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bstract

The Pt/�-Fe2O3 nanocomposite catalyst exhibited high catalytic activities and superior selectivities to ortho-bromoaniline (o-BAN), meta-
romoaniline (m-BAN) and para-bromoaniline (p-BAN) in the hydrogenation of ortho-bromonitrobenzene (o-BNB), meta-bromonitrobenzene (m-
NB) and para-bromonitrobenzene (p-BNB), respectively. The hydrodebromination of bromoanilines (BANs) over the Pt/�-Fe2O3 nanocomposite
atalyst was fully suppressed even at complete conversion of the substrates for the first time. Elevating hydrogen pressure from 0.1 to 2.0 MPa

ould not only increase the hydrogenation rates of o-BNB, m-BNB and p-BNB by 8.8, 11.8 and 10.0 times, respectively, but also further improve
he selectivities to o-BAN, m-BAN and p-BAN to a level higher than 99.9%. A new hydrodebromination pathway in the hydrogenation of
romonitrobenzenes (BNBs), i.e. through the hydrodebromination of the condensation intermediates was revealed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Aromatic haloamines are important organic intermediates in
he synthesis chemistry of organic dyes, perfumes, herbicides,
esticides, preservatives, plant growth regulators, medicines and
ight sensitive or nonlinear optical materials [1,2]. These widely
pplied organic amines are currently produced mainly through
elective hydrogenation of the corresponding aromatic halonitro
ompounds over transition metal catalysts, such as noble met-
ls and Raney nickel. However, over usual metal catalysts, it
s difficult to completely avoid the hydrodehalogenation of the
romatic haloamines in the hydrogenation of aromatic halonitro
ompounds to aromatic haloamines, because hydrogenolysis of
he carbon–halogen bond is enhanced by amino substitution in
he aromatic ring [3]. Dehalogenation has been shown to occur
ver the catalysts of platinum, palladium, rhodium, nickel and
opper chromite, etc.

Metal nanoclusters have proved to be promising building

locks for assembling novel heterogeneous catalysts. Recently,
e reported that Ru/SnO2 [4] and Pt/�-Fe2O3 [5] nanocomposite

atalysts exhibited excellent catalytic activities and selectivity

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

or the selective hydrogenation of ortho-chloronitrobenzene (o-
NB). Over the magnetic Pt/�-Fe2O3 nanocomposite catalyst,

he hydrodechlorination of ortho-chloroaniline (o-CAN) was
ompletely inhibited, and the turnover number for the hydro-
enation of o-CBN to o-CAN could achieve more than 100,000.
he magnetic nanocomposite catalyst could be recovered from

he reaction system in an applied magnetic field.
Compared with chloroanilines (CANs), bromoanilines

BANs) are more convenient intermediates for the syntheses
f functional molecules and materials due to the ease of Br C
ond activation. BANs are important precursors for synthesizing
variety of biologically and pharmacologically active com-

ounds, such as quinazoline [6], spiropiperidine [7], substituted
yrrolopyrimidine [8], pyridazino-annelated ring system [9] and
enzo-�-carboline isoneocryptolepine [10]. These substances
an be used for antifungal, antitumor and antihypertensive
gents, neurokinin, oxytocin and bradykinin antagonists, or
edicine for malaria [6–10]. In addition, BANs are versatile

ntermediates in the syntheses of conducting polymers [11,12]
nd organometallic compounds [13].

Considerable attention has been attracted to chloronitroben-

enes (CNBs) hydrogenation [14–21], whereas much less effort
as been paid to the selective hydrogenation of bromonitroben-
enes (BNBs) for producing the corresponding BANs, partly
ue to the difficulty to suppress the hydrodebromination reac-

mailto:wangy@pku.edu.cn
dx.doi.org/10.1016/j.molcata.2007.04.004
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uptake reached the theoretic amount for o-BAN formation within
28 min. Subsequently, no more increase in the hydrogen uptake
was detected within extended reaction time. Quite different fea-
tures of the hydrogen uptake curves were observed over the Pt/C
X. Wang et al. / Journal of Molecular C

ion, since the Br C bond is more susceptible to hydrogenolysis
han the Cl C bond [3,22–24]. William investigated the effects
f solvent and hydrogen pressure on the catalytic properties of
ommercially available Pt/C, Pt/C-sulfided, Rh/C and Raney Ni
atalysts for BNBs hydrogenation. The best yields of o-BAN,
-BAN and p-BAN over these catalysts were not more than 84,
6 and 93 mol%, respectively [24]. The selective hydrogenation
f BNBs to BANs is an ideal model reaction for the investiga-
ion aiming at suppressing the hydrodehalogenation processes in
he hydrogenation of aromatic halonitro compounds. Moreover,
mproving the selectivity to some BANs in the hydrogenation of
orresponding BNBs such as m-BNB is of high economic value.

The previous strategies for minimizing hydrodebromination
n BNBs hydrogenation were either applying partly poisoned
atalysts or introducing debromination inhibitors into the reac-
ion media. For example, when phosphorous acid was used as an
nhibitor for reducing the debromination in the hydrogenation
f p-BNB over a Pt/C catalyst, the debromination product was
eported to be 1.6 mol% [23]. By these means, the selectivity to
ANs could be improved obviously, but the hydrodebromination
rocess of BANs could not be fully suppressed and the hydro-
enation rates of BNBs were usually restrained synchronously
22–24].

It is still a challenge to completely inhibit the hydrodebromi-
ation of BANs and produce BANs of high purity by highly
fficient hydrogenation of BNBs. In this paper, we report the
xcellent catalytic properties of our Pt/�-Fe2O3 nanocomposite
5] for the selective hydrogenation of BNBs. Over this cata-
yst, the reactions of interest can accomplish with high rates
nd superior selectivities to BANs (>99.9%), and the hydrode-
romination of BANs was fully suppressed for the first time. A
ew hydrodebromination route was revealed, and the effect of
ydrogen pressure on the catalytic properties was examined.

. Experimental

.1. Reagents

Hydrogen (99.999%) was supplied by Beijing Gases Com-
any. Pt/C (5 wt.%) was purchased from Acros. o-BNB (Alfa,
9%), m-BNB (Acros, 99%) and p-BNB (Alfa, 98%) were
ecrystallized in methanol. o-BAN (Aldrich, 98%), m-BAN
Alfa, 98%), p-BAN (Alfa, >98%) and methanol (Fisher, HPLC
rade, 99.9%) were used without further purification. Other
eagents used in this work were analytical grade.

.2. Catalyst preparation

The Pt/�-Fe2O3 nanocomposite was prepared by the method
eported recently [5]. In a typical experiment, an ethylene glycol
olloidal solution of Pt nanoclusters (stabilized with ethylene
lycol and simple ions) [25] and a sol of ferric hydroxide were
ixed at the required ratio. The obtained mixture was heated in a
eflonlined autoclave at 353 K for 3 days, producing a magnetic
recipitate (Pt/�-Fe3O4). After separated in a magnetic field, the
recipitate was dried and oxidized at 353 K to give a brownish
ed Pt/�-Fe2O3 nanocomposite catalyst.
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.3. Catalytic reactions

Hydrogenation of BNBs was carried out in a 50-ml reac-
or with magnetic stirring at 303 K and atmospheric pressure.
rior to the reaction, air in the system was replaced by hydro-
en 15 times. 0.05 g of Pt/�-Fe2O3 (1 wt.%) or 0.01 g of Pt/C
5 wt.%), dispersed in 5 ml of methanol, was activated under
ydrogen for 30 min, then 10 ml methanol solution of o-BNB,
-BNB or p-BNB (0.075 M) was added into the reactor to start

he reaction. The hydrogen uptake was monitored by a constant
ressure gas burette. The products were identified by GC–MS
oupling (Perkin-XL) or organic mass spectrometry (ZAB-HS),
nd analyzed by gas chromatography (Shimadzu, GC-2010),
quipped with a FID detector and a capillary column Rtx-5MS
Ø 0.25 mm × 60 m). Biphenyl as an internal standard was added
nto the samples for GC measurements rather than the reaction
ystem to avoid its influence on the hydrogenation reactions. The
emi-quantitative analysis of trace aniline (AN) in the reaction
ixture was conducted by comparing the AN peak area in GC
ith those of standard solutions with ratios of AN to BAN less

han 0.1%.

. Results and discussion

The Pt/�-Fe2O3 (1 wt.%) magnetic nanocomposite used in
his work has been well characterized in the previous work
5]. The catalyst’s specific surface area is 22 m2/g and the Pt
anoclusters, average particle size in 2.6 nm as measured by
canning transmission electron microscope (STEM), are well
ispersed in the matrix composed of �-Fe2O3 nanoparticles.

Fig. 1 shows the cumulative hydrogen uptake curves in the
ydrogenation of o-BNB over the Pt/�-Fe2O3 and Pt/C catalysts.
ver the Pt/�-Fe2O3 nanocomposite catalyst, the hydrogen
ig. 1. Cumulative hydrogen uptake of o-BNB hydrogenation over Pt/�-Fe2O3

nd Pt/C catalysts. Reaction conditions: temperature, 303 K; hydrogen pressure,
.1 MPa; loading of Pt, 0.5 mg; solvent, 15 ml methanol; substrate, 0.75 mmol.
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Table 1
Catalytic properties of Pt/�-Fe2O3 and Pt/C catalysts for the hydrogenation of o-BNBa

Catalyst Loading of Pt (mg) PH
b (MPa) Reaction time Reaction ratec Selectivity (mol%)

o-BAN AN

Pt/Cd 0.5 0.1 16 min 50 11
Pt/C 0.5 0.1 60 min 0.081 29 63
Pt/C 0.5 0.1 4 h 0 91
Pt/�-Fe2O3 0.5 0.1 28 min 0.174 >99.7 0.2
Pt/�-Fe2O3 0.5 0.1 5 h >99.7 0.2
Pt/�-Fe2O3 0.1 1.0 21 min 1.161 >99.9 <0.1
Pt/�-Fe2O3 0.1 1.0 5 h >99.9 <0.1
Pt/�-Fe2O3 0.1 2.0 16 min 1.524 >99.9 <0.1
Pt/�-Fe2O3 0.1 2.0 5 h >99.9 <0.1

a Reaction conditions: temperature, 303 K; solvent, 15 ml methanol; substrate, 0.75 mmol.
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b Hydrogen pressure.
c Average rate, molo-BNB/(molPt s), calculated based on the amount of catalys
d The reaction was not complete.

atalyst, which were characterized by a fast initial rate of hydro-
en consumption and a further increase in hydrogen uptake after
he theoretic amount of hydrogen for o-BAN formation was con-
umed. The kinetic curves for the hydrogenation of m-BNB and
-BNB over the Pt/�-Fe2O3 and Pt/C catalysts, respectively,
ere quite similar to those for o-BNB hydrogenation over these

atalysts as shown in Fig. 1.
The results for o-BNB hydrogenation over the Pt/�-Fe2O3

nd Pt/C catalysts are summarized in Table 1. It can be seen
hat the Pt/C catalyst exhibited a poor selectivity and a low
atalytic activity for the formation of the object product, o-
AN. Over the Pt/C catalyst, the average reaction rate was
.081 molo-BNB/(molPt s) at the given conditions and the selec-
ivities to o-BAN and AN at the time when reaction completed
ere 29 and 63%, respectively, as measured by GC. The highest
ield of o-BAN obtained over the Pt/C catalyst was only 50%
uring the whole reaction course. When extending the reaction
ime to 4 h, the desired product, o-BAN, was wholly exhausted
ver the Pt/C catalyst and transformed to 91% of AN as well as

% of other byproducts.

Excellent catalytic properties were obtained over the Pt/�-
e2O3 nanocomposite catalyst. Over this catalyst, the average
-BAN formation rate, 0.174 molo-BAN/(molPt s), at 303 K and

c
e
t
T

able 2
atalytic properties of Pt/�-Fe2O3 and Pt/C catalysts for the hydrogenation of m-BN

atalyst Loading of Pt (mg) PH (MPa) Reacti

t/Cc 0.5 0.1 25 min
t/C 0.5 0.1 40 min
t/C 0.5 0.1 5 h
t/�-Fe2O3 0.5 0.1 26 min
t/�-Fe2O3 0.5 0.1 5 h
t/�-Fe2O3 0.1 1.0 15 min
t/�-Fe2O3 0.1 1.0 5 h
t/�-Fe2O3 0.1 2.0 11 min
t/�-Fe2O3 0.1 2.0 5 h

a Reaction conditions are similar to those in Table 1.
b Average rate, molm-BNB/(molPt s).
c The reaction was not complete.
the required time for exhausting o-BNB and all intermediates.

.1 MPa of hydrogen pressure was more than twofold higher
han that over the Pt/C catalyst, and an o-BAN selectivity of
9.7% could be easily obtained. The content of AN in the final
roducts was only about 0.2% (the analysis method was detailed
n Section 2.3). Though the reaction was complete within 28 min,
t was found that extending the reaction time to 5 h did not cause
etectable decrease in the catalytic selectivity. Moreover, the
ydrogenation rate of o-BNB over the Pt/�-Fe2O3 catalyst could
e elevated by 6.7 and 8.8 times by increasing hydrogen pressure
rom 0.1 to 1.0 and 2.0 MPa, respectively. Simultaneously, the
electivity to o-BAN could be further improved at the elevated
ydrogen pressure to a level higher than 99.9% that could be
aintained even when the reaction time was extended after the

xhaustion of the substrate.
In the case of m-BNB and p-BNB hydrogenation, the high-

st yield of m-BAN and p-BAN obtained over the Pt/C catalyst
as 79 and 66%, respectively. However, when the reaction was

omplete, represented by the substrate and all intermediates
isappeared, the yield of m-BAN and p-BAN over the Pt/C

atalyst descended to 75 and 38%, respectively. Sequentially
xtending the reaction time would cause further debromina-
ion of m-BAN and p-BAN over the Pt/C catalyst as shown in
ables 2 and 3.

Ba

on time Reaction rateb Selectivity (mol%)

m-BAN AN

79 11
0.122 75 19

27 64
0.188 >99.8 0.1

>99.8 0.1
1.626 >99.9 <0.1

>99.9 <0.1
2.217 >99.9 <0.1

>99.9 <0.1
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Table 3
Catalytic properties of Pt/�-Fe2O3 and Pt/C catalysts for the hydrogenation of p-BNBa

Catalyst Loading of Pt (mg) PH (MPa) Reaction time Reaction rateb Selectivity (mol%)

p-BAN AN

Pt/Cc 0.5 0.1 8 min 66 8
Pt/C 0.5 0.1 25 min 0.195 38 55
Pt/C 0.5 0.1 4.5 h 0 92
Pt/�-Fe2O3 0.5 0.1 24 min 0.203 >99.8 0.1
Pt/�-Fe2O3 0.5 0.1 5 h >99.8 0.1
Pt/�-Fe2O3 0.1 1.0 17 min 1.434 >99.9 <0.1
Pt/�-Fe2O3 0.1 1.0 5 h >99.9 <0.1
Pt/�-Fe2O3 0.1 2.0 12 min 2.032 >99.9 <0.1
Pt/�-Fe2O3 0.1 2.0 5 h >99.9 <0.1
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Fig. 2. Composition of the reaction mixture of o-BNB hydrogenation over
the Pt/�-Fe2O3 catalyst as a function of time. Reaction conditions: tempera-
ture, 303 K; hydrogen pressure, 0.1 MPa; loading of Pt, 0.5 mg; solvent, 15 ml
methanol; substrate, 0.75 mmol. Biphenyl with a concentration of 0.03 g/l in
m
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p
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T
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a Reaction conditions are similar to those in Table 1.
b Average rate, molp-BNB/(molPt s).
c The reaction was not complete.

On the contrary, over the Pt/�-Fe2O3 catalyst, the high selec-
ivity to m-BAN and p-BAN of about 99.8%, obtained at 26 and
4 min when the hydrogenation of m-BNB and p-BNB was fully
ccomplished, respectively, could be maintained even after the
eaction time was extended to 5 h. Similar to the case of o-BNB
ydrogenation over Pt/�-Fe2O3, elevating hydrogen pressure
rom 0.1 to 1.0 and 2.0 MPa could increase the reaction rate
y 8.6 and 11.8 times for m-BNB hydrogenation, and by 7.1
nd 10.0 times for p-BNB hydrogenation, respectively. Further-
ore, the selectivity to m-BAN and p-BAN, over 99.9%, could

e maintained under such high hydrogen pressure in the presence
f the Pt/�-Fe2O3 catalyst, and no loss of the superior selectivity
as detected within 5 h.
To validate the inhibiting ability of iron oxide in the Pt/�-

e2O3 nanocomposite catalyst for BANs debromination, we
arried out the hydrogenolysis experiment of the hydrogena-
ion product, p-BAN, over the Pt/�-Fe2O3 and Pt/C catalysts.
s listed in Table 4, no AN was detected over the activated Pt/�-
e2O3 catalyst during the long reaction period of 5 h, which
urther confirmed that the hydrodebromination of BANs was
ully suppressed over the Pt/�-Fe2O3 catalyst. In contrast, over
he activated Pt/C catalyst, obvious hydrodebromination was
bserved. When the hydrogenolysis of p-BAN was conducted
or 5 h in the given experimental conditions, 90% of AN was
roduced and only 2% of p-BAN remained.

The preceding results suggest that the Pt/�-Fe2O3 nanocom-

osite is a promising catalyst for effectively producing BANs
ith high purity. On the other hand, since the hydrodebromina-

ion of BANs was completely suppressed over the Pt/�-Fe2O3
atalyst, it can be certainly concluded that the trace of AN

o
t
g
h

able 4
ydrodebromination of p-BAN over Pt/�-Fe2O3 and Pt/C catalystsa

atalyst Loading of Pt (mg) PH (MPa) Reaction

t/C 0.5 0.1 5
t/�-Fe2O3 0.5 0.1 5

a Reaction conditions: temperature, 303 K; solvent, 15 ml methanol; p-BAN, 0.75 m
b Average rate, molAN/(molPt s), calculated based on the amount of the catalysts an
ethanol was used as the internal standard for quantitative analysis of the
amples by GC measurements.

resent in the hydrogenation products was derived from other
ebromination route.

The widely accepted reaction pathways for the hydrogenation

f halonitrobenzenes are shown in Scheme 1 [26,27], in which
here are two main routes. One (I) is the direct reduction of nitro
roup in halonitrobenzenes (1), through the nitroso- (2) and
ydroxylamine- (3) intermediates to the haloaniline (4) products

time (h) Reaction rateb Composition (mol%)

p-BAN AN

0.015 2 90
– > 99.9 <0.1

mol.
d formed AN within the reaction time.
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related to the hydrogenation of halonitrobenzenes.
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Scheme 1. Widely accepted reaction pathways

28–31]. The other (II) is the condensation of the nitroso- (2) and
ydroxylamine- (3) intermediates to form azoxy- (5) interme-
iates, followed by the hydrogenation through the azo- (6) and
ydrazo- (7) intermediates to the desired haloaniline (4) prod-
cts [31,32]. Haloanilines were thought to be the most susceptive
ompounds to the catalytic hydrogenolysis over usual metal
atalysts, resulting in the cleavages of the carbon–halogen bond,
arbon–nitrogen bond, or both to form aniline (8), halobenzenes
9), or benzene (10) [30–33]. Besides, the formation of amino-
alophenol (11) byproducts can be driven by the Bamberger’s
earrangement of N-phenylhydroxylamines (3) [34,35] in a
trong acidic medium, e.g. sulphuric acid. Under proper acidic
onditions, the reaction of hydroxylamines (3) with haloanilines
4) yielding amino-(N,N′-dihalophenyl)amines (12) can proceed
28,36].

In the present experiments of o-BNB, m-BNB and p-BNB
ydrogenation, we observed the formations, increases followed
y the decreases in amount, as well as the disappearances
f o-bromonitrosobenzene (o-BNSB), m-bromonitrosobenzene
m-BNSB) and p-bromonitrosobenzene (p-BNSB) intermedi-
tes (2) over both Pt/�-Fe2O3 and Pt/C catalysts (Figs. 2–7).
t was reported that the hydroxylamine- (3) intermediates
ould decompose to nitroso- (2) compounds during GC analy-

is [37,38]. Probably, bromophenylhydroxylamines (BPHs) (3)
re the prevailing intermediates present in the reaction media.
esides, by mass spectrometry analysis, we ascertained the for-
ation of dibromoazoxybenzenes (5), dibromoazobenzenes (6)

nd dibromohydrazobenzenes (7) in the reaction course over
he Pt/�-Fe2O3 and Pt/C catalysts. These results indicated that
he hydrogenation of BNBs over both catalysts follows two par-
llel routes, I and II, simultaneously. The further increase in

-BAN, m-BAN and p-BAN yields over the Pt/�-Fe2O3 cat-
lyst after the exhaustion of BNSB intermediates should be
erived from the hydrogenation of the condensation interme-
iates (Figs. 2, 4 and 6).

Fig. 3. Composition of the reaction mixture of o-BNB hydrogenation over the
Pt/C catalyst at different time scales. (A) From the start to 120 min; (B) from
the start to 5 h. Reaction conditions are similar to those in Fig. 2.
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Fig. 4. Composition of the reaction mixture of m-BNB hydrogenation over the
Pt/�-Fe2O3 catalyst as a function of time. Reaction conditions are similar to
those in Fig. 2.

Fig. 5. Composition of the reaction mixture of m-BNB hydrogenation over the
Pt/C catalyst at different time scales. (A) From the start to 120 min; (B) from
the start to 5 h. Reaction conditions are similar to those in Fig. 2.

Fig. 6. Composition of the reaction mixture of p-BNB hydrogenation over the
Pt/�-Fe2O3 catalyst as a function of time. Reaction conditions are similar to
those in Fig. 2.

Fig. 7. Composition of the reaction mixture of p-BNB hydrogenation over the
Pt/C catalyst at different time scales. (A) From the start to 120 min; (B) from
the start to 5 h. Reaction conditions are similar to those in Fig. 2.
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in the activation process, catalyzed by the Pt nanoclusters, result-
ing in an increase in the amount of coordinatively unsaturated
iron cation species in the activated catalyst’s surface.
Scheme 2. Reaction pathways related to the hy

Pascoe [24] reported that disproportionation of the BPH inter-
ediates (3) to BNSB compounds (2) and BAN products (4)
ould not occur at low reaction temperature due to the absence of

nough energy. On the other hand, he did not detect any debromi-
ated intermediate in the hydrogenation of BNBs over the Pt/C,
t/C-sulfided, Rh/C and Raney Ni catalysts, thereby pointed out

hat debromination occurred only to the BAN products over the
ested catalysts.

However, as mentioned above, the hydrodebromination of
he BAN products over the Pt/�-Fe2O3 catalyst was com-
letely suppressed, and the trace of AN formed only before
he desired reactions were complete. To ascertain the new
ebromination pathway, we investigated the hydrogenation of
,4′-dibromoazoxybenzene (5) over the Pt/�-Fe2O3 catalyst and
ound that AN, as the unique byproduct with a selectivity of
bout 0.4%, produced beside the main product of p-BAN. These
esults suggested that the trace of AN (Table 3) present in the
roducts of p-BNB hydrogenation over the Pt/�-Fe2O3 cata-
yst was derived from pathway II, i.e., produced through the
ydrodebromination of the condensation intermediates (5-7),
ince no debrominated byproduct directly coming from the sub-
trates or pathway I was detected in p-BNB hydrogenation
ver this catalyst. To the best of our knowledge, the dehalo-
enation pathway through the condensation intermediates in
alonitrobenzenes hydrogenation has not yet been reported due
o the difficulty in clearly distinguishing the dehalogenation of
hese intermediates from that of haloaniline products over other

etal catalysts. According to the present experimental results
nd above discussion, we proposed the reaction pathways for
he reactions of interest over the Pt/�-Fe2O3 catalyst as shown
n Scheme 2. It should be noted that this debromination path-
ay may also play a role in hydrodebromination during the
ydrogenation of BNBs over other metal catalysts.

The evolution of detectable reaction compounds by GC dur-
ng the hydrogenation courses of o-BNB, m-BNB and p-BNB
ver Pt/�-Fe2O3 and Pt/C are shown in Figs. 2–7, respectively.
ver the Pt/�-Fe2O3 nanocomposite catalyst, the peak area ratio
f o-BNSB to the internal standard in GC was not more than

.3 at any stage of the hydrogenation course of o-BNB (Fig. 2).
hile the ratios of m-BNSB and p-BNSB to the internal standard
aintained at a low level of about 1.5 and 2.0, during the whole

ourse of m-BNB (Fig. 4) and p-BNB (Fig. 6) hydrogenation,
F
c

sis A: Chemical 273 (2007) 160–168

nation of BNBs over the Pt/�-Fe2O3 catalyst.

espectively. On the contrary, over the Pt/C catalyst, there were
bvious build-up processes of the BNSB intermediates during
he reaction courses. The highest ratios of o-BNSB, m-BNSB
nd p-BNSB to the internal standard could reach 23.4 (Fig. 3),
1.5 (Fig. 5) and 13.2 (Fig. 7), respectively. These phenomena
ndicated that the conversion rates of the BNSB intermediates are
uch slower than the hydrogenation rates of the BNB substrates

ver the Pt/C catalyst, and the distinction in the formation rate
f BANs over Pt/�-Fe2O3 and Pt/C could be partly attributed to
he different catalytic performances over the two catalysts for
NSB intermediates transformation.

In our experiments, during the activation process of the
t/�-Fe2O3 catalyst with hydrogen at 303 K and atmospheric
ressure, a color change from brownish-red to black was
bserved. As shown in Fig. 8 and Table 5, X-ray diffrac-
ion (XRD) measurements on the fresh and activated catalysts
evealed that the diffraction pattern of iron oxide particles in the
ctivated catalyst is similar to that in the fresh catalyst, with a
ery small shift in several diffraction peaks to the lower angle
ide. Consequently, the Pt/�-Fe O catalyst was partly reduced
ig. 8. X-ray diffraction pattern of the fresh Pt/�-Fe2O3 catalyst (a) and the
atalyst activated with hydrogen at 303 K and atmospheric pressure (b).
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Table 5
X-ray diffraction data of the fresh Pt/�-Fe2O3 catalyst and the activated catalyst

Sample d (0.1 nm) at various h k l values

(220) (311) (400) (422) (511) (440) (533)

Fresh cat. 2.9531 2.5211 2.0879 1.7049 1.6056 1.4755 1.2734
Activated cat.a 2.9569 2.5239 2.0906 1.7049 1.6061 1.4768 1.2740
�-Fe2O3

b 2.9530 2.5177 2.0886 1.7045 1.6073 1.4758 1.2730
Fe3O4

b 2.9670 2.5320 2.0993 1.7146 1.6158 1.4845 1.2807
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a Activation conditions: Pt/�-Fe2O3, 0.2 g; solvent, 20 ml methanol; temperat
b From Ref. [39].

We have suggested that the vacancies, i.e., the coordina-
ively unsaturated iron cation species in the catalyst surface

ay play an important role in the excellent catalytic properties
or the hydrogenation of CNB [5]. These species may activate
he polar NO2 and NO groups in BNB and BNSB, respec-
ively, thereby promote the hydrogenation rates of BNB and
NSB to BAN. On the other hand, the amino group as an
lectron-donating substitution in the aromatic ring would favor
he hydrogenolysis of the carbon–halogen bond in aromatic
aloamines [3,40]. The coordination between the NH2 group in
roduced BAN molecules and the surface vacancies near to the
t nanoparticles, which decreases the electron-donating ability
f the NH2 group, may be partly responsible for the excellent
electivity to BAN over the Pt/�-Fe2O3 catalyst. The investi-
ation aiming at revealing the exact catalytic mechanism for
he highly selective hydrogenation of halonitrobenzenes to cor-
esponding haloanilines over the Pt/�-Fe2O3 catalyst is under
ay.

. Conclusions

The Pt/�-Fe2O3 nanocomposite catalyst exhibited excel-
ent catalytic properties for the selective hydrogenation of
-BNB, m-BNB and p-BNB. The formation rates of o-BAN,
-BAN and p-BAN over the Pt/�-Fe2O3 catalyst were all
igher than those over the Pt/C catalyst in methanol at 303 K
nd 0.1 MPa of hydrogen pressure, due to the high conversion
ate of BNSBs over the Pt/�-Fe2O3 nanocomposite catalyst.
nder these reaction conditions, the high catalytic selectiv-

ties, over 99.7% to o-BAN and over 99.8% to m-BAN as
ell as p-BAN, could be easily obtained at complete conver-

ion of the substrates. The hydrodebromination of BANs over
he nanocomposite catalyst was fully suppressed for the first
ime. A new debromination pathway in BNBs hydrogenation
as revealed over the Pt/�-Fe2O3 catalyst, i.e., through the
ydrodebromination of the condensation intermediates, which
esulted in trace of AN in the hydrogenation products. Over
he Pt/�-Fe2O3 catalyst, elevating hydrogen pressure from 0.1
o 2.0 MPa could not only increase the hydrogenation rates of
NBs by about one order of magnitude, but also improve the
electivities to BANs to a level higher than 99.9%. The Pt/�-
e2O3 nanocomposite catalyst is of great value for producing
ANs with a high purity via highly efficient hydrogenation of
NBs.
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[

03 K; hydrogen pressure, 0.1 MPa; time, 30 min.
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