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The effect of rare earths (Sm, Pr, Ce, Nd, and La) on the hydrogenation properties of chloronitrobenzene (CNB) over Pt=ZrO2

catalyst was studied in ethanol at 303K and normal pressure. The results show that the hydrogenation of CNB can be carried out

over Pt=ZrO2 catalyst. The order of the hydrogenation rates of CNB is p>m>o, and the yield of chloroaniline (CAN) is p>o>m.

The specific rate constant turnover frequency (TOF) expressed per surface Pt atom increases when the platinum catalyst is modified

by rare earth. The conversion of CNB is >99% and CAN is the main product in the hydrogenation of CNB over PtM=ZrO2

catalysts. The PtPr=ZrO2 catalyst shows the best selectivity of CNB to CAN: 89.4mol% for o-CAN, 94.6mol% for m-CAN and

95.1mol% for p-CAN.
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1. Introduction

It is known that aromatic halonitro compounds can
be effectively reduced to the corresponding haloamine,
however, the process is difficult because of extensive
dehalogenation [1]. Various catalysts, such as precious
metal catalysts and Raney nickel, have been well
studied. Of the precious metal catalysts, palladium
gives extensive dehalogenation, whereas platinum and
rhodium give less. The rhodium catalyst is extremely
expensive (about four times the cost of a comparable
platinum catalyst). So, platinum-based catalysts have
received much attention for minimizing dehalogenation
[2–4]. In order to achieve high yields of haloamine,
many approaches have been developed either by
modified preparation of the catalyst or by use of special
additives (promoters and inhibitors) [5–7]. Examples
include sulfided platinum catalysts [5], magnesium oxide
or magnesium hydroxide—promoted platinum catalysts
[8], and platinum group metal modified with a metal
selected from the group lead, bismuth and silver [9].
However, none of the catalysts previously proposed is
completely satisfactory, each having its own particular
limitations.

Rare earths used as promoters have been investigated
and utilized in many fields [10]. In our previous research
[11], we found that the addition of rare earths in
polymer-anchored platinum catalysts decreased cataly-
tic activity for the hydrogenation of p-CNB, but they
improved the selectivity toward p-CAN remarkably.
Although platinum catalysts modified by rare earths

show good selectivity toward p-CAN under mild
operating conditions in homogeneous systems, the
catalysts separated difficultly from the reaction system.
Metals that were deposited on reducible oxide ZrO2

showed better catalytic behavior on the selective
hydrogenation of �,�-unsaturated aldehydes to un-
saturated alcohols [12,13]. It is proposed that the strong
metal/support interaction is responsible for this beha-
vior. In the present work, we have studied hydrogena-
tion properties of chloronitrobenzene with Pt=ZrO2

catalyst and the effect of rare earths (Ce, Sm, Nd, La,
and Pr) in the heterogeneous system.

2. Experimental

ZrO2 commercial support (A R, SBET ¼ 39m2=g,
tetragonal system) is crushed and sieved to obtain a
particle size range of 140–180 meshes. The monometallic
Pt=ZrO2 catalyst is prepared by conventional impreg-
nation with an aqueous solution of hexachloroplatinic
acid. The content of platinum is 0.3wt%. The impreg-
nated sample is reduced by KBH4, filtered and washed
with large amount of water, dried at 373K overnight
and then calcined at 773K for 4 h. The bimetallic
PtM=ZrO2 catalysts (M ¼ Ce, Sm, Nd, La, and Pr) are
also prepared by impregnation, i.e., platinum is impreg-
nated after the rare earth nitrate (Ce, Sm, Nd, La, and
Pr) is impregnated on ZrO2. The preparation process is
similar to Pt=ZrO2, and the content of M is 1.0wt%.

Platinum phase dispersion is measured by H2

chemisorption, following a procedure described in [14].
By assuming a stoichiometry for H2 adsorption on
surface platinum atoms ðPtsÞ of unity, the dispersion of�To whom correspondence should be addressed.
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Pt is given by D ¼ Pts=Ptt ¼ H=Ptt. The size of the
metallic Pt particles is measured by transmission
electron microscopy (TEM) using a JEM-200CX
apparatus. The agreement with chemisorption is good
for the Pt=ZrO2 parent catalysts. The main character-
istics of the catalysts are included in table 1.

Hydrogenation of CNB is carried out at 303K and
normal pressure. A mixture of 0.2 g of platinum catalyst
(0.3 wt% Pt) and 10mL of ethanol solution is placed in a
three-necked flask closed with a silicon rubber cap and
connected with a hydrogen gas burette. Air in the
reactor is replaced by H2 several times, and the catalyst
is activated under hydrogen with magnetic stirring at
303K for 1 h before 10mL ethanol solution of
chloronitrobenzene ð4� 10�3 mol of substrate) is
injected into the reactor. The hydrogen consumption is
monitored with a graduated gas burette. The hydro-
genation reaction is initiated immediately by magnetic
stirring of the reaction mixture vigorously (800 rpm).
The rate of reaction is obtained by measuring the H2

consumption during the reaction (theH2 uptake rate per
gram of Pt, R ¼ mol=min g Pt). Chemical analysis of the
products is performed by gas chromatography Perkin-
XL, equipped with an FID and an SE-30 capillary
column. Reactants and products are identified by
comparison with known standards. Biphenyl is used as
an internal standard.

3. Results and discussion

In order to ascertain the role of mass transfer, the
speed of agitation is varied from 600 to 1100 rpm and
the catalyst amount is varied from 0.1 to 0.5 g. In view
of the observation that R is independent of the stirring
speed and it is varied linearly with the catalyst amount,
it can be concluded that the external mass transfer is
sufficiently eliminated at the stirring speed of 800 rpm
and that the CNB hydrogenation is controlled by the
intrinsic kinetics of the reaction.

Hydrogenation of chloronitrobenzene is a compli-
cated process as described in [15,16], and it often yields

many by-products. The aim of our study is to achieve
high catalytic activity and selectivity toward CAN. We
first investigated the effect of Ce content on the
hydrogenation properties of p-CNB to p-CAN catalyzed
by PtCe=ZrO2. Figure 1 demonstrates the relation of
catalytic activity and yield of p-CAN with the content of
Ce. The conversions of CNB are all >99%. From figure
1, it is found that catalytic activity increases when a
small amount of Ce is added in the Pt=ZrO2 catalyst.
The hydrogenation rate of p-CNB increases from
9:8� 10�2 to 15:4� 10�2 molH2 g

�1 min�1, but cataly-
tic activity decreases sharply when the content of Ce is
higher than 1.0wt%. The experiment is repeated three
times for PtCe=ZrO2 catalyst with 1.2wt% Ce. However,
yield of p-CAN decreases when the content of Ce is
lower than 0.5wt%, and then increases with increasing
the content of Ce.

Tables 2, 3, and 4 list the experimental results of the
hydrogenation of o-CNB, m-CNB, and p-CNB over
PtM=ZrO2 (the content of M is 1.0wt%) catalysts
respectively. From table 2, we can see that the value of
TOF on the hydrogenation of p-CNB increases
obviously with the introduction of rare earth, and
yield of p-CAN is also improved for PtSm=ZrO2,
PtCe=ZrO2, and PtPr=ZrO2 catalysts. The PtPr=ZrO2

catalyst exhibits the largest TOF and yield of p-CAN
(95.1mol%).

From table 3, we can see that the addition of rare
earths in the Pt=ZrO2 catalyst improves catalytic activity
and yield of m-CNB to m-CAN. The PtLa=ZrO2

catalyst exhibits the largest TOF and the PtPr=ZrO2

catalyst exhibits the best yield of m-CAN. From table 4,
we can find that the addition of rare earth to the
Pt=ZrO2 catalyst increases the catalytic activity of the
hydrogenation of o-CNB remarkably, and has a
different influence on the yield of o-CNB to o-CAN.
The addition of Pr and Ce in the Pt=ZrO2 catalyst
increases the yield of o-CAN, whereas the addition of

Table 1

Mean conditions for the characterization of the Pt/ZrO2 catalysts

Sample H/Pta Mean particle

size from

TEM (nm)

Observation from

TEM

Pt/ZrO2 0.74 2.3 –

PtPr/ZrO2 0.58 3.9 Some large particles

PtNd/ZrO2 0.69 3.2 –

PtLa/ZrO2 0.67 3.6 Some large particles

PtSm/ZrO2 0.63 3.7 Some large particles

PtCe/ZrO2 0.67 3.3 –

aBy assuming a stoichiometry for H2 adsorption on surface platinum

atoms (Pts) of unity, the dispersion of Pt is given by D ¼ Pts/Ptt ¼

H/Ptt.
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Figure 1. The effect of Ce content on the hydrogenation of p-CNB to

p-CAN catalyzed by PtCe=ZrO2.
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La, Sm, and Nd decreases the yield. Among all
PtM=ZrO2 catalysts, PtLa=ZrO2 exhibits the best
catalytic activity and the worst yield of o-CAN;
PtPr=ZrO2 exhibits the best yield of o-CAN.

As indicated above, the catalytic activities increase
remarkably with the addition of rare earth (Ce, Sm, Nd,
La, and Pr) in the Pt=ZrO2 catalyst for the hydrogena-
tion of CNB, especially for o-CNB. Among the
catalysts, PtPr=ZrO2 exhibits the best selectivity of o-,
m- and p-CNB to their corresponding CAN products.
From table 1, we can see that the value of H/Pt

decreases and the size of Pt particle increases with the
introduction of rare earth. In most of the bimetallic
formulations, the activity is enhanced at low H/Pt ratio.
Similar results have previously been reported by
Galvagno et al. [17] for nitrobenzene hydrogenation
over PtSn/nylon catalysts, and Coq [18] for p-CNB
hydrogenation over Pt=Al2O3 catalysts. They suggested
that large Pt particles would decrease the activity of
hydrogenolysis of the C–Cl bond, and that CAN is
easily desorbed from the Pt surface. The special rate
constant (expressed per surface Pt atom basis as a

Table 2

Results of the hydrogenation of p-CNB over PtM/ZrO2 (M ¼ Pr, Nd, La, Sm, Ce) catalystsa

Catalyst Reaction rateb

(mol g�1min�1) � 10�2 TOFc (s�1)

Conversion (%),

(React. time, min)
Yield of products (mol%)d

AN NB p-CAN

Pt/ZrO2 9.8 0.20 99.4(210) 2.7 1.6 90.4

PtPr/ZrO2 17.8 0.48 99.7(120) 2.5 – 95.1

PtNd/ZrO2 14.0 0.31 99.5(150) 4.6 1.5 89.1

PtLa/ZrO2 17.8 0.47 99.6(120) 4.9 – 89.4

PtSm/ZrO2 14.2 0.34 99.2 (145) 2.1 1.5 93.7

PtCe/ZrO2 15.4 0.36 99.3(135) 3.5 – 93.6

aReaction condition: 4 � 10�3 mol p-CNB; reaction temperature is 303K; P is 0.1MPa; the amount of catalyst is 0.2 g.
b The reaction rate is obtained by measuring the H2 consumption within the reaction time, i.e., average rate.
cTOF, specific activity per Pt surface atom (s�1) for the hydrogenation of p-chloronitrobenzene over supported Pt catalysts with 50% conversion

of CNB.
dSome products with high boiling point could not be determined by GC analysis; AN: aniline; NB: nitrobenzene.

Table 3

Results of the hydrogenation of m-CNB over PtM/ZrO2 (M ¼ Pr, Nd, La, Sm, Ce) catalystsa

Catalyst Reaction rate

(mol g�1min�1) � 10�2 TOF (s�1)

Conversion (%),

(React. time, min)
Yield of products (mol%)

AN NB m-CAN

Pt/ZrO2 5.8 0.14 99.5(340) 1.4 10.7 82.2

PtPr/ZrO2 13.0 0.43 99.8(160) 2.0 1.3 94.6

PtNd/ZrO2 11.2 0.31 99.6(180) 2.1 2.7 88.4

PtLa/ZrO2 15.2 0.55 99.3(140) 3.0 3.4 91.4

PtSm/ZrO2 13.6 0.38 99.7(155) 1.1 2.6 93.4

PtCe/ZrO2 12.8 0.42 99.4(160) 2.0 2.1 94.1

aReaction conditions are similar to table 2.

Table 4

Results of the hydrogenation of o-CNB over PtM/ZrO2 (M ¼ Pr, Nd, La, Sm, Ce) catalystsa

Catalyst Reaction rate

(mol g�1min�1) � 10�2 TOF (s�1)

Conversion (%),

(React. time, min)
Yield of products (mol%)

AN NB o-CAN

Pt/ZrO2 4.4 0.08 99.1(480) 8.9 2.6 84.9

PtPr/ZrO2 9.2 0.22 99.3(245) 5.1 3.0 89.4

PtNd/ZrO2 8.0 0.15 99.2(280) 8.0 8.1 82.3

PtLa/ZrO2 11.6 0.25 99.5(200) 7.5 4.7 78.6

PtSm/ZrO2 9.0 0.24 99.4(235) 10.2 5.2 81.9

PtCe/ZrO2 9.8 0.22 99.4(225) 7.7 – 87.1

aReaction conditions are similar to table 2.
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turnover frequency) increases by one order of magnitude
when the Pt dispersion decreases from 1.0 to 0.09 in the
hydrogenation of p-CNB over the Pt=Al2O3 catalyst
[18]. This behavior is interpreted in terms of a transition
state bearing a weak negative charge, which more
effectively stabilized on the large Pt particles. This
interpretation cannot be completely applied in the
present work because these Pt particles did not change
markedly in size when adding rare earth. The surface
area and the average pore size have been examined.
Additions of rare earth have small influence on the
change of surface area and the average pore size of the
ZrO2 (surface area and average pose size varied from
39.0 to 37:6m2=g and 6.1 to 6.7 nm for ZrO2 modified
by 1.0wt% Ce); thus, we believe that electronic effect
may play an important role for the good hydrogenation
properties for the Pt=ZrO2 catalyst modified by rare
earth. Rare earth could give electrons, and which the
electrons transfer from rare earth to Pt [19]. It is very
likely that the electron species of rare earths promote the
turnover frequency of Pt atoms by activating the
nitrogen–oxygen bond. In our experiment, we also
investigated the effect of K and B. We found that K
shows an effect that can be neglected. However, the
catalyst reduced by KBH4 shows better catalytic activity
than the catalyst reduced by H2 or hydrazine hydrate.
Thus we suggested that good effects are also related to
the presence of B [20]. The level of B measured by ICP is
0.027wt%. The results in tables 2, 3 and 4 reveal that the
rates of CNB hydrogenation over Pt=ZrO2 are greatly
affected by the position of substituent groups. Hydro-
genation rate increases in the order: p>m>o, and the
yield of CAN increases in the order: p>o>m. These
differences are due to the different electron cloud
densities between the C–Cl bond, which affects the
rate of hydrogenolysis of the C–Cl bond. The con-
jugative effect between Cl and NO2 increases the bond
energy of C–Cl in o- and p-CNB, which decreases the
hydrogenolysis of the C–Cl bond. Inductive and steric
effects increase the rate of hydrogenolysis of the C–Cl
bond in o-CNB. Figure 2 gives the kinetic curves of
hydrogenation of CNB catalyzed by Pt=ZrO2. These
curves show that the catalytic hydrogenations of o-, m-
and p-CNB proceed differently, the initial hydrogena-
tion rate for p-CNB being higher than that of m- and
o-CNB. Figure 3 also gives the kinetic curves of
hydrogenation of p-CNB catalyzed by PtM=ZrO2

catalysts. From figure 3, we find that platinum catalysts
modified by rare earth show similar catalytic behavior
on the hydrogenation of p-CNB.

4. Conclusions

The Pt=ZrO2 catalyst can catalyze the hydrogenation
of CNB at 303K and 1 atm. The conversions of CNB
are all >99%. The order of hydrogenation rate of CNB

is p>m>o, and the selectivity of CAN is m>p>o.
Catalytic activities are all improved over PtM=ZrO2

catalysts with the introductions of rare earth on the
hydrogenation of CNB. For the hydrogenation of p-
CNB, PtSm=ZrO2;PtCe=ZrO2, and PtPr=ZrO2, cata-
lysts show good selectivity of p-CNB to p-CAN. The
PtPr=ZrO2 catalyst exhibits the highest TOF of 0:48 s�1

and yield of p-CAN (95.1mol%). For the hydrogenation
of m-CNB, both catalytic activity and selectivity of m-
CNB to m-CAN increase remarkably over PtM=ZrO2

catalysts. The catalytic activity is also improved on the
hydrogenation of o-CNB over PtM=ZrO2 catalysts.
However, only PtPr=ZrO2 and PtCe=ZrO2 show good
selectivity of o-CNB to o-CAN with 89.4mol% and
87.1mol%, respectively. The content of Ce in the
PtCe=ZrO2 catalyst has significant influence on the
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Figure 2. Cumulative hydrogen uptake profiles of catalytic hydro-

genation of chloronitrobenzene over Pt=ZrO2 catalyst.
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catalytic properties for the selective hydrogenation of p-
CNB, and yield of p-CAN increases with increasing
amount of Ce.
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