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INTRODUCTION

The development of versatile catalysts for the selec-
tive conversions of individual compounds or groups of
compounds is an important problem concerning cata-
lytic processes in organic synthesis [1]. Previously [2],
the effect of the structure of various carbon supports
(coal and carbon fiber) on the activity, stability, and
selectivity of palladium catalysts in the reduction reac-
tions of aromatic compounds was studied. These cata-
lysts allow one to perform highly efficient and environ-
mentally appropriate processes for the reduction of aro-
matic nitro compounds to corresponding amines with
molecular hydrogen. Thus, it was found [3, 4] that a
palladium triphenylphosphine catalyst supported on
nanodiamonds noticeably increased the rate of hydro-
genation of ethyl 

 

para

 

-nitrobenzoate and provided an
opportunity to obtain anesthesin of pharmacopoeial
grade in a quantitative yield. The process occurred in a
single step under mild conditions without by-products.
Moreover, the catalyst allowed one to perform 50
hydrogenation cycles with the subsequent regeneration
for further use.

Thus, the use of nanodiamonds as a catalyst support
for the hydrogenation reactions of nitro compounds
was found to be promising because the catalyst activity
was higher than that of analogous catalysts with carbon
supports by a factor of ~2 [2, 5].

The kinetics of hydrogenation of nitro compounds
on palladium catalysts supported on coal has been stud-
ied [5–9]. Klyuev [5] found that the reaction of
nitrobenzene hydrogenation was first order with respect
to the catalyst and hydrogen and pseudo-zero order
with respect to nitrobenzene. We failed to find pub-
lished data on the kinetics of this reaction with the use
of other carbon matrices as supports. It seems pertinent

to study this reaction in more detail because catalysts
supported on nanodiamonds exhibit a number of advan-
tages, and they are very promising for use.

This work was devoted to a formal kinetic study of
the reaction of nitrobenzene reduction with molecular
hydrogen, which was chosen as a model reaction, in the
presence of a palladium catalyst supported on nanodia-
monds.

Detonation nanodiamond, which was separated
from a diamond–carbon mixture and purified to remove
various impurities in accordance with a previously
developed technology [10, 11], was used as a support
for the catalyst. The nanodiamond thus prepared was
characterized by a small particle size and homogeneity
with a stable particle size of 3–6 nm and a specific sur-
face area of 250–350 m

 

2

 

/g. Moreover, it did not
undergo graphitization during long-term storage and
use, and it was suited to the requirements of interna-
tional standards in terms of quality (Tajrinu Trading
Co., Japan).

EXPERIMENTAL

The preparation of the catalyst and nitrobenzene
hydrogenation were performed in a batch system at a
constant pressure. The catalyst and other reactants were
placed in a thermostated 50-ml glass reactor with a
magnetic stirrer; the reactor was tightly connected to a
thermostated burette at atmospheric pressure. With the
use of a three-way valve in the burette, the reactor was
initially purged with argon and then with hydrogen.
The uptake of hydrogen in the course of the reaction
was monitored by measuring changes in the volume of
the liquid in the burette. Nitrobenzene was introduced
into the reactor in a flow of argon; thereafter, the reactor

 

Reaction Kinetics of Nitrobenzene Hydrogenation
on a Palladium Catalyst Supported on Nanodiamonds

 

I. I. Obraztsova, N. K. Eremenko, and Yu. N. Velyakina

 

Kemerovo Affiliated Branch, Institute of Solid State Chemistry and Mechanochemistry, Siberian Branch,
Russian Academy of Sciences, Kemerovo, Russia

E-mail: filial@kemnet.ru

 

Received October 4, 2006; in final form, August 13, 2007

 

Abstract

 

—The kinetics of nitrobenzene hydrogenation on a palladium triphenylphosphine catalyst supported
on nanodiamonds was studied. It was found that the reaction is of first order with respect to the catalyst and
hydrogen and of zero order with respect to nitrobenzene. The apparent constant and activation energy of the
reaction were calculated. A probable reaction mechanism was proposed. The effects of the triphenylphosphine-
to-palladium ratio and the nature of the solvent and an aromatic nitro compound on the activity of the test cat-
alyst were demonstrated.

 

DOI: 

 

10.1134/S0023158408030130



 

402

 

KINETICS AND CATALYSIS

 

      

 

Vol. 49

 

      

 

No. 3

 

      

 

2008

 

OBRAZTSOVA et al.

 

was purged with hydrogen (5 min) and stirring was
begun. It was found that the reaction did not proceed
without stirring.

To prepare the catalyst, 42.22 mg of palladium ace-
tate Pd(OAc)

 

2

 

 and 19.93 mg of triphenylphosphine
PPh

 

3

 

 were loaded in the reactor, and 20 ml of acetone
was added; the contents were stirred in a flow of hydro-
gen until the complete dissolution of the reactants.
Next, 1 g of nanodiamonds was also added in a flow of
argon, and the contents were stirred for 5 min. Then, the
reaction system was purged with hydrogen for 5 min
without stirring. The subsequent reduction was per-
formed at 40

 

°

 

C with stirring for 2 h. We found by spe-
cial experiments that this time was sufficient for the
reduction of palladium acetate to palladium metal.

The resulting catalyst was filtered, dried, and kept at
room temperature in an inert atmosphere.

The synthesis of palladium acetate was performed
in accordance with a published procedure [12].

The amounts of components for the preparation of
the palladium catalyst supported on nanodiamonds
were calculated based on the fact that the palladium
content should be ~2 wt %. This palladium content
would ensure the most rational consumption of palla-
dium and a hydrogenation rate appropriate for kinetic
studies.

In the study of the effect of the partial pressure of
hydrogen on the rate of hydrogenation, the fact that the
gas atmosphere composition in the batch system con-
tinuously changed because of hydrogen uptake was
taken into account. In view of this, the measurements
were performed at low degrees of conversion so that the
volume of consumed hydrogen was no higher than 10%
of the total volume of the system.

Blank experiments were performed to adequately
evaluate the rate of reaction and to detect side pro-
cesses. It was found that the reaction of nitrobenzene
hydrogenation did not occur in the absence of the cata-
lyst and the support (nanodiamond) did not absorb
hydrogen.

All of the experiments were performed under identi-
cal conditions (unless otherwise specified): reaction tem-
perature, 40

 

°

 

C; atmospheric pressure; solvent, ethanol
(10 ml); catalyst weight, 5 mg; nitrobenzene amount,
0.3 ml; nitrobenzene concentration, 0.29 mol/l; palla-
dium content, ~2%; and P/Pd ratio, 0.4.

The reaction was monitored by measuring changes
in the volume of hydrogen in the measuring system at
regular time intervals. The termination of hydrogen
uptake indicated the completion of the reaction.

All of the measurements were performed at rates of
hydrogen uptake lower than 3 ml/min with stirring at
400 rpm in order to prevent diffusion inhibition.

RESULTS AND DISCUSSION

It is well known that, in the preparation of supported
palladium catalysts, palladium atoms migrate on the
support surface to result in the formation of large palla-
dium clusters [13]. As a consequence, a decrease in the
activity of these catalysts was observed. Previously [3],
we found that triphenylphosphine can stabilize palla-
dium atoms on support surfaces. In this context, we
studied the effect of the triphenylphosphine/palladium
acetate ratio (henceforth referred to as P/Pd) on the cat-
alytic activity of palladium catalysts supported on nan-
odiamonds. Table 1 summarizes the results.

Table 1 indicates that the maximum rate of nitroben-
zene hydrogenation was observed in the presence of a
catalyst with the ratio P/Pd = 0.4. It is likely that the
most stable palladium clusters with phosphorus-con-
taining ligands were formed in this case. Previously [3,
14], it was found that cluster complexes from the

 

Pd
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(PPh

 

3

 

)

 

2

 

–Pd
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(PPh

 

3

 

)

 

 series were formed on the depo-
sition of palladium onto carbon supports in the pres-
ence of triphenylphosphine followed by reduction with
hydrogen. In these complexes, triphenylphosphine
molecules serve to stabilize palladium particles with a
certain size, which exhibit the highest catalytic activity.
This allows one to increase considerably the rate of
hydrogenation and the yield of the desired product and
ensures a long lifetime of the catalyst without a notice-
able loss of its activity.

It is likely that larger palladium clusters with phos-
phorus-containing ligands were formed at the ratio
P/Pd < 0.4. As a result of this, the number of catalytic
centers decreased to cause a decrease in the catalyst
activity. A decrease in the catalyst activity was also
observed at the ratio P/Pd > 0.4. This was due to the
blocking of palladium by phosphorus-containing
ligands; as a consequence, the nitrobenzene access to
palladium was hindered. It was found experimentally
that the activity of the catalytic system was equal to
zero at P/Pd = 5.0.

In the absence of triphenylphosphine, the resulting
palladium metal can also reduce nitrobenzene. How-
ever, it is less active in this reaction than the palladium
clusters prepared in the presence of triphenylphos-
phine; evidently, this is due to the above factors (migra-
tion on the support surface).

Thus, P/Pd = 0.4 is the optimum P/Pd ratio for the
preparation of palladium catalysts supported on nano-
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diamonds. This ratio was used in the preparation of cat-
alysts for all of the subsequent kinetic studies.

As an example, Fig. 1 shows the dependence of the
amount of absorbed hydrogen on the duration of
nitrobenzene reduction at various catalyst amounts.
The rectilinear shape of the kinetic curves allowed us to
characterize the process of reduction by the rate deter-
mined at this portion (initial rate) and to study the
dependence of the initial rate on various parameters.

Thus, we studied the effects of the catalyst and
nitrobenzene amounts, the partial pressure of hydrogen,
and temperature. The order of the reaction with respect
to all parameters was determined by a differential
method.

Figure 2 shows the dependence of  on (a)
, (b) , and (c) , where 

 

w

 

 is the
rate of reaction, 

 

C

 

NB

 

 is the concentration of nitroben-
zene (mol/l),  is the partial pressure of hydrogen
(Torr), and 

 

m

 

Cat

 

 is the weight of the catalyst (mg).
Figure 2 indicates that the reaction was of first order
with respect to hydrogen and the catalyst and zero order
with respect to nitrobenzene under the test conditions.

The average apparent rate constant of the reaction
was 0.126 (g Pd)

 

–1

 

 min

 

–1

 

, as determined graphically
from Figs. 2b and 2c.

wlog
CNBlog PH2

log mCatlog

PH2

 

Figure 3 demonstrates the effect of temperature on
the rate of the reaction.

It can be seen in Fig. 3 that, in the given temperature
region, a linear Arrhenius plot was observed for the
reaction rate of nitrobenzene hydrogenation with
molecular hydrogen in the presence of the palladium
catalyst supported on nanodiamonds. We found that the
rate of reaction increased with temperature. The appar-
ent activation energy derived from experimental data
was 12 kJ/mol.

Note that the experimentally found orders of the
reaction with respect to all of the reactants are consis-
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Fig. 1.

 

 Dependence of the amount of consumed hydrogen
on the duration of nitrobenzene reduction (
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 Dependence of  for nitrobenzene hydrogena-
tion on (a) , (b) , and (c) .
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tent with well-known data for palladium catalysts on
other supports [5–9].

Based on the kinetic study and in accordance with a
quasi-steady-state approximation (all steps before and
after the rate-limiting step are considered equilibrium),
the following reaction mechanism can be proposed:
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where Cat is the catalyst; NB is nitrobenzene; ç2 is
hydrogen; K1 and K3 are the equilibrium constants of
steps 1 and 3, respectively; and k2 is the rate constant of
rate-limiting step 2.

The expressions for the equilibrium constants K1
and K3 are as follows:

(1)

where CCat–NB and CCat are the concentrations of inter-
mediate catalyst species and CNB is the nitrobenzene
concentration;

(2)

where  is the concentration of intermediate
catalyst species and Caniline is the aniline concentration.

The total catalyst concentration is the sum of the
concentrations of all intermediate species:

(3)

Expressing CCat from Eq. (1) and  from
Eq. (2) and substituting them in Eq. (3), we obtain

(4)

K1

k2

K3

K1

CCat–NB

CCatCNB
-------------------,=

K3

CCatCaniline

CCat–NB H2( )
------------------------,=

CCat–NB H2( )

CCat° CCat CCat–NB CCat–NB H2( ).+ +=

CCat–NB H2( )

CCat–NB

K1CNB
---------------- CCat–NB

CCat–NBCaniline

K3K1CNB
-------------------------------+ + CCat° .=

From Eq. (4), we express  as follows:

(5)

With consideration for the fact that step 2 (hydrogen
activation step) in reaction scheme (I) is a rate-limiting
step, we obtain the following rate equation:

(6)

Substituting (5) into Eq. (6), we obtain

(7)

Because nitrobenzene is rapidly adsorbed on the
catalyst surface (K1) and the resulting reaction product
(aniline) rapidly passes into solution from the catalyst
surface (K3), we have high values of the equilibrium
constants K1 and K3. At the high values of K1 and K3,

, (8)

the value of 1 +  in Eq. (7) can be ignored and

rate Eq. (7) changed to the following rate equation,
which was observed experimentally:

(9)

where w is the rate of reaction, k is the rate constant,
CCat is the catalyst concentration, and  is the hydro-
gen concentration.

Based on these data, the following conclusions can
be made: Zero order with respect to nitrobenzene sug-
gests the rapid adsorption of nitrobenzene, and equilib-
rium 1 in scheme (I) is almost completely shifted to the
formation of the Cat–NB complex. Equilibrium 1 and
first order with respect to hydrogen suggest that step 2
(interaction of the Cat–NB complex with hydrogen) is
a rate-limiting step. Then, the direct reduction of
nitrobenzene to aniline with activated hydrogen occurs
by a complex multistep mechanism [5]. The resulting
reaction product is almost not adsorbed on the catalyst
surface, and it rapidly goes into solution; therefore, it
does not have an inhibiting effect on the process.

The shapes of the kinetic curves shown in Fig. 1 and
relationships in Fig. 2 suggest the absence of an effect
of aniline in the course of its formation. Moreover, we
found that the introduction of an additional amount of
aniline into the reaction medium had no effect on the
rate of the reaction.

Thus, the reaction scheme proposed adequately
describes the processes occurring in the course of
nitrobenzene hydrogenation in the presence of a cata-
lyst based on nanodiamonds.
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Fig. 3. Arrhenius plot for the temperature dependence of the
reaction rate of nitrobenzene hydrogenation.
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We studied the effect of the nature of the solvent on
the rate of nitrobenzene hydrogenation. Table 2 sum-
marizes the results of this study.

In Table 2, it can be seen that the rate of hydrogena-
tion increased with the molecular weight of aliphatic
alcohols. The highest rate of hydrogenation was
reached with the use of butanol as the solvent. This was
due to the fact that the boiling temperature of the sol-
vent increased and the saturation vapor pressure
decreased with increasing molecular weight of the sol-
vent and the concentration of hydrogen increased; this
favored an increase in the reaction rate. Figure 4 shows
the logarithmic plot of the rate of reaction in methanol,
ethanol, and butanol on the partial pressure of hydrogen
calculated using published data [15] for the vapor pres-
sures of these solvents at 40°ë. It can be seen that,
within the limits of the experimental errors, a nearly
first-order rate law with respect to  was observed;
this allowed us to substantiate the above conclusions. It
is likely that the low rates of nitrobenzene hydrogena-
tion in benzene, benzyl alcohol, and amyl alcohol solu-
tions are explained by the adsorption of the solvents
competing with the adsorption of nitrobenzene.
Because of this, the active palladium species of the cat-
alyst becomes inaccessible to nitrobenzene.

In addition to nitrobenzene, other aromatic nitro
compounds were hydrogenated (Table 3).

In Table 3, it can be seen that, in general, the rate of
hydrogenation of substituted aromatic nitro compounds
is lower than the rate of hydrogenation of nitrobenzene.
This may be explained by the electronic and steric
effects of substituents on different steps of the multistep
reduction of the nitro group [5]. The introduction of
electron-acceptor substituents into the aromatic ring
accelerates electron-transfer steps and decelerates pro-
tonation steps. The protonation steps become rate-lim-
iting steps, and a further increase in the electron-accept-
ing power of the substituent will decelerate the overall
rate of hydrogenation. On the contrary, electron-donor
substituents accelerate the protonation steps and decel-
erate the electron-transfer steps, which become rate-
limiting steps. Therefore, an increase in the electron-
accepting power of the substituent will also slow down
hydrogenation.

Table 3 also indicates that the selective reduction of
the nitro group to the amino group occurred in the pres-
ence of palladium catalysts supported on nanodia-
monds without the formation of any by-products or
intermediate products. In this case, the corresponding
aromatic amines were formed in quantitative yields
(97–99%, as found by gas–liquid chromatography).
This was also evidenced by the stoichiometric absorp-
tion of hydrogen in the hydrogenation of aromatic com-
pounds with one and two nitro groups. Thus, the corre-
sponding amount for dinitrophenol was precisely two
times larger than that for nitrophenol taken in an equal
molar amount.

PH2

Thus, we found that nanodiamonds are an effective
support for hydrogenation catalysts based on palladium
clusters stabilized by triphenylphosphine. The rates of
hydrogenation in ethanol were 7.6, 3.73 [5], and
3.74 l H2 (g Pd)–1 min–1 [2] on nanodiamonds, carbon,
and carbon fiber, respectively. The reaction was of first
order with respect to hydrogen and the catalyst, and the
reaction rate was independent of the nitrobenzene con-

Table 2.  Effect of solvents on the reaction rate of nitroben-
zene hydrogenation (wa) on the palladium catalyst supported
on nanodiamonds

Solvent wa, l H2 (g Pd)–1 min–1

Benzene 0.3 ± 0.1

Benzyl alcohol 0.9 ± 0.3

Amyl alcohol 1.7 ± 0.2

Methanol 6.9 ± 0.2

Ethanol 7.7 ± 0.3

Butanol 11.6 ± 0.2

1.1

1.0

0.9

0.8

logw [l H2 (g Pd)–1 min–1]

2.902.852.802.752.702.65
logPH2

 [íÓrr]

1

2

3
y = 1.2754x – 2.6266

R2 = 0.8404

Fig. 4. Dependence of  for nitrobenzene hydrogena-
tion on  in (1) methanol, (2) ethanol, or (3) butanol.

wlog
PH2

log

Table 3.  Hydrogenation of aromatic nitro compounds

Compound wa, l H2 (g Pd)–1 min–1 Amine 
yield, %

γ-Dinitrophenol 3.2 ± 0.2 98

para-Nitrobenzoic acid 3.5 ± 0.2 99

Ludigol 3.9 ± 0.3 97

α-Dinitrophenol 4.5 ± 0.1 99

ortho-Nitrophenol 4.6 ± 0.1 99

para-Nitrochlorobenzene 4.7 ± 0.1 98

Ethyl para-nitrobenzoate 4.8 ± 0.2 99

ortho-Nitrochlorobenzene 5.0 ± 0.3 98

Nitrobenzene 7.3 ± 0.3 99
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centration. In principle, the formal kinetics of hydroge-
nation was identical for traditional catalysts with vari-
ous carbon matrices. The main distinctive feature of the
proposed catalyst is its higher activity and selectivity
[3, 4]. The reaction mechanism proposed completely
describes the processes occurring in nitrobenzene
hydrogenation with molecular hydrogen on a palladium
catalyst supported on nanodiamonds.
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