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Abstract

We report the preparation and characterization of a4F#03 nanocomposite catalyst and its novel catalytic properties for the selective
hydrogenation obrtho-chloronitrobenzeneo¢CNB). The catalytic hydrodechlorination of the hydrogenation prodeitto-chloroaniline
(o-CAN) over the catalyst was fully suppressed for the first time at complete conversie@NB. The nanocomposite catalyst also exhibited
excellent catalytic activity and staiby for the reaction of interest, suggesting that it magy/suitable for industrial@plication. The magneti
property of the Pi/-Fe,O3 nanocomposite provided a convenient route for separating the catalyst from the reaction system in an applied
magnetic field.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ucts as a defect of this process could not be avoided com-
pletely over the Pt-based catsts reported previously, espe-
Aromatic chloroamines are important intermediates in cially for the complete conversion of the substrates.
the chemistry of dyes, drugs, herbicides, and pesticides. At Metal nanoclusters are very promising building blocks
present these compounds are produced by hydrogenation oin the preparation of heterogeneous catalysts with a con-
the corresponding chloronitro compounds over metal cat- trollable structure, which can be synthesized in a solvent
alysts[1]. Selective hydrogenation of chloronitrobenzene and then deposited on a support without obvious aggrega-
(CNB) to the corresponding chloroaniline (CAN) has been tion[8-14] We reported a Ru/Sn{hanocomposite catalyst,
well studied over the Pt and Pt-alloy catalysts, which have prepared simply by capture of the “unprotected” Ru nano-
high catalytic activity and a relatively low catalytic hy- clusters (stabilized with ethylene glycol and simple ions)
drodechlorination rat¢2—7]. To solve the problem of the  on SnQ colloidal particles via electrostatic interaction, fol-
Catalytic hydrOdEChlorination of CAN, many effective strate- lowed by ge|ati0n of the obtained Comp|ex sol through ad-
gies have been developed that involve the alloying of Pt justment of its pH15]. Compared with other Ru-based cat-
with other metals[4,5] and the modification of Pt parti-  3jysts, the Ru/Sn@nanocomposite catalysts exhibited high
cles with sub-oxide species, such as J{@], or with metal catalytic activity for theortho-chloronitrobenzenert CNB)
cations[3]. However, the hydrodechlorination of the prod- hydrogenation reaction and low &ty for the dechlorina-
tion of o-CAN due to a synergic effect between the Ru metal
~* Corresponding author. Fax: +86-10-6276-5769. nanoclusters and the inorganic support. Here we report the
E-mail address: wangy@pku.edu.ctyY. Wang). preparation of a magnetic Pt#Fe,0O3 nanocomposite cata-
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lyst by means of this strategy, but with a few modifications, mospheric pressure. The reaction products were analyzed on
and its excellent catalytic properties for the selective hy- a Beifen 3420 gas chromatograph equipped with a FID de-
drogenation ofo-CNB. Over this nanocomposite catalyst, tector and a DC-710 packed column.
the hydrodechlorination of the produgtCAN was com-
pletely suppressed at arCNB conversion of 100%, and the
high catalytic activity of the Pt nanoclusters was essentially 3. Resultsand discussion
maintained. The ferromagneficoperty of the nanocompos-
ite catalyst made possible the convenient separation of the The “unprotected” Pt, Rh, and Ru metal nanoclusters,
nanocomposite catalyst from the reaction system in an ap-with a small particle size and narrow size distribution, and
plied magnetic field. stabilized by ethylene glycol and simple anidi$], are
very tractable for preparing nanocomposite catalysts; they
can easily be prepared on a large scale and can be assembled
2. Experimental with different metal oxide nanoparticles. The stabilizers in
these metal colloids can bemeved easily during the immo-
The “unprotected” Pt nanoclusters (about 2.5 nm in di- bilization process, resulting in the direct contact of the metal
ameter), stabilized with simplens and ethylene glycol, and  nanoclusters with the support framework formed by the gela-
PVP-protected Pt colloids of the same Pt particle size weretion of the metal oxide nanoparticles. This is important for
prepared according to a method reported previoldsy. To the modulation of the catalytic properties of the catalysts
prepare a colloidal solution of iron oxides, an agueous so- through electron interaction between the metal nanoparticles
lution of ammonia (10%) was added to a solution of ReCl and the support or by the function of the surface species.
(4%) in 100 ml of water to adjust the pH to about 7.5, pro- The Pt} -Fe,0O3 nanocomposite catalyst was prepared by
ducing a precipitate that was separated by a filter, washedcapture of the synthesized “unprotected” Pt nanoclusters on
with water, and peptized in 30 ml of agueous solution of the colloidal particles of ferric hydroxides via electrostatic
FeCk (1.2%), resulting in a transparent colloidal solution interaction, followed by heating of the mixture in an auto-
of ferric hydroxide. The P#/-Fe,0O3 nanocomposite catalyst  clave at 353 KFig. 1A shows the Z-contrast STEM image
was prepared by heating of a mixture of the “unprotected” Pt of the Pt} -Fe,O3 nanocomposite catalyst. Combined EDX
colloid and the ferric hydroxide colloid at the required ratio. analysis Fig. 1B), using an electron beam 0.8 nm in diame-
In a typical experiment, the mixture was heated in a Teflon- ter to scan along the line markedrig. 1A, revealed that the
lined autoclave at 353 K for 3 days. A magnetic precipitate signal of Pt was detectable at the small, brightest spots; iron,
was produced, which was separated by centrifugation, andon the other hand, was present in the bright area. Therefore,

dried at 353 K to give a brownish red solid (PiFe,03). the brightest cores in the bright area are the images of the Pt
A classical heterogeneous Ptékr catalyst with 1 wt% nanoparticles.
Pt loading was prepared by ipéént wetness impregnation The crystal structure of the magnetic jR#e,O3 nano-

with the use of HPtCl - 6H,O and a prepared iron ox- composite catalyst was characterized by powder X-ray dif-
ide support as the precursors. The iron oxide support wasfraction (XRD). Compared with the data of maghemite,
obtained by a method similar to that used to prepare the magnetite, and hematite, the five strongest diffraction peaks
Pt/y-Fe,O3 nanocomposite, but without the addition of the with 4 = 2.5198, 1.4772, 2.9588, 1.6081, and 2.0906, re-
Pt colloid. The catalyst was calcined at 573 K for 2 h and spectively, in the XRD pattern of the PtFe,O3 nhanocom-
reduced with hydrogen at 523 K for 3 h. posite match those in the pattern of maghernffé]. Ac-

The specific surface area and metal Pt dispersion of cording to the widths of the peaks, the average diameter of
the catalysts were measured on a Micromeritics ASAP the maghemite crystal grains in the jR#e,03 nanocom-
2010 M+ C instrument. XRD patterns were recorded posite catalystis about 15 nm, as calculated with the Scher-
with a Rigaku Dmax 2500 diffractometer with Cu radia- rer equation. The formation of the maghemite phase rather
tion at 40 kV and 300 mA. STEM images were taken on than magnetite in the magnetic #Fe,03 nanocomposite
a Philips Tecnai F30 scanning transmission electron mi- catalyst was further confirmealy chemical analysis, XPS,
croscope equipped with a high-angle—annular dark-field and Raman spectra investigations, which will be reported
(HAADF) detector. The XPS measurements were made with elsewhere. Diffraction signals of Pt nanoparticles in the Pt/
an Axis Ultra photoelectron spectrometer. The saturation y-FeOs nanocomposite catalyst were not detected because
magnetization was measured with an AGM MicroMag 2900 of the low metal content and small particle size.
instrument at room temperature. The physical properties of the magnetic }R#e03

Hydrogenation ofo-CNB under atmospheric pressure nanocomposite catalyst are reportedTable 1, as are the
was performed in a 50-ml reactor at 333 K. Prior to the physical properties of a PVP-protected Pt catalyst with the
reaction, the catalyst, dispsed in 25 ml of methanol, was same Pt nanoparticles and a classically prepared 4-e
activated in hydrogen for 30 min. Then 1.27 mmobe€NB catalyst for comparison (see Secti®n The average diame-
was added to the reaction system to start the reaction.ters of the Pt nanoparticles in the y>+e,03 nanocomposite
The reactions were followed by hydrogen uptake under at- catalyst, measured by STEM and Ehemisorption, are 2.6
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71.5 eV, which are 0.6 eV higher than that of the PVP-
protected Pt nanoparticles. This reveals the electron transfer,
which occurs from the Pt particles to the iron oxide supports,
and the electron-deficient state of the Pt nanoparticles in the
present heterogeneous catalysts.

Table 2lists the catalytic properties over the y#Fe03
nanocomposite, Pt/E®4, and the PVP-protected Pt colloid
catalysts for the hydrogenation 6fCNB. The PVP-Pt col-
loid catalyst was the most active catalyst of the examined
catalysts, with a hydrogenation rate of 59.0 mynsNs/
(molpts). However, the selectivity @-CAN over this Pt col-
loidal catalyst was only 45% at the complete conversion of
0-CNB. Over the P§-FeO3 nanocomposite catalyst, the

0 B catalytic hydrogenation rate ofCNB was 67% of that over
& /\ the PVP-Pt colloidatatalyst, whereas the CAN selectivity
400 N was higher than 99.9%. We did not detect any by-products
= /““\_v.---f/ Qerived from the hydrodechlorinat.ion over the nanocompos-
< - ite catalyst, even when the reaction time was extended by
& 9 h aftero-CNB was exhausted. Thus, the hydrodechlori-
5 nation of the producb-CAN was completely suppressed,
= while the catalytic activity of the Pt nanoclusters for the
e e hydrogenation 0b-CNB was maintained. The Rt/FeO3
00 o / \/ \ nanocomposite catalyst was more active than the classically
- iy prepared Pt/F#, catalyst, because the Pt particles in the
™ , ‘ Pt/y-Fe;03 nanocomposite catalyst were much smaller than
6 8 1

0 2 4 0 those in the Pt/F, catalyst. However, we found no intrin-
Position(nnd sic difference in the specific rate (turnover frequency over
Fig. 1. (A) HAADF STEM image of Pt nanoparticles captured on the sur- per surface Pt atom) andlthe catalytic selectivity betwegn the
face of iron oxides particles. (B) EDX fiarns of the complex nanoparticles PUFeO; catalyst (0'1_03 ) and PM/'FGZO_S nanocomposite
measured using an electron beam of 0.8 nm in diameter. catalyst (0.09s). This differs from previously reported re-
sults, which showed that the specific rate and the product
selectivity for the catalytic hydrogenation péra-chloro-
and 2.4 nm, respectively, which agree with the diameters of nitrobenzene over the Pt/#D3 catalysts depended strongly
the original Pt nanoclusters in the Pt colloidal solution. This on the Pt particle sizE2].
suggests that Pt nanoclusters are well dispersed in the matrix Coq et al. studied the influence of supports on the cat-
network of the FgO3 support without obvious aggregation. alytic properties of Pt-supported catalysts for the hydro-
As shown inTable ], the binding energy of the Pt #b genation ofp-CNB. Over a Pt/TiQ catalyst with a strong
level in the prepared PVP-protected Pt nanoparticles is very metal/support interaction (SMSI), a selectivity of 99.3% for
close to that of bulk Pt metal (71.0 eV). This suggests that p-CAN was obtained at 99.7% conversion pfCNB [7].
the size-dependent effect on the electron-binding energies ofHowever, the intrinsic rate (TOF) gi-CAN hydrodechlo-
Pt nanopatrticles, derived from the final state relaxal@j, rination over the Pt/TiQ catalyst was twice as high as that
becomes negligible at a size of 2.5 nm. The binding en- over the Pt/A}O3 catalyst, that is, the Pt/TiOcatalyst ac-
ergy of the Pt 4f,; level in both Pt-supported catalysts was celerated not only the hydrogenation of CNB, but also the

Table 1

Physical properties of the as-prepared Pt catalysts

Catalysts SBeT® dpt (nm) Dispersiof Pt 4f, /zd Mg®
(m?/g) H, chemisorption TEM XRB (%) (eV) (emyg)

PVP-Pt - - 5 - - 70.9 -

Pt/FgO4 11 196 125 16.0 51 715 96.0

Ptly-FeO3 22 24 26 - 425 715 59.8

@ The specific surface area determined byadsorption at 77 K.

b Average crystal grain size of Pt particles, detered from the peak width of the Pt(111) XRD signal.

¢ Metal Pt dispersions determined by ehemisorption at 323 K.

d The signals were calibrated by assigning a vaifi2g84.8 eV to the C 1s peak of the contaminant carbon.
€ Saturation magnetization of the samples measured at room temperature.
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Table 2

Catalytic properties for the hydrogenation®eCNB over the as-prepared Pt catalfsts

Catalysts Ptin 0-CNB Pressure Reaction Conversiofi Raté Selectivity (mol%)
catalyst (mmol) (MPa) time (%) »-CAN AN
(mmol) (min)

Pt-PVP 102 x 1072 127 0.1 35 100 B x 1072 453 434

Pt/Fe;Oy4 1.02x 1072 127 0.1 392 100 Bx 1073 > 999 0.0

Ptly-Fe03 1.02x 1072 1.27 0.1 52 100 MHx 102 >999 0.0

Pt/y-Fe,0O3 1.02x 1072 130 0.1 95 100 2x10°1 > 0999 0.0

Ptly-Fe 03 2.55x 1073 130 1.0 10 40 4.2 >999 0.0

Ptly-Fe,O3 2.55x 1073 130 2.0 10 760 6.5 >99.9 0.0

Ptly-Fe 03 2.55x 1073 130 4.0 10 8% 7.6 >999 0.0

Pt/y-Fe,O3 2.55x% 1073 130 4.0 20 100 - > 0999 0.0

Pthy-Fe,O3 2.55x 1073 130 4.0 240 100 - >99.9 0.0

@ Reaction conditions: solvent, 25 ml methanol; tempera®8,K. The reaction system was stirred with a magnetic stirrer.
b pt content: Pi#-Fe,O3 and Pt/FgOy, 1 wt% Pt.

¢ Conversion 0b-CNB.

d Average rate 0b-CNB hydrogenation (mglcng/(molpts)).

hydrogenolysis of the C—Cl bond in CAN. Therefore, the hy- Ru/SnQ nanocomposite catalyst may be important in de-
drodechlorination of CAN was unavoidable over the Pt&TiO  pressing the hydrodechlorination reactionceCAN [15].
catalyst, and better selectivity of CAN was possible only be- Therefore, we deduced thatetlvacancies, that is, the coor-
fore the complete conversion of CNB. dinatively unsaturated Pé or FE€* species, at the surface
From the experimental results, we conclude that the high of iron oxide nanopatrticles in the PtFeO3 catalyst may
selectivity of o-CAN over the Py -FeO3 nanocompos-  also play a role in the high catalytic selectivity of the coor-
ite catalyst is derived from the suppressionoe€AN hy- dination with the amino group ef-CAN.
drodechlorination, which is of the utmost importance if pure ~ The Pt} -Fe,O3 catalyst is robust; its ferromagnetic prop-
products are to be obtained effectively in the selective hy- erty is it useful for separatithe catalyst from the reaction
drogenation of aromatic chloronitro compounds. This ad- system in an applied magnetic field. Upon completion-of
vantage of the catalyst is clearly shown by the catalytic CNB hydrogenation, the Bt/Fe,Os catalyst was separated
properties under the elevated ldressure Table 2. Over from the dispersion by attraction of the catalyst particles to
the Pt -FeO3 nanocomposite catalyst, the hydrogenation a magnet and, thus, removing them from the solution. Af-
rate of o-CNB was 34 times higher when the;hbressure  ter washing with methanol to remove the adsorbed species,
was increased from 0.1 to 4 MPa at 333 K. No obvious loss the recovered catalyst was reused in the next cycle of the re-
of catalytic selectivity was observed, even when all of the action. The recovered catalystrgbited the same selectivity
0-CNB was exhausted under 4 MPa and at 333 K. To the for o-CAN without an obvious loss of catalytic activity over
best of our knowledge, this excellent catalytic property for five cycles. The stability of the catalyst was also evaluated
the hydrogenation af-CNB over Pt-based catalysts has not under 4 MPa of hydrogen at 333 K; a turnover number of
been reported elsewhere. more than 100,000 and a selectivity higher than 99.9% of
Aramendia et al. and Coq et al. proposed a radical mech-o-CAN was achieved.
anism for the hydrogenation of substituted nitroaromatics
over Pt/SIQ-AIPO4 and Pt/AbO3 catalysts, respectively
[2,19]. For the mechanism in the hydrodehalogenationreac- 4. Conclusion
tion of aromatic halides, most rearchers agree that there is
an electrophilic attack of cleaved hydrogen on the adsorbed The prepared P#-Fe,O3 nanocomposite catalyst exhib-
aromatic halide§7,20,21] Based on the XPS dat@gble J), ited good activity and very high selectivity for the selective
we believe that the electron-deficient state of the Pt parti- hydrogenation ob-CNB to 0-CAN. The hydrodechlorina-
cles, supported on the iron oxide supports, would weakention of the producb-CAN was hindered over this new cat-
the extent of electron feedback from the Pt particles to the alyst, even after the complete conversiorve€ENB. From
aromatic ring ino-CAN, which would further suppress the 0.1 to 4 MPa, the nanocomposite catalyst worked perfectly,
hydrodechlorination o$-CAN. with an extremely high selectivity af-CAN and excellent
Liu et al. reported the influence of metal ions, added catalytic activity. The catalyst was also very stable, and its
as their chlorides, on the catalytic properties over a PVP- ferromagnetic property proved convenient for separating the
protected Pt colloid catalyst for the hydrogenation@ZNB, catalyst from the reaction system in an applied magnetic
and found that Nit and F€* ions had a promotion effecton  field. The results described here show that the 03
the selectivity ob-CAN [3]. In a recent paper, we suggested nanocomposite is a promising catalyst for industrial applica-
that the vacancies at the surface of gnf@anoparticlesina  tion.
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