ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of Catalysis 250 (2007) 369-372

JOURNAL OF
CATALYSIS

www.elsevier.com/locate/jcat

Research Note

A new approach to high performance Co/C catalysts for selective
hydrogenation of chloronitrobenzenes

Li Xing?, Jieshan Qiu*"*, Changhai Liang*, Chuang Wang?, Li Mao*

& Carbon Research Laboratory, Center for Nano Materials of Science, State Key Laboratory of Fine Chemicals, School of Chemical Engineering,
Dalian University of Technology, 158 Zhongshan Road, P.O. Box 49, Dalian 116012, PR China
b Key Laboratory for Micro/Nano Technology and System of Liaoning Province, Dalian University of Technology, Dalian 116023, PR China

Received 23 February 2007; revised 26 May 2007; accepted 7 June 2007

Abstract

We report a facile solvothermal method for producing Co/C microspheres composed of nanosheet structures in a mixture of water and eth-
ylene glycol. The morphology and cobalt loading of the Co/C microspheres can be controlled by adjusting the solvent composition. The Co/C
microspheres obtained in the water—ethylene glycol mixture and calcined at 700 °C were very active for the hydrogenation of chloronitrobenzene
(CNB), with 98% CNB conversion and 97% selectivity to o-chloroaniline at 2.0 MPa and 140 °C. In the hydrogenation of p-CNB and m-CNB,
the catalyst showed a conversion of >97% and a selectivity of 99% to the corresponding chloroanilines.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The selective hydrogenation of chloronitrobenzenes (CNB)
to make the corresponding chloroanilines (CAN) is one of the
most important reactions in the synthesis of various fine chemi-
cals, such as dyes, urethanes, agro-chemicals, and pharmaceuti-
cals [1]. For this type of hydrogenation reaction, numerous cata-
lysts, such as palladium, platinum, rhodium, nickel, and copper-
chromite catalysts, have been extensively studied [2—10]. It
is not uncommon that the hydrogenation process is accompa-
nied by hydrogenolysis of the carbon—halogen bond over these
catalysts [11]. Therefore, it remains a challenge to overcome
this problem, and many efforts have been made over the past
decades, including introducing special additives (promoters and
inhibitors) [12—-14], modifying the support, and tuning the par-
ticle sizes of the catalysts [4,15,16]. Meanwhile, attempts also
have been made to exploit cheaper catalysts to replace expen-
sive noble metals [17].

* Corresponding author. Fax: +86 411 88993991.
E-mail address: jqiu@dlut.edu.cn (J. Qiu).

0021-9517/$ — see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2007.06.008

Cobalt-based catalysts have been found to be highly active
in Fischer—Tropsch synthesis and selective hydrogenation of
o, B-unsaturated aldehydes [18-20]. Raja et al. reported that Co
nanoparticles supported on silica displayed exceptionally high
turnover frequencies and high selectivity for the hydrogena-
tions of nitro-substituted aromatics such as nitrobenzene, 3-
nitrophenol, and 3-nitro-o-cresol [21]. To the best of our knowl-
edge, little work has been done on CNB hydrogenation over the
cheap iron group metals. Here, we report for the first time that
Co/C catalysts that perform very well in CNB hydrogenation
can be prepared by a simultaneous co-reduction—precipitation
of Co?* under mild solvothermal conditions, followed by con-
trolled calcination in flowing N». We found that the Co/C cat-
alyst calcined at 700 °C is very active for CNB hydrogenation,
exhibiting high CNB conversion and high selectivity to CAN.

2. Experimental

The precursor of the Co/C catalyst was prepared in a mixture
of H>O and ethylene glycol (EG) under solvothermal condition,
with furfural as the carbon source and cobalt acetate tetrahy-
drate (Co(AC),-4H,0) as the cobalt source. First, 0.3 g of
Co(AC),-4H,0 was introduced to 30 ml of a mixed H,O and
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EG solution (v/v = 1:1). About 0.5 ml of furfural was added
under stirring, resulting in a reddish-brown solution. The so-
lution was then transferred into a 40-ml Teflon-lined stainless-
steel autoclave that was sealed and heated at 180°C for 15 h
before being cooled to room temperature. The resulting solid
material was collected from the autoclave, centrifuged, washed
with deionized water and ethanol to remove the ions, and fi-
nally dried at 80 °C for 3 h in vacuum. The as-obtained sample
was heated to 300-900°C at a rate of 2°C/min and kept at
the final temperature for 3 h in flowing N,. The samples ob-
tained hydrothermally in water, and solvothermally in ethylene
glycol were heated at 2 °C/min to 700 °C and kept at 700 °C
for 3 h in flowing Nj. For comparison, a commercial activated
carbon (Beijing Activated Carbon Co., Ltd.; BET surface area
1009 m?/g)-supported Co (10 wt%) catalyst also was prepared
by wet impregnation of cobalt acetate. The as-made samples are
designated Co/C(W + EG), Co/C(W), Co/C(EG), and Co/AC.

Nitrogen adsorption and desorption isotherms were mea-
sured at —196 °C using a Micromeritics ASAP 2020 instru-
ment. The cobalt loading was determined by an ICP appara-
tus (Optima 2000DV). X-ray diffraction (XRD) patterns were
recorded on a Rigaku D/MAX 2400 diffractometer equipped
with a CuK o X-ray source operating at 40 kV and 50 mA. The
as-made Co/C catalysts were examined by scanning electron
microscopy (SEM) using a KYKY-2800B device, and by trans-
mission electron microscopy (TEM), using a Philips Tecnai G*
20 device. Hp chemisorption measurements were conducted at
40 °C in a Quantachrome Autosorb instrument.

CNB hydrogenation was carried out at 140 °C and 1.0-3.0
MPa hydrogen pressure in a 100-ml Parr autoclave. Typically,
the autoclave was charged with 0.1 g of Co/C catalyst (about
0.17 mmol of cobalt), 3.2 mmol of 0-CNB, and 50 ml of
ethanol. Before the reaction, the autoclave was flushed 4 times
with hydrogen. The hydrogenation products were analyzed by
gas chromatography (GC) using an Agilent 690N chromato-
graph equipped with a SE-54 capillary column and a flame
ionization detector.

3. Results and discussion

Typical SEM images of the precursors of the Co/C cata-
lysts made in the mixed H,O and EG solvent are shown in
Fig. 1a. The precursor consists of a sphere-shaped network
structure with many flower-like flakes. The spheres range from
4 to 6 ym in diameter, and the flakes are about 40 nm thick.
Fig. 1b shows the SEM image of the Co/C catalyst made in
H,O and EG after heat treatment at 700 °C for 3 h in Nj. The
morphology of the precursor can be maintained during the sub-
sequent calcination step, even though their diameters become
small after heat treatment. The Co/C catalyst precursors cre-
ated in H,O are mainly hard, solid microspheres with few ir-
regular fragments ranging in diameter from 2 to 4 um. Some
microspheres with peanut-like morphology also can be seen,
likely due to the coalescence of two microspheres. The Co/C
catalyst precursors created in the EG solvothermal process are
composed mainly of nanospheres with diameters of several
hundred nanometers. Obviously, the morphology of the Co/C
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Fig. 1. SEM images of the precursor of the Co/C(W + EG) catalyst (a) and
the Co/C(W + EG) catalyst calcined at 700 °C (b), TEM image of the un-
calcined Co/C(W + EG) precursor (c), TEM images of the Co/C(W + EG)
catalyst calcined at 600 °C (d), 700 °C (e), and the particle size distribution
of the Co/C(W + EG) catalyst calcined at 700 °C (f).

Table 1

Effect of solvents on the properties of Co/C catalysts

Catalyst Co loading (%) BET (mz/ g)  Conv. (%) Sel. (%)
Co/C(W) 6.1 339 49 99
Co/C(W + EG) 9.3 385 98 97
Co/C(EG) 11.7 309 91 99

Reaction conditions: 0.1 g catalyst, 0.5 g substrate, 50 ml ethanol, 140 °C,
2.0 MPa.

catalyst precursors can be controlled by using different sol-
vents. Table 1 summarizes the effect of the solvents on BET
surface area, Co loading, and catalytic activity for the hydro-
genation of 0-CNB over the Co/C catalysts calcined at 700 °C
for 3 h. The cobalt loadings of the Co/C catalysts increased in
the order Co/C(W) < Co/C(W + EG) < Co/C(EG). The BET
surface area of the Co/C(W) catalyst with a precursor created
in H>O is 339 m?/g, that for the Co/C(W + EG) catalyst with
the precursor created in HyO and EG is 385 m?/g, and that
for the Co/C(EG) catalyst with the precursor created in EG is
309 m?/g. The catalytic activity of the Co/C catalysts has been
tested in the selective hydrogenation of 0-CNB. The selectivity
to 0-CAN is >97% over the three catalysts, with 0-CNB con-
versions of 49% over Co/C(W), 98% over Co/C(W + EG), and
91% over Co/C(EG). The low activity over Co/C(W) may be
due to the low Co loading and its morphology. The Co/C(EG)
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Fig. 2. XRD patterns of the Co/C(W 4+ EG) precursor and Co/C(W + EG) cat-
alysts calcined from 300 to 900 °C.

catalyst with high Co loading showed a reasonable conversion
for 0-CNB. Only the Co/C(W + EG) catalyst showed supe-
rior conversion and selectivity in the reaction. It would be of
interest to understand the structural changes and the catalytic
performance of Co/C(W + EG) catalysts created under differ-
ent conditions in the preparation steps.

The calcination temperature is critical to the formation and
growth of metal particles. Fig. 2 shows the XRD patterns of the
Co/C(W + EG) precursor and the Co/C(W + EG) catalysts cre-
ated at different temperatures. No diffraction peaks of cobalt
compounds are detected in the precursor, indicating that the
size of cobalt species is too small and below the detection lim-
its of XRD. The cobalt species consist mainly of 8-Co(OH),,
with only a small amount of metallic cobalt obtained by fur-
fural reduction. For Co/C(W + EG) catalysts heated below
600 °C, the XRD pattern displays very broad diffraction peaks
corresponding to CoO and metallic cobalt. When the calcina-
tion temperature is above 600 °C, only peaks corresponding to
metallic cobalt are present. These peaks become sharp with fur-
ther increases in calcination temperature, while the peaks cor-
responding to CoO disappear. This means that the average size
of the Co particles in the Co/C(W + EG) catalysts increases.
The average size of the corresponding cobalt nanoparticles in
the Co/C(W + EQG) catalysts is calculated to be about 4 nm at a
precursor calcination temperature of 700 °C, 20 nm at 800 °C,
and 27 nm at 900 °C according to Scherrer’s equation.

A typical TEM image of the precursor of the Co/C(W + EG)
catalyst is shown in Fig. 1c. No cobalt species particles can be
seen, probably because the metal species are small and/or em-
bedded in the matrix. After the precursor is calcined at 300 °C,
small nanoparticles (ca. 2 nm) aggregated in the carbon ma-
trix can be seen uniformly dispersed in the carbon matrix. As
the calcination temperature increases from 300 to 600 °C, the
size of these nanoparticles increases gradually; however, they
are still small even when the composite precursor is calcined at
600 °C (Fig. 1d). The TEM image of Co/C(W + EG) catalyst
calcined at 700 °C shows spherical Co clusters dispersed homo-
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Fig. 3. Hydrogenation of 0-CNB over Co/C(W + EG) catalysts calcined at dif-
ferent temperatures. Reaction conditions: 0-CNB, 0.5 g; catalyst, 0.12 mmol
Co; temperature 140 °C; time 3 h; pressure 3 MPa.

geneously on the carbon matrix (Fig. 1e). The size distribution
of these spherical Co clusters ranges from 2.5 to 6 nm (mean,
3.5 nm) (Fig. 1f). When the precursor is calcined at 800 °C,
which results in some irregular onion-like holes in the flakes,
the average size of the cobalt particles is 20-30 nm. The par-
ticle size increases further when the calcination temperature is
increased to 900 °C, resulting in more onion-like holes in the
flakes. The particle size from the TEM examination is consis-
tent with that from the XRD measurements.

To determine how much cobalt can be accessed, the Hy
chemisorption on the microsphere-like Co/C catalyst calcined
at 700 °C was measured. The H, chemisorption results show
that the cobalt surface area is ca. 8.0 m?/g, with a dispersion
of ca. 13%. Based on the H, chemisorption results, the average
particle size of the cobalt particles is calculated to be ca. 7.8 nm,
slightly larger than that obtained from the XRD and TEM stud-
ies, indicating that most of the Co particles can be accessed.

The variable catalytic performance of Co/C(W + EG) cat-
alysts created at different calcination temperatures is demon-
strated by the 0o-CNB conversion and selectivity to o-CAN
shown in Fig. 3. The activity of the Co/C catalysts calcined
at 300-900 °C increases when the calcination temperature for
the composite precursor is below 700 °C and passes through
a maximum at a calcination temperature of 700 °C, then de-
creases with further increases in calcination temperature to 800
and 900 °C. The catalyst calcined at 700 °C shows the high-
est 0-CNB conversion of 93% and a high selectivity to 0-CAN
(about 99%). The improved catalytic activity of the Co/C cat-
alyst when the calcination temperature is below 700 °C is be-
lieved to be due mainly to the formation and improved dis-
persion of metallic cobalt particles, whereas the deteriorated
catalytic performance of the Co/C catalysts at calcination tem-
peratures above 700 °C is believed to be due to the aggregation
of the cobalt particles as revealed by the TEM and XRD studies
discussed above.

The effect of the reaction temperature and pressure on the
CNB hydrogenation over the Co/C(W + EG) catalyst calcined
at 700 °C also was addressed. The reactions were conducted at
140°C for 3 h with 0.1 g of Co/C catalyst, 0.5 g of substrate
(0.17 mmol of Co), and 50 ml of ethanol. At the initial reaction
pressure of 1 MPa, the conversion of 0-CNB was only 68% with
about 99% selectivity to the 0-CAN, with nitrobenzene and ani-
line as byproducts. When the reaction pressure was increased
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to 2.0 MPa, the 0-CNB conversion increased dramatically to
98%, the selectivity to the 0-CAN decreased slightly to 97%,
with aniline the only byproduct. Further increasing the reaction
pressure to 3.0 MPa, little changes in the 0-CNB conversion
and the selectivity to o-CAN were observed. When the reaction
temperature was decreased from 140 to 120 °C, the conversion
of 0-CNB dropped to 69%, with a selectivity to o-chloroaniline
of 94%. Meanwhile, nitrobenzene, a dechlorinated byproduct,
was formed with a selectivity of 5.4%. The possible reason for
this is that hydrogenation of the nitro group is more sensitive to
temperature compared with hydrogenolysis of the C—Cl bond
and is mostly accelerated at 140 °C, and thus the selectivity
to o-chloroaniline is improved significantly [22]. When the re-
action time was decreased to 1.5 h, only 77% conversion of
0-CNB was obtained under similar conditions. The CNB hy-
drogenation over the Co/AC catalyst was conducted at 140 °C
and 2 MPa for 3 h. The conversion of 0-CNB was only 69%,
lower than that over Co/C(W + EG) catalyst, whereas the se-
lectivity of 0o-CAN over both catalysts remained at the same
level.

Another advantage of the Co/C catalysts is that they can be
easily separated and recovered magnetically after the hydro-
genation reaction. The recycled Co/C(W + EQG) catalyst exhib-
ited a good 0-CNB conversion of 94% and a high selectivity to
0-CAN of 99% at the reaction pressure of 3 MPa. Compared
with the fresh catalyst, no obvious loss in activity and selec-
tivity for the recovered Co/C catalysts was observed, indicating
that the Co/C catalyst is stable in the reaction and can be reused.

The catalytic performance of the Co/C(W + EG) catalyst
for the hydrogenation of the 0-CNB isomers (m-CNB and p-
CNB) was also studied. The conversions of m-CNB and p-CNB
reached 97% and 100%, respectively, and the selectivities to m-
CAN and p-CAN were as high as 99%. Such a high selectivity
to CAN is difficult to achieve when using a single noble metal
without other transition metals [4]. The detailed catalytic mech-
anism involved in the 0-CNB hydrogenation over the Co/C cat-
alyst remains unclear. More detailed studies of the potential and
unique catalytic properties of the novel microsphere-like Co/C
catalysts are required, which will be demonstrated for other hy-
drogenation reactions in the future.

4. Conclusions

Highly dispersed Co/C catalysts with superior catalytic per-
formance for the hydrogenation of chloronitrobenzenes were
successfully prepared by a combined two-step process involv-
ing a simultaneous co-reduction—precipitation of Co’" under
furfural solvothermal conditions and controlled calcination in
flowing N». The morphology, BET surface area, and cobalt

loading of the catalysts can be controlled by using different sol-
vents. Co particles of mean size 3.5 nm were homogeneously
dispersed on the carbon matrix after the Co/C composite pre-
cursors were calcined at 700 °C. The Co/C catalyst showed
high activity and high selectivity in the CNB hydrogenation re-
actions and could be used as magnetic separable catalyst. The
novel Co/C catalysts are also of potential use in the hydrogena-
tion of chloronitrobenzenes.
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