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Abstract

We report the preparation and characterization of a Pt/γ -Fe2O3 nanocomposite catalyst and its novel catalytic properties for the sele
hydrogenation ofortho-chloronitrobenzene (o-CNB). The catalytic hydrodechlorination of the hydrogenation productortho-chloroaniline
(o-CAN) over the catalyst was fully suppressed for the first time at complete conversion ofo-CNB. The nanocomposite catalyst also exhibi
excellent catalytic activity and stability for the reaction of interest, suggesting that it maybe suitable for industrial application. The magnetic
property of the Pt/γ -Fe2O3 nanocomposite provided a convenient route for separating the catalyst from the reaction system in an
magnetic field.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Aromatic chloroamines are important intermediates
the chemistry of dyes, drugs, herbicides, and pesticide
present these compounds are produced by hydrogenat
the corresponding chloronitro compounds over metal
alysts [1]. Selective hydrogenation of chloronitrobenze
(CNB) to the corresponding chloroaniline (CAN) has be
well studied over the Pt and Pt-alloy catalysts, which h
high catalytic activity and a relatively low catalytic h
drodechlorination rate[2–7]. To solve the problem of th
catalytic hydrodechlorinationof CAN, many effective stra
gies have been developed that involve the alloying o
with other metals[4,5] and the modification of Pt part
cles with sub-oxide species, such as TiOx [7], or with metal
cations[3]. However, the hydrodechlorination of the pro

* Corresponding author. Fax: +86-10-6276-5769.
E-mail address: wangy@pku.edu.cn(Y. Wang).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.09.029
f

ucts as a defect of this process could not be avoided c
pletely over the Pt-based catalysts reported previously, esp
cially for the complete conversion of the substrates.

Metal nanoclusters are very promising building bloc
in the preparation of heterogeneous catalysts with a
trollable structure, which can be synthesized in a solv
and then deposited on a support without obvious aggr
tion [8–14]. We reported a Ru/SnO2 nanocomposite catalys
prepared simply by capture of the “unprotected” Ru na
clusters (stabilized with ethylene glycol and simple io
on SnO2 colloidal particles via electrostatic interaction, fo
lowed by gelation of the obtained complex sol through
justment of its pH[15]. Compared with other Ru-based c
alysts, the Ru/SnO2 nanocomposite catalysts exhibited hi
catalytic activity for theortho-chloronitrobenzene (o-CNB)
hydrogenation reaction and low activity for the dechlorina-
tion of o-CAN due to a synergic effect between the Ru me
nanoclusters and the inorganic support. Here we repor
preparation of a magnetic Pt/γ -Fe2O3 nanocomposite cata
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lyst by means of this strategy, but with a few modificatio
and its excellent catalytic properties for the selective
drogenation ofo-CNB. Over this nanocomposite cataly
the hydrodechlorination of the producto-CAN was com-
pletely suppressed at ano-CNB conversion of 100%, and th
high catalytic activity of the Pt nanoclusters was essenti
maintained. The ferromagneticproperty of the nanocompos
ite catalyst made possible the convenient separation o
nanocomposite catalyst from the reaction system in an
plied magnetic field.

2. Experimental

The “unprotected” Pt nanoclusters (about 2.5 nm in
ameter), stabilized with simpleions and ethylene glycol, an
PVP-protected Pt colloids of the same Pt particle size w
prepared according to a method reported previously[16]. To
prepare a colloidal solution of iron oxides, an aqueous
lution of ammonia (10%) was added to a solution of Fe3
(4%) in 100 ml of water to adjust the pH to about 7.5, p
ducing a precipitate that was separated by a filter, was
with water, and peptized in 30 ml of aqueous solution
FeCl3 (1.2%), resulting in a transparent colloidal soluti
of ferric hydroxide. The Pt/γ -Fe2O3 nanocomposite catalys
was prepared by heating of a mixture of the “unprotected
colloid and the ferric hydroxide colloid at the required rat
In a typical experiment, the mixture was heated in a Tefl
lined autoclave at 353 K for 3 days. A magnetic precipit
was produced, which was separated by centrifugation,
dried at 353 K to give a brownish red solid (Pt/γ -Fe2O3).

A classical heterogeneous Pt/Fe3O4 catalyst with 1 wt%
Pt loading was prepared by incipient wetness impregnatio
with the use of H2PtCl6 · 6H2O and a prepared iron ox
ide support as the precursors. The iron oxide support
obtained by a method similar to that used to prepare
Pt/γ -Fe2O3 nanocomposite, but without the addition of t
Pt colloid. The catalyst was calcined at 573 K for 2 h a
reduced with hydrogen at 523 K for 3 h.

The specific surface area and metal Pt dispersion
the catalysts were measured on a Micromeritics AS
2010 M + C instrument. XRD patterns were record
with a Rigaku Dmax 2500 diffractometer with Cu rad
tion at 40 kV and 300 mA. STEM images were taken
a Philips Tecnai F30 scanning transmission electron
croscope equipped with a high-angle–annular dark-fi
(HAADF) detector. The XPS measurements were made
an Axis Ultra photoelectron spectrometer. The satura
magnetization was measured with an AGM MicroMag 29
instrument at room temperature.

Hydrogenation ofo-CNB under atmospheric pressu
was performed in a 50-ml reactor at 333 K. Prior to
reaction, the catalyst, dispersed in 25 ml of methanol, wa
activated in hydrogen for 30 min. Then 1.27 mmol ofo-CNB
was added to the reaction system to start the reac
The reactions were followed by hydrogen uptake under
mospheric pressure. The reaction products were analyze
a Beifen 3420 gas chromatograph equipped with a FID
tector and a DC-710 packed column.

3. Results and discussion

The “unprotected” Pt, Rh, and Ru metal nanoclust
with a small particle size and narrow size distribution, a
stabilized by ethylene glycol and simple anions[16], are
very tractable for preparing nanocomposite catalysts;
can easily be prepared on a large scale and can be asse
with different metal oxide nanoparticles. The stabilizers
these metal colloids can be removed easily during the immo
bilization process, resulting in the direct contact of the m
nanoclusters with the support framework formed by the g
tion of the metal oxide nanoparticles. This is important
the modulation of the catalytic properties of the cataly
through electron interaction between the metal nanopart
and the support or by the function of the surface species

The Pt/γ -Fe2O3 nanocomposite catalyst was prepared
capture of the synthesized “unprotected” Pt nanocluster
the colloidal particles of ferric hydroxides via electrosta
interaction, followed by heating of the mixture in an au
clave at 353 K.Fig. 1A shows the Z-contrast STEM imag
of the Pt/γ -Fe2O3 nanocomposite catalyst. Combined ED
analysis (Fig. 1B), using an electron beam 0.8 nm in diam
ter to scan along the line marked inFig. 1A, revealed that the
signal of Pt was detectable at the small, brightest spots;
on the other hand, was present in the bright area. There
the brightest cores in the bright area are the images of th
nanoparticles.

The crystal structure of the magnetic Pt/γ -Fe2O3 nano-
composite catalyst was characterized by powder X-ray
fraction (XRD). Compared with the data of maghem
magnetite, and hematite, the five strongest diffraction pe
with d = 2.5198, 1.4772, 2.9588, 1.6081, and 2.0906,
spectively, in the XRD pattern of the Pt/γ -Fe2O3 nanocom-
posite match those in the pattern of maghemite[17]. Ac-
cording to the widths of the peaks, the average diamete
the maghemite crystal grains in the Pt/γ -Fe2O3 nanocom-
posite catalyst is about 15 nm, as calculated with the Sc
rer equation. The formation of the maghemite phase ra
than magnetite in the magnetic Pt/γ -Fe2O3 nanocomposite
catalyst was further confirmedby chemical analysis, XPS
and Raman spectra investigations, which will be repo
elsewhere. Diffraction signals of Pt nanoparticles in the
γ -Fe2O3 nanocomposite catalyst were not detected bec
of the low metal content and small particle size.

The physical properties of the magnetic Pt/γ -Fe2O3
nanocomposite catalyst are reported inTable 1, as are the
physical properties of a PVP-protected Pt catalyst with
same Pt nanoparticles and a classically prepared Pt/F3O4
catalyst for comparison (see Section2). The average diame
ters of the Pt nanoparticles in the Pt/γ -Fe2O3 nanocomposite
catalyst, measured by STEM and H2 chemisorption, are 2.
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Fig. 1. (A) HAADF STEM image of Pt nanoparticles captured on the
face of iron oxides particles. (B) EDX patterns of the complex nanoparticle
measured using an electron beam of 0.8 nm in diameter.

and 2.4 nm, respectively, which agree with the diameter
the original Pt nanoclusters in the Pt colloidal solution. T
suggests that Pt nanoclusters are well dispersed in the m
network of the Fe2O3 support without obvious aggregatio

As shown inTable 1, the binding energy of the Pt 4f7/2

level in the prepared PVP-protected Pt nanoparticles is
close to that of bulk Pt metal (71.0 eV). This suggests
the size-dependent effect on the electron-binding energi
Pt nanoparticles, derived from the final state relaxation[18],
becomes negligible at a size of 2.5 nm. The binding
ergy of the Pt 4f7/2 level in both Pt-supported catalysts w
x

f

71.5 eV, which are 0.6 eV higher than that of the PV
protected Pt nanoparticles. This reveals the electron tran
which occurs from the Pt particles to the iron oxide suppo
and the electron-deficient state of the Pt nanoparticles in
present heterogeneous catalysts.

Table 2lists the catalytic properties over the Pt/γ -Fe2O3

nanocomposite, Pt/Fe3O4, and the PVP-protected Pt collo
catalysts for the hydrogenation ofo-CNB. The PVP-Pt col-
loid catalyst was the most active catalyst of the exami
catalysts, with a hydrogenation rate of 59.0 mmolo-CNB/

(molPts). However, the selectivity ofo-CAN over this Pt col-
loidal catalyst was only 45% at the complete conversio
o-CNB. Over the Pt/γ -Fe2O3 nanocomposite catalyst, th
catalytic hydrogenation rate ofo-CNB was 67% of that ove
the PVP-Pt colloidalcatalyst, whereas theo-CAN selectivity
was higher than 99.9%. We did not detect any by-prod
derived from the hydrodechlorination over the nanocomp
ite catalyst, even when the reaction time was extende
9 h aftero-CNB was exhausted. Thus, the hydrodechl
nation of the producto-CAN was completely suppresse
while the catalytic activity of the Pt nanoclusters for t
hydrogenation ofo-CNB was maintained. The Pt/γ -Fe2O3
nanocomposite catalyst was more active than the classi
prepared Pt/Fe3O4 catalyst, because the Pt particles in
Pt/γ -Fe2O3 nanocomposite catalyst were much smaller t
those in the Pt/Fe3O4 catalyst. However, we found no intrin
sic difference in the specific rate (turnover frequency o
per surface Pt atom) and the catalytic selectivity between
Pt/Fe3O4 catalyst (0.10 s−1) and Pt/γ -Fe2O3 nanocomposite
catalyst (0.09 s−1). This differs from previously reported re
sults, which showed that the specific rate and the pro
selectivity for the catalytic hydrogenation ofpara-chloro-
nitrobenzene over the Pt/Al2O3 catalysts depended strong
on the Pt particle size[2].

Coq et al. studied the influence of supports on the
alytic properties of Pt-supported catalysts for the hyd
genation ofp-CNB. Over a Pt/TiO2 catalyst with a strong
metal/support interaction (SMSI), a selectivity of 99.3%
p-CAN was obtained at 99.7% conversion ofp-CNB [7].
However, the intrinsic rate (TOF) ofp-CAN hydrodechlo-
rination over the Pt/TiO2 catalyst was twice as high as th
over the Pt/Al2O3 catalyst, that is, the Pt/TiO2 catalyst ac-
celerated not only the hydrogenation of CNB, but also
Table 1
Physical properties of the as-prepared Pt catalysts

Catalysts SBET
a

(m2/g)

dPt (nm) Dispersionc

(%)
Pt 4f7/2

d

(eV)

Ms
e

(emu/g)H2 chemisorption TEM XRDb

PVP-Pt – – 2.5 – – 70.9 –
Pt/Fe3O4 11 19.6 12.5 16.0 5.1 71.5 96.0
Pt/γ -Fe2O3 22 2.4 2.6 – 42.5 71.5 59.8

a The specific surface area determined by N2 adsorption at 77 K.
b Average crystal grain size of Pt particles, determined from the peak width of the Pt(111) XRD signal.
c Metal Pt dispersions determined by H2 chemisorption at 323 K.
d The signals were calibrated by assigning a valueof 284.8 eV to the C 1s peak of the contaminant carbon.
e Saturation magnetization of the samples measured at room temperature.
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Table 2
Catalytic properties for the hydrogenation ofo-CNB over the as-prepared Pt catalystsa

Catalystsb Pt in
catalyst
(mmol)

o-CNB
(mmol)

Pressure
(MPa)

Reaction
time
(min)

Conversionc

(%)
Rated Selectivity (mol%)

o-CAN AN

Pt-PVP 1.02× 10−2 1.27 0.1 35 100 5.9× 10−2 45.3 43.4
Pt/Fe3O4 1.02× 10−2 1.27 0.1 392 100 5.3× 10−3 > 99.9 0.0
Pt/γ -Fe2O3 1.02× 10−2 1.27 0.1 52 100 4.0× 10−2 > 99.9 0.0
Pt/γ -Fe2O3 1.02× 10−2 13.0 0.1 95 100 2.2× 10−1 > 99.9 0.0
Pt/γ -Fe2O3 2.55× 10−3 13.0 1.0 10 49.0 4.2 > 99.9 0.0
Pt/γ -Fe2O3 2.55× 10−3 13.0 2.0 10 76.0 6.5 > 99.9 0.0
Pt/γ -Fe2O3 2.55× 10−3 13.0 4.0 10 89.4 7.6 > 99.9 0.0
Pt/γ -Fe2O3 2.55× 10−3 13.0 4.0 20 100 – > 99.9 0.0
Pt/γ -Fe2O3 2.55× 10−3 13.0 4.0 240 100 – > 99.9 0.0

a Reaction conditions: solvent, 25 ml methanol; temperature,333 K. The reaction system was stirred with a magnetic stirrer.
b Pt content: Pt/γ -Fe2O3 and Pt/Fe3O4, 1 wt% Pt.
c Conversion ofo-CNB.
d Average rate ofo-CNB hydrogenation (molo-CNB/(molPt s)).
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hydrogenolysis of the C–Cl bond in CAN. Therefore, the
drodechlorination of CAN was unavoidable over the Pt/Ti2
catalyst, and better selectivity of CAN was possible only
fore the complete conversion of CNB.

From the experimental results, we conclude that the h
selectivity of o-CAN over the Pt/γ -Fe2O3 nanocompos
ite catalyst is derived from the suppression ofo-CAN hy-
drodechlorination, which is of the utmost importance if pu
products are to be obtained effectively in the selective
drogenation of aromatic chloronitro compounds. This
vantage of the catalyst is clearly shown by the catal
properties under the elevated H2 pressure (Table 2). Over
the Pt/γ -Fe2O3 nanocomposite catalyst, the hydrogenat
rate ofo-CNB was 34 times higher when the H2 pressure
was increased from 0.1 to 4 MPa at 333 K. No obvious l
of catalytic selectivity was observed, even when all of
o-CNB was exhausted under 4 MPa and at 333 K. To
best of our knowledge, this excellent catalytic property
the hydrogenation ofo-CNB over Pt-based catalysts has n
been reported elsewhere.

Aramendia et al. and Coq et al. proposed a radical m
anism for the hydrogenation of substituted nitroaroma
over Pt/SiO2–AlPO4 and Pt/Al2O3 catalysts, respectivel
[2,19]. For the mechanism in the hydrodehalogenation re
tion of aromatic halides, most researchers agree that there
an electrophilic attack of cleaved hydrogen on the adso
aromatic halides[7,20,21]. Based on the XPS data (Table 1),
we believe that the electron-deficient state of the Pt p
cles, supported on the iron oxide supports, would wea
the extent of electron feedback from the Pt particles to
aromatic ring ino-CAN, which would further suppress th
hydrodechlorination ofo-CAN.

Liu et al. reported the influence of metal ions, add
as their chlorides, on the catalytic properties over a P
protected Pt colloid catalyst for the hydrogenationofo-CNB,
and found that Ni2+ and Fe3+ ions had a promotion effect o
the selectivity ofo-CAN [3]. In a recent paper, we suggest
that the vacancies at the surface of SnO2 nanoparticles in a
Ru/SnO2 nanocomposite catalyst may be important in
pressing the hydrodechlorination reaction ofo-CAN [15].
Therefore, we deduced that the vacancies, that is, the coo
dinatively unsaturated Fe3+ or Fe2+ species, at the surfac
of iron oxide nanoparticles in the Pt/γ -Fe2O3 catalyst may
also play a role in the high catalytic selectivity of the co
dination with the amino group ofo-CAN.

The Pt/γ -Fe2O3 catalyst is robust; its ferromagnetic pro
erty is it useful for separating the catalyst from the reactio
system in an applied magnetic field. Upon completion oo-
CNB hydrogenation, the Pt/γ -Fe2O3 catalyst was separate
from the dispersion by attraction of the catalyst particle
a magnet and, thus, removing them from the solution.
ter washing with methanol to remove the adsorbed spe
the recovered catalyst was reused in the next cycle of th
action. The recovered catalyst exhibited the same selectivit
for o-CAN without an obvious loss of catalytic activity ov
five cycles. The stability of the catalyst was also evalua
under 4 MPa of hydrogen at 333 K; a turnover numbe
more than 100,000 and a selectivity higher than 99.9%
o-CAN was achieved.

4. Conclusion

The prepared Pt/γ -Fe2O3 nanocomposite catalyst exhi
ited good activity and very high selectivity for the select
hydrogenation ofo-CNB to o-CAN. The hydrodechlorina
tion of the producto-CAN was hindered over this new ca
alyst, even after the complete conversion ofo-CNB. From
0.1 to 4 MPa, the nanocomposite catalyst worked perfe
with an extremely high selectivity ofo-CAN and excellent
catalytic activity. The catalyst was also very stable, and
ferromagnetic property proved convenient for separating
catalyst from the reaction system in an applied magn
field. The results described here show that the Pt/γ -Fe2O3
nanocomposite is a promising catalyst for industrial appl
tion.
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