. As listed in Table 2, when the H2 pressure was elevated
by 3.2 times, and the selectivity to p-CAN was improved from 96.2%
to 98.6%. Moreover, the average p-CAN formation rate was acceler-
ated to 8.6 × 10−1 molp-CAN/(molPd s) and the selectivity to p-CAN
was improved to 99.2% when the reaction was conducted at 4 MPa

itial H2 uptake rateb Yield of products (mol%)

p-CAN AN Othersc

.5 50.7 ± 0.2 49.0 ± 0.2 <0.3
22.1 ± 0.2 77.4 ± 0.2 <0.5

.9 × 10−1 96.2 ± 0.2 3.6 ± 0.2 <0.2
96.1 ± 0.2 3.6 ± 0.2 <0.3

ol; solvent, 20 ml methanol.

ich was derived from the condensation of HCHO and p-CAN. HCHO was produced
tion system in the initial stage of the experiments.
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Table 2
Effects of reaction hydrogen pressure and substrate concentration on the hydrogenation of p-CNB over Pd/�-Fe2O3-PRa.

Catalyst p-CNB (mmol) H2 pressure (MPa) Reaction time (min) Reaction rateb Yield of products (mol%)

p-CAN AN Others

Pd/�-Fe2O3-PR 1.0 0.1 41 9.2 × 10−2 96.2 ± 0.2 3.6 ± 0.2 <0.2
Pd/�-Fe2O3-PR 1.0 1.0 23 1.7 × 10−1 98.3 ± 0.2 1.4 ± 0.2 <0.3
Pd/�-Fe2O3-PR 1.0 2.0 12 3.2 × 10−1 98.4 ± 0.2 1.3 ± 0.2 <0.3
Pd/�-Fe2O3-PR 1.0 4.0 10 3.9 × 10−1 98.6 ± 0.2 1.2 ± 0.2 <0.2
Pd/�-Fe2O3-PR 1.0 4.0 300 – 98.5 ± 0.2 1.2 ± 0.2 <0.3
Pd/�-Fe2O3-PR 20.9 4.0 95 8.6 × 10−1 99.2 ± 0.2 <0.7 <0.1
P

t, 4.23
than 5

w
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d/�-Fe2O3-PR 20.9 4.0 300

a Reaction conditions: temperature, 303 K; solvent, 20 ml methanol; Pd in catalys
b Average formation rate of p-CAN (molp-CAN/(molPd s)); the uncertainty was less

ith a p-CNB concentration of about 1 mol/L. The selectivity to p-
AN could also be maintained with the extension of reaction time
fter the reaction completed even at such conditions.

For comparison, we measured the catalytic properties at 303 K
nd 0.1 MPa for the reaction of interest over the previously reported
t/�-Fe2O3-PR nanocomposite catalyst which had an average diam-
ter of Pt particles of 2.2 nm [13]. Over Pt/�-Fe2O3-PR, the average
ormation rate and the selectivity of p-CAN were measured to be
.2 × 10−2 molp-CAN/(molPt s) and 99.9%, respectively. These results
uggest that Pd/�-Fe2O3-PR is more active than Pt/�-Fe2O3-PR as
catalyst for the selective hydrogenation of p-CNB under given

onditions (see Table 2).
To testify the suppression function of �-Fe2O3-PR particles
n Pd/�-Fe2O3-PR for p-CAN dechlorination, we compared the
atalytic hydrogenolysis reaction of p-CAN over the Pd/C, Pd/�-
e2O3-PR and Pd/�-Fe2O3 catalysts. As shown in Table 3, the Pd/C
atalyst exhibited high catalytic activity for the hydrodechlorina-
ion of p-CAN. When the hydrogenolysis of p-CAN was conducted

able 3
ydrodechlorination of p-CAN over Pd/C, Pd/�-Fe2O3-PR and Pd/�-Fe2O3

a.

atalyst Pd in catalyst (mmol) Reaction time (min)

d/C 1.41 × 10−3 60
d/�-Fe2O3-PRc 4.23 × 10−3 300
d/�-Fe2O3

d 4.23 × 10−3 60
d/�-Fe2O3

d 4.23 × 10−3 180
d/�-Fe2O3

d 4.23 × 10−3 300

a Reaction conditions: temperature, 303 K; hydrogen pressure, 0.1 MPa; substrate, 1 mm
b Average rate of p-CAN dechlorination (molp-CAN/(molPd s)); the uncertainty was less th
c Catalyst was activated at 303 K and 0.1 MPa of hydrogen pressure for 180 min before u
d Catalyst was used without the activation process.

Scheme 1. The widely accepted reaction
– 99.2 ± 0.2 <0.7 <0.1

× 10−3 mmol.
%.

for 60 min, the yield of AN reached 73.2% and only 26.8% of p-CAN
remained. Over Pd/�-Fe2O3-PR, however, no AN was detected dur-
ing the reaction process of 300 min, further confirming that the
hydrodechlorination of p-CAN was fully suppressed over this cat-
alyst. Over the fresh Pd/�-Fe2O3 catalyst without activation under
H2 before the reaction, dechlorination of p-CAN occurred at the ini-
tial stage of the reaction. With the extension of reaction time, the
fresh Pd/�-Fe2O3 catalyst transformed into a partially reduced cat-
alyst, accompanied with a color change from brownish-red to black,
and the dechlorination reaction was suppressed finally. This phe-
nomenon indicated that the partial reduction of fresh Pd/�-Fe2O3
in the activation process prior to the reaction is utmost important
to completely suppress the hydrodechlorination of p-CAN.
Scheme 1 depicts the widely accepted reaction routes for the
hydrogenation of CNBs [2,30]. It can be seen that there are two main
routes for CANs (4) formation. One (I) is the direct reduction of nitro
groups in CNBs (1), through the nitroso- (2) and hydroxylamino-
(3) intermediates to CAN products; the other (II) is the condensa-

Composition (mol%) Dechlorination rateb

p-CAN AN

26.8 ± 0.2 73.2 ± 0.2 1.4 × 10−1

>99.9 <0.1 –
98.5 ± 0.2 1.5 ± 0.2 9.9 × 10−4

98.4 ± 0.2 1.6 ± 0.2 –
98.4 ± 0.2 1.6 ± 0.2 –

ol; solvent, 20 ml methanol.
an 5%.
sed for the reaction.

routes of hydrogenation of CNBs.
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Fig. 5. Evolution of the reaction mixture as a function of time in the hydrogenation
of p-CNB over Pd/�-Fe2O3-PR. (a) Evolution of p-CNB, p-CAN and AN; (b) evolution
4 H. Liu et al. / Journal of Molecular

ion of nitroso- (2) and hydroxylamino- (3) intermediates to form
imeric intermediates of dichloroazoxybenzenes (5), followed by
he hydrogenation of them to azo- (6) and hydrazo- (7) interme-
iates and finally to CAN products. It is known that dechlorination
eaction can occur on CNBs and CANs to form nitrobenzene (1a)
nd aniline (8), respectively, over most Pd catalysts.

For the hydrogenation of p-CNB over the present Pd/�-Fe2O3-
R nanocomposite catalyst, we analyzed the reaction species at
ifferent time during the reaction process by GC and GC–MS. A
eries of reaction compounds, including p-CNB (1), the products of
-CAN (4) and AN (8), p-CNSB (2) and 4,4′-dichloroazoxybenzene
5) intermediates as well as a trace of nitrobenzene (NB) (1a)
ere detected during the reaction process. The evolution of p-CNB,

-CAN and AN along with time is shown in Fig. 5a. The appear-
nce, increase, decrease and finally disappearance of p-CNSB,
,4′-dichloroazoxybenzene and NB in this reaction are depicted

n Fig. 5b. These results indicated that the hydrogenation of p-
NB over Pd/�-Fe2O3-PR occurred through the routes (I) and (II)
imultaneously. Meanwhile, the appearance of NB verified the
ydrodechlorination of p-CNB over our Pd/�-Fe2O3-PR catalyst.

The hydrodechlorination of p-CNB may be not the only pathway
o produce AN over Pd/�-Fe2O3-PR because other hydrodechlo-
ination routes such as the hydrodechlorination of reaction
ntermediates cannot be ruled out. Recently, we revealed a
ydrodebromination pathway for the first time in the hydrogena-
ion of BNBs over a Pt/�-Fe2O3-PR nanocomposite catalyst, i.e.
hrough the hydrodebromination of the condensed intermedi-
tes [12]. Hydrodehalogenation of condensed intermediates was
carcely reported perhaps due to the difficulty in distinguish-
ng the hydrodehalogenation of these intermediates from that of
aloanilines over most catalysts. In the present work, the excel-

ent properties of Pd/�-Fe2O3-PR nanocomposite catalyst allow us
o further ascertain this dehalogenation pathway. Hydrogenation
f 4,4′-dichloroazoxybenzene (synthesized according to the litera-
ure [31]) was investigated over Pd/�-Fe2O3-PR and the evolution
f reaction species at different time was monitored by GC and
C–MS. As a result, 4,4′-dichloroazobenzene (5), p-CAN (4), the
echlorination byproducts of 4-chloroazobenzene (9) and AN (8)
ere detected. Since 4-chloroazoxybenzene was not detected in

his reaction, it could be deduced that the hydrodechlorination
f 4,4′-dichloroazobenzene produced 4-chloroazobenzene which

ntered further reactions resulting in 4-chlorohydrazobenzene (10)
nd AN. According to the present experimental results, we proposed
he hydrodechlorination pathways in the hydrogenation of p-CNB
ver Pd/�-Fe2O3-PR as shown in Scheme 2.

of p-CNSB, 4,4′-dichloroazoxybenzene and NB. Reaction conditions were similar to
those in Fig. 4.

Scheme 2. Reaction pathways for the hydrogenation of p-CNB over Pd/�-Fe2O3-PR.
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Table 4
Reusability of Pd/�-Fe2O3-PR in the hydrogenation of p-CNBa.

Time reused Reaction time (min)b Yield of products (mol%)

p-CAN AN Others

1 41 96.1 ± 0.2 3.6 ± 0.2 <0.3
2 42 96.9 ± 0.2 2.9 ± 0.2 <0.2
3 43 97.2 ± 0.2 2.6 ± 0.2 <0.2
4 48 97.2 ± 0.2 2.5 ± 0.2 <0.3
5 54 97.2 ± 0.2 2.4 ± 0.2 <0.4
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intermediate. Pd/�-Fe2O3-PR could be separated from the catalytic
a Reaction conditions are similar to those in Table 2.
b Reaction time for the complete conversion of the substrate and all intermediates.

To explore the stability of Pd/�-Fe2O3-PR, the catalyst was sep-
rated from the reaction system by an applied magnetic field
fter the p-CNB hydrogenation reaction completed, washed with
ethanol and reused in a new reaction cycle. As listed in Table 4,

eaction time for the complete conversion of the substrate and inter-
ediates prolonged 32% in the fifth cycle compared to that in the

rst cycle. Study on the deactivation mechanism of the catalyst in
his reaction is going on in our laboratory. In view of the mechanical
oss of the catalyst in these experiments, the stability of Pd/�-Fe2O3-
R in the reaction of interest is acceptable for real applications. From
able 4 it can also be seen that the high selectivity to p-CAN was
aintained over the recycled catalyst.
In the hydrogenation of CNBs over usual Pd catalysts,

ydrodechlorination occurs on both the substrates and CANs [2,32],
nd it may also occur on the condensed intermediates. However,
ver Pd/�-Fe2O3-PR, hydrodechlorination occurred only on the p-
NB and 4,4′-dichloroazobenzene intermediate, but not on p-CAN
roduct. This could be attributed to the specific interaction between
he partially reduced iron oxide and Pd particles in Pd/�-Fe2O3-PR.

To investigate this peculiar metal/support interaction, we con-
ucted XPS measurements on the Pd/�-Fe2O3-PR catalyst. Pd metal
owder was also measured in the same condition for comparison.
he Pd metal powder was prepared by adding an equal volume of
thylene glycol to the hydrosol of PdO and then refluxing the mix-
ure at 403 K for 3 h under a N2 flow. The produced Pd precipitate
as washed with methanol and water for several times until no
l− was found by AgNO3 detection, dried under vacuum at room
emperature and finally reduced in H2 at 473 K for 1 h. The binding
nergy of the Pd 3d5/2 core-level in Pd/�-Fe2O3-PR has a value of
34.8 eV, 0.5 eV lower than that of the Pd power (335.3 eV). This
ndicated an electron transfer from the partially reduced �-Fe2O3
articles to the Pd particles in Pd/�-Fe2O3-PR.

IR-CO probe and CO chemisorption experiments were con-
ucted on Pd/�-Fe2O3 and Pd/�-Fe2O3-PR for further exploring the
etal/support interaction in these catalysts. Fig. 6a shows the IR

pectrum of CO adsorbed on the fresh Pd/�-Fe2O3 catalyst. In this
pectrum, a broad band in the range of 1830–1980 cm−1 can be
scribed to the signals of bridge and threefold bonded CO on the
urfaces of Pd particles, while a weak peak centered at 2060 cm−1

s the signal of CO adsorbed on the on-top sites of Pd particles’
urfaces [33–36]. However, these typical signals of CO adsorbed
n Pd were not detected in our IR-CO probe measurements on
d/�-Fe2O3-PR (Fig. 6b). To confirm the weak chemisorption of CO
n Pd/�-Fe2O3-PR, we measured the amounts of CO chemisorbed
n the Pd particles in the Pd/�-Fe2O3 and Pd/�-Fe2O3-PR cata-

ysts. For the fresh Pd/�-Fe2O3 catalyst, the CO/Pd ratio in the CO
hemisorption experiment was determined to be 15% (Fig. S1).
n contrast, the measured CO/Pd ratio was close to zero (Fig. S2)
or the partially reduced catalyst Pd/�-Fe2O3-PR treated under the

ame conditions, which further consolidated the finding of weak CO
hemisorption on the surfaces of Pd particles in Pd/�-Fe2O3-PR. In
ur previous work [13], we have clearly revealed that the partially
educed Pt/�-Fe2O3 catalyst could hardly chemisorb CO under the
Fig. 6. Infrared spectra of CO chemisorbed on fresh Pd/�-Fe2O3 (a) and Pd/�-Fe2O3-
PR (b).

given experimental conditions and exhibited superior selectivity to
haloanilines in the hydrogenation reaction of halonitrobenzenes,
which is quite similar to the properties of Pd/�-Fe2O3-PR.

An intrinsic relationship between the CO adsorption character-
istic and the hydrodechlorination activity over the Pd/�-Fe2O3-PR
catalyst can be inferred. Generally speaking, CO chemically
adsorbed on Pd acts as a Lewis base by sharing its electrons in car-
bon atom with Pd [35,37]. Electron transfer from other species to
Pd may lead to a stronger Pauli repulsion with CO and result in a
weak Pd–CO interaction [38]. Substituted chlorobenzenes such as
p-CAN adsorbed on Pd can share their electrons of chlorine atoms
with Pd and weaken the carbon–chlorine bond in the adsorbed
molecules [39], which may increase the susceptibility of p-CAN to
hydrodechlorination. Therefore, it is reasonable to speculate that
the activation of C–Cl bond in p-CAN over Pd/�-Fe2O3-PR is weak
because the CO chemisorption on the Pd particles in Pd/�-Fe2O3-
PR is too weak to be detected in our experiments. This should be
a cause of the high selectivity to p-CAN in the hydrogenation of
p-CNB over Pd/�-Fe2O3-PR. In view of the electron transfer from
the �-Fe2O3-PR particles to Pd in Pd/�-Fe2O3-PR as revealed by the
XPS measurements, the activated dihydrogen or hydride on the Pd
particles would get charge compensation from Pd. These hydrogen
species with negative charge might prefer the nucleophilic attack
on the carbon–chlorine bond in p-CNB rather than the electrophilic
attack on the carbon–chlorine bond in p-CAN. This might be another
cause of the complete suppression of p-CAN hydrogenolysis over
Pd/�-Fe2O3-PR.

4. Conclusion

The hydrodechlorination of p-CAN in the hydrogenation of p-
CNB was completely suppressed and the selectivity of p-CAN of
99.2% was achieved over a prepared Pd/�-Fe2O3-PR nanocompos-
ite catalyst. Increasing the reaction hydrogen pressure from 0.1 to
4 MPa not only enhanced the p-CAN formation rate by 3.2 times
but also obviously improved the p-CAN selectivity. Besides the
hydrodechlorination of p-CNB, a new hydrodechlorination pathway
was revealed in the hydrogenation of p-CNB over Pd/�-Fe2O3-PR,
i.e. through the hydrodechlorination of 4,4′-dichloroazobenzene
reaction system conveniently by an applied magnetic field and
reused for several times without any loss of the catalytic selectivity
to p-CAN. Although the average diameter of noble metal particles in
Pd/�-Fe2O3-PR (12.5 nm) is much larger than that in the previously
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