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The study addresses the effect of the reduction conditions of palladium polynuclear
hydroxo complexes (PHC) supported on the Sibunit carbon material on the dispersion of the
metal particles and the activity of 0.5%Pd/Sibunit catalysts in the selective hydrogenation of
sodium 2,4,6�trinitrobenzoate to 1,3,5�triaminobenzene in an aqueous solution (temperature
of 323 or 343 K, pressure of 0.5 MPa). The palladium PHC were reduced using the most
common methods pertaining to catalyst preparation: liquid�phase reduction with sodium
formate and reduction in a hydrogen flow at elevated temperature. It was found that high�
temperature reduction in the gas phase gives rise to Pd particles with a markedly lower
dispersion compared with the sample obtained under mild liquid�phase reduction conditions.
The catalytic activity of the sample containing large Pd particles proved to be higher than the
activity of the catalyst obtained by reduction with sodium formate.

Key words: 2,4,6�trinitrobenzoic acid, catalytic hydrogenation, palladium catalyst,
reduction.

The supported palladium catalysts have found wide use
in organic synthesis processes.1—3 Fairly popular among
them are catalysts of the "palladium on carbon" type, which
are used, in particular, in the catalytic hydrogenation of
various organic compounds for the synthesis of dyes, fra�
grances, pharmaceuticals, and biologically active com�
pounds.1—6 Considerable researchers´ interest is aroused in
both the structures of these catalysts and the physico�
chemical aspects of their synthesis.6—11 The properties of
supported catalysts can be optimized, in particular, by
varying the size and morphology of metal particles.12,13 This
control over the catalyst properties can be accomplished
during the catalyst preparation, which consists in the depos�
ition of a precursor of the active component on the support,
heat treatment (drying, calcination), and/or reduction.

Previously, we studied in detail14—17 the liquid�phase
hydrogenation of the sodium salt of 2,4,6�trinitrobenzoic
acid (Na�TNBA) in the presence of Pd/C catalysts. This
reaction is of interest, first of all, in relation to safe utili�
zation of explosives to obtain valuable chemicals for civil
purposes. We were able to optimize the reaction condi�
tions and catalyst composition, which allowed the syn�
thesis of 1,3,5�triaminobenzene (TAB) in a nearly 100%
yield.15,16 In a study of a series of Pd/C catalysts differing
in the dispersion of supported palladium, we found that
hydrogenation of Na�TNBA is a structure�sensitive reac�
tion: the turnover frequency (TOF) increased with in�
creasing average size of supported palladium particles.17

These catalysts were synthesized by deposition of palladi�
um polynuclear hydroxo complexes (PHC) with the com�
position {Mn[Pd(OH)2]m}n+ (M = Li, Na, K) on the
Sibunit carbon material and subsequent reduction with
sodium formate. The dispersion of Pd particles was con�
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trolled by varying the nature of M in the reactant forming
the PHC and the pH of hydrolysis, i.e., conditions of the
initial stages of synthesis of the Pd/C catalyst. Mean�
while, it is of interest whether it is possible to control the
particle size of the supported metal and catalytic proper�
ties of the resulting Pd/C composite at the final stage of
catalyst preparation by selecting conditions of reduction
of the (Pd PHC)/C system.

The reduction (activation) step is significant for the
use of catalyst in the catalytic hydrogenation and oxida�
tion reactions, because the degree of reduction of sup�
ported palladium can vary.18 The reducing agents used
for supported palladium precursors include sodium for�
mate, sodium borohydride, formaldehyde, hydrazine, and
gaseous hydrogen.5,6,10,13,18,19 The effect of the reduc�
tion conditions on the dispersion and catalytic action of
supported palladium in various reactions has been ad�
dressed in numerous studies.8,13,18—21 In particular, it
has been shown21 that the dispersion of palladium parti�
cles in the Pd/C catalysts subjected to reduction with
hydrogen (in water under pressure) is 2—5 times higher
than that in the samples reduced in sodium formate solu�
tions. The method used to reduce the palladium precur�
sor was found to affect the activity of Pd/C catalysts to�
wards the selective hydrogenation of isophorone. According
to another study dealing with the Pd/C catalysts,19 the
reduction of the supported precursor in a sodium formate
solution gives rise to highly dispersed palladium particles.
The average particle size is more than twice smaller than
that in the samples obtained by reduction with hydrogen
gas at elevated temperature. In the latter case, increase in
the reduction temperature leads to enlargement of the
supported palladium particles. The conditions of reduc�
tion of palladium precursor and the size of the palladium
particles being formed were found to affect the activity
and selectivity of the Pd/C catalysts towards liquid�phase
hydrogenation of 2,4�dinitrotoluene.

Each reduction method has its own specific features
that are to be taken into account in the synthesis of cata�
lysts with specified physicochemical properties. Thus af�
ter the reduction of palladium precursor with sodium for�
mate, thorough washing is needed, because the finished
catalyst may be contaminated with sodium cations, while
in the case of reduction with hydrogen gas, too high tem�
perature of reduction may lead to sintering of palladium
particles and their interaction with the carbon sup�
port.10,19,22,23

The purpose of this study is to elucidate the effect of
the conditions of reduction of the Sibunit�supported pal�
ladium PHC on the Pd particle size and the Pd/Sibunit
catalyst activity towards hydrogenation of Na�TNBA. The
reduction techniques used most widely in the catalyst
preparation practice were chosen, namely, liquid�phase
reduction with sodium formate and reduction in a hydro�
gen flow at elevated temperature.

Experimental

Catalysts containing 0.5 wt.% Pd were prepared by hydro�
lytic precipitation of palladium PHC on the surface of the
Sibunit carbon material. 24—26 This material with a BET specif�
ic surface area of 422 m2 g–1 and grain size of 50—140 μm was
synthesized at the Department of Experimental Technologies
of the Institute of Hydrocarbons Processing, Siberian Branch
of the Russian Academy of Sciences. The deposition of palladi�
um was carried out as follows. Palladium chloride was dis�
solved in hydrochloric acid in the Pd to HCl molar ratio of 1 : 2
and the solution was diluted with water to the required concen�
tration. A solution of KHCO3 was added dropwise to the ob�
tained aqueous solution of H2PdCl4 until pH 5 was reached.
The resulting brown solution of PHC was mixed with an aque�
ous suspension of Sibunit. This was accompanied by complete
adsorption of the complexes by the support and discoloration of
the solution. Then the Sibunit with the supported complexes
was separated from the solution by filtration and washed. The
reduction of Sibunit�supported palladium PHC was carried out
in an HCOONa solution at 363 K for 0.5 h or in a flow of
hydrogen gas at 573 K for 1 h.27 The sample obtained after the
sodium formate reduction was thoroughly washed with water
and stored wet (relative water content of ∼50%). This catalyst is
designated below as Pd/C�F. The sample obtained upon the
reduction with hydrogen is designated as Pd/C�H (Fig. 1).

Methods for catalyst investigation. The palladium content in
the catalysts was determined by atomic absorption spectrometry
(AAS) on an AA�6300 instrument (Shimadzu) after sample dis�
solution in a mixture of nitric and perchloric acids. The measur�
ed palladium content was the same in both samples (0.5 wt.%).

The palladium dispersion in reduced Pd/C�F and Pd/C�H
samples (see Fig. 1) was determined by pulse chemisorption of
CO molecules at room temperature using an AutoChem II 2920
chemisorption analyzer (Micromeritics) equipped with a ther�
mal conductivity detector. A mixture containing 10 vol.% CO
in helium was injected in pulses at regular intervals into a flow
of helium carrier gas. The injection was continued until the
detector signal became constant. The metal dispersion was cal�
culated from the CO chemisorption data with the assumption
that CO : Pd = 1, relying on published data19,22,28 for the Pd/C
catalysts synthesized and pretreated under similar conditions.
The pretreatment of the Pd/C�F catalyst before the measure�
ments included drying at 393 K in air and subsequent reduction
in a flow of 10 vol.% H2 in argon in the temperature�pro�
grammed mode in the temperature range of 303—343 K (heat�
ing rate of 10 °C min–1), with the hydrogen consumption pro�
file being recorded. The conditions of formation of metal parti�
cles from the Sibunit�supported palladium PHC during the syn�
thesis of the Pd/C�H catalyst were studied using the tempera�
ture�programmed reduction (TPR) technique in a flow of
10 vol.% H2 in argon in the temperature range of 303—573 K
(heating rate of 10 °C min–1). The TPR and pulse chemisorp�
tion experiments were conducted using special purity gases (not
less than 99.999 vol.% purity) and gas mixtures manufactured
by the Pure Gases, LLC.

The obtained palladium dispersion (D) values in the catalysts
were used to calculate the average volume�surface diameter of
Pd particles (the particles were assumed to be spherical):29,30

(1)
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where VPd is the atomic volume of the metal phase, which is
equal to 0.0147 nm3 for Pd; and aPd is the average effective
area occupied by one metal atom on the surface, which is
0.0793 nm2 for Pd.

Transmission electron microscopy (TEM) images were
obtained on a JEM�2100 (JEOL) electron microscope with
a lattice resolution of 0.14 nm at an accelerating voltage of
200 kV. The samples were prepared as suspensions in ethanol
and deposited on copper grids coated by perforated amorphous
carbon film, which were then mounted in the electron micro�
scope. The TEM images were analyzed using the DigitalMicro�
graph program package (Gatan).

The average volume�surface diameter of Pd particles was
calculated from the formula29,30

(2)

where Ni is the number of particles with an average diameter
of di.

Catalytic hydrogenation of Na�TNBA and analysis of the reac�
tion products.14—17 An aqueous solution of Na�TNBA was pre�
pared by adding powdered NaHCO3 (0.59 g) to a gently stirred
aqueous suspension of TNBA (2.00 g) up to complete dissolu�
tion and the cessation of CO2 evolution. Hydrogenation of
Na�TNBA in the aqueous solution (2 wt.%, 100 mL) was car�
ried out with hydrogen gas in the presence of a catalyst (500 mg)
in a steel autoclave at a temperature of 323 K or 343 K and
a pressure of 0.5 MPa. The reaction mixture was magnetically
stirred at 1400 rpm. The completion of the reaction was deter�
mined from the volume of hydrogen consumed per unit time.

As the reaction was over (hydrogen was no longer consumed),
the autoclave was cooled down and the reaction mixture was
sampled with a syringe.

The TOF was calculated from the equation

TOF = r(H2)/(nD), (3)

where r(H2) is the reaction rate (moles of H2) s–1 measured
10 min after the reaction has started, i.e., in the linear segment
of the hydrogen consumption curve; n is the amount of sup�
ported palladium, moles; D is the dispersion of palladium deter�
mined by CO pulse chemisorption or by TEM.

The hydrogenation products were analyzed by 1H NMR
spectroscopy. The spectra were measured on an Avance�400
NMR spectrometer (Bruker). The signal of the residual methyl
protons of methanol�d4 (δH 3.30, quintet) was used as the inter�
nal standard. The water signal was suppressed by zgpr presatu�
ration pulses (Bruker).

Results and Discussion

Effect of the reduction conditions of supported PHC on
the dispersion of the formed palladium particles. The pro�
cedure of synthesis of Pd/C catalysts by alkaline hydrolysis
of palladium chloride complexes followed by adsorption
of the resulting palladium PHC on the carbon support
surface has been described in detail previously.10,31—33

The formation and the fraction of supported palladium
particles exposed are largely determined by the initial con�
ditions of synthesis such as the nature of the alkali metal

Fig. 1. Block diagram of the preparation and subsequent examination of Pd/C�F and Pd/C�H catalysts: TEM is the transmission
electron microscopy, AAS is the atomic absorption spectrometry, TPR is the temperature�programmed reduction.
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in the compound involved in PHC formation and pH of
hydrolysis.17 Therefore, in order to identify the effect of
the reduction method, the PHC synthesis and adsorption
on Sibunit were carried out under identical conditions
using KHCO3 as the alkaline reagent at pH 5. The Si�
bunit�supported palladium PHC were reduced either in a
sodium formate solution at 363 K or in a hydrogen flow at
573 K (see Fig. 1).

As follows from the CO pulse chemisorption data, the
dispersion of supported palladium depends on the reduc�
tion method. The dispersion of Pd particles is 14% for the
Pd/C�F sample (sodium formate reduction) and 4% for
the Pd/C�H sample (hydrogen reduction). The obtained
dispersion values are in line with the calculated average
diameters of the palladium particles (〈d〉vs

CO): 7.9 nm for
Pd/C�F and 27.8 nm for Pd/C�H (Table 1).

The observed difference in the dispersion values may
be due not only to the difference between the Pd particle
size in the Pd/C�F and Pd/C�H samples, but also to
different adsorption behaviors. The chemisorption of CO
molecules on Pd particles is known to be structure�sensi�
tive; therefore, in addition to the metal particle size, the
mode of CO adsorption (linear vs. bridging) also changes,
and so does the CO : Pd ratio, which is necessary to
calculate the dispersion.22,29,30

In addition, according to TPR data (Fig. 2), the cata�
lyst samples differ in the amount of hydrogen consumed
during the synthesis. Despite the fact that the Pd/C�F
sample was reduced with sodium formate before the mea�
surements and contained palladium metal particles (ac�
cording to TEM data), it additionally consumed hydro�
gen during pretreatment in an autoclave at the reaction
temperature, that is, at 323 or 343 К. Indeed, according
to TPR data, hydrogen consumption takes place in the
303—343 K range (see Fig. 2, a). However, the amount of
hydrogen additionally consumed by this sample is rela�
tively low under these conditions (H2 : Pd = 0.5) and is
likely to be associated with the reduction of oxidized pal�
ladium species formed on the particle surface upon con�
tact of the sample with air. The reduction of supported

palladium PHC with hydrogen involves palladium β�hy�
dride formation34 and subsequent decomposition in the
303—353 K range (see Fig. 2, b). However, at higher
temperature, intense hydrogen consumption by reduced
palladium particles is observed. The consumption of hy�
drogen in the 353—573 K temperature range in an amount
much exceeding the stoichiometric amount, that is, the

Table 1. Average particle size of palladium in the 0.5%Pd/Sibunit catalyst samples and catalytic activity of the
samples in hydrogenation of Na�TNBA

Catalyst 〈d〉CO
vs

a 〈d〉vs
b r(H2)/(μmol H2) s–1 c TOF/(mol H2) (mol Pds)

–1 s–1 d

nm 323 K 343 K 323 K 343 K

Pd/C�F 7.9 5.9 31.2 38.3 9.4 (6.0) 11.6 (7.3)
Pd/C�H 27.8 7.7 41.0 51.2 43.5 (9.1) 54.2 (11.3)

a Average volume�surface diameter of Pd particles calculated from the CO pulse chemisorption data by Eq. (1).
b Average volume�surface diameter of Pd particles calculated from TEM data by Eq.(2).
c Reaction rate measured 10 min after the start of reaction, i.e., in the linear segment of the hydrogen consump�
tion curve.
d  TOF values were calculated by Eq. (3) and using dispersion values derived from CO chemisorption data. The TOF
values calculated using the dispersion values derived from TEM data are given in parentheses.

Fig. 2. Hydrogen consumption—evolution profiles recorded
during TPR of the Pd/C�F catalyst (a) and Sibunit�supported
palladium PHC (b); I is the thermal conductivity detector signal,
T is temperature.
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amount needed to reduce the supported complexes, can
also affect the adsorption properties of palladium. This
excessive consumption of hydrogen may be caused by the
formation of large palladium particles during high�tem�
perature reduction, as it is known28 that the amount of
hydrogen consumed by palladium particles increases with
increasing particle size.

Due to uncertainty in the measurement of dispersion
inherent in the chemisorption method, the determined D
should be taken as apparent.22 Nevertheless, even though
the absolute values of the dispersion determined at a spec�
ified CO : Pd ratio are not quite adequate, they correctly
reflect the relative particle size, which can be used to
compare the catalysts.

The average Pd particle size was additionally deter�
mined using TEM, that is, a direct technique (Fig. 3).
This method also has limitations associated with the mea�
surement of sizes of highly dispersed particles, especially
when the strong interaction with the support deteriorates
the image contrast. Several assumptions have to be made
to measure the size of aggregates with a complex shape.
The 〈d〉vs values determined by TEM were 5.9 and 7.7 nm
for the Pd/C�F and Pd/C�H catalysts, respectively (see
Table 1). The considerable difference between the 〈d〉vs
and 〈d〉vs

CO values for the sample obtained by high�tem�
perature reduction with hydrogen is consistent with pub�
lished results19 and can be attributed to predominance of
the bridge�site adsorption of CO on large Pd particles. In
this case, the use of the CO : Pd = 1 ratio for the calcula�
tion of 〈d〉vs

CO may be improper.
Despite the differences between the absolute values

obtained by chemisorption measurements and TEM, the
general trend of the influence of the reduction method on
the particle size of supported palladium is retained. The
catalyst obtained by the high�temperature reduction with
hydrogen is characterized by a lower dispersion of sup�
ported palladium than the sample obtained under mild
conditions by sodium formate reduction. As can be seen
from the Pd particle size distribution histograms, the
Pd/C�F sample has a relatively narrow size distribution
with a maximum in the 3—6 nm range (see Fig. 3, e),
whereas the Pd/C�H sample has a higher percentage of
large particles (see Fig. 3, f), which are often aggregates
of smaller spherical particles. Thus, the reduction in
a hydrogen flow at elevated temperature results in sinter�
ing of Pd particles, which is consistent with the earlier
results for Pd/C systems.19,22

Effect of reduction conditions of the supported PHC on
the activity of 0.5%Pd/Sibunit catalysts towards hydroge�
nation of Na�TNBA. The Pd/C�F and Pd/C�H catalysts
differing in the conditions of reduction and dispersion of
supported palladium were studied in the hydrogenation
of Na�TNBA in an aqueous solution at temperatures of
323 and 343 K and a pressure of 0.5 MPa. The reaction
products were identified by 1H NMR spectroscopy. All

1H NMR spectra of reaction mixtures (one spectrum is
shown in Fig. 4) exhibit an intense singlet with δH 5.74,
which corresponds to TAB aromatic protons.14—17 The
other signals correspond to intermediate hydrogenation
products whose concentrations are very low in all reac�
tion mixtures.

The exhaustive reduction of three nitro groups (i.e.,
conversion of Na�TNBA to TAB) requires 9 moles of H2
per mole of Na�TNBA. As can be seen from the hydrogen
consumption curves (Fig. 5), the amount of hydrogen
consumed during hydrogenation is close to the stoichio�
metric value. Thus, irrespective of the palladium precur�
sor reduction conditions, Na�TNBA is completely con�
verted during hydrogenation catalyzed by 0.5%Pd/Sibunit
with selective formation of TAB at both 323 K and 343 K
(Scheme 1).

Scheme 1

The TOF values were determined from the reaction
rates calculated from the amount of consumed hydrogen
in the initial linear segments of the consumption curves
(10 min after the start of the reaction) and the amount of
the surface Pd atoms for each sample. It follows from the
results (see Table 1) that the TOF of the Pd/C�H catalyst
is considerably higher than that of Pd/C�F in which the
dispersion of the supported palladium is higher. This re�
sult is consistent with our recent results17 and published
data on the hydrogenation of 2,4�dinitrotoluene,19 nitro�
benzene,35,36 and 4�chloronitrobenzene37 in the presence
of supported palladium catalysts. The increase in the TOF
with increasing average particle size of supported palladi�
um in the catalyst provides the conclusion that the cata�
lytic reaction in question is structure�sensitive.38 It is ev�
ident that the rate of catalytic reactions depends on the
state of both substrate and hydrogen molecules on the
catalyst surface. It is known that as the supported metal
particle size decreases, the interaction of palladium with
the substrate nitro groups becomes stronger than the in�
teraction with hydrogen molecules.37 As a result of
strong adsorption of the substrate (and intermediate hy�
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Fig. 3. TEM images of Pd/C�F (a, c) and Pd/C�H (b, d) catalysts at different magnifications and the corresponding histograms for
Pd particle size distribution (e and f).
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drogenation products containing nitro group) on highly
dispersed palladium particles, the reaction rate and TOF
would be lower than in the case of large Pd particles.

Thus, we studied the influence of conditions of the
reduction of Sibunit�supported palladium PHC on the
dispersion of the resulting metal particles and activity of
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the Pd/C catalysts thus formed towards selective hydro�
genation of Na�TNBA to TAB. The reduction was car�
ried out by the most common methods used in the cata�
lyst preparation practice: liquid�phase reduction with
sodium formate and reduction in a hydrogen flow at ele�
vated temperature. It was found that the reduction tech�
nique affects the dispersion of the supported metal and its
catalytic activity in the considered reaction. The high�
temperature gas�phase reduction gives rise to Pd particles
with a much lower dispersion than the mild liquid�phase
reduction conditions. The TOF value proved to be higher
for the sample containing large Pd particles than for
the catalyst obtained by sodium formate reduction.
These results could be useful for optimization of the
conditions of synthesis of high�performance Pd/C type

catalysts for selective hydrogenation of polyfunctional or�
ganic compounds.
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