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Abstract—Palladium nanoparticles deposited on thermally oxidized silicon and on the carbon support Sibunit
by the laser electrodispersion method are extremely active in the gas-phase hydrodechlorination of chloroben-
zene at 100-200°C. High conversion of chlorobenzene (above 90%) has been achieved with catalysts with an
unusually low metal content (from 10~ to 103 wt %). The cyclohexane-to-benzene ratio in the reaction prod-
ucts depends on the process duration, palladium content, and support nature. According to X-ray photoelectron
spectroscopy (XPS) data, palladium in the catalysts retains its metallic state over a long time under the reaction
conditions. Possible causes of the high catalytic activity (10° mol (mol Pd)~! h™!) of the palladium nanoparticles

and their stability to chlorination are discussed.
DOI: 10.1134/S0023158408050212

INTRODUCTION

It has recently been found that the activity of metal-
containing catalysts depends on the particle size and on
the average interparticle distance [1-6]. The properties
of the catalytic system can change dramatically at the
critical (threshold) value of the surface coverage or at
an average interparticle distance allowing intercluster
charge transfer. The discovery of this effect opened up
a new possibility for controlling the catalytic properties
of supported metal particles by the formation of coat-
ings with the optimal surface density of these particles.
This would allow one to enhance the efficiency of the
catalysts based on nanosized particles, which can be
especially useful for the development of catalytic sys-
tems containing precious and rare metals. In this case,
the metal content can be decreased by several orders of
magnitude without changing the main characteristics of
the catalyst.

In the present work, knowledge of the second-order
size effects [4—0] that are due to the appearance of
charged states of nanoparticles near the threshold inter-
particle distance was used to develop new, highly effi-
cient and stable catalysts for hydrodechlorination. Cat-
alytic hydrodechlorination is the only environmentally
friendly method for treatment of toxic polychloroor-
ganic technogenic waste [7—10]. This process has not
found wide use so far only because of the large con-
sumption of precious metals and the low stability of the
catalysts. The development of new, highly efficient cat-

alysts prepared by laser electrodispersion makes it pos-
sible to solve these problems.

The laser electrodispersion method [11] is based on
the ablation of a metallic target under the action of a
powerful pulsed periodical laser under conditions of the
formation and detachment of molten metal drops from
the target surface. This is possible under severe target
irradiation conditions, specifically, a high temperature
of the laser torch plasma [6]. As a result of the subse-
quent cascade separation of micronic and submicronic
drops formed in the laser torch plasma, a huge number
of charged nanosized particles with a narrow size scat-
ter are formed. A nonuniform steady-state electric field
is created in the gap between the target and support for
further separation of the resulting particles. The electric
field configuration and strength are chosen in such a
way that the nanosized drops are “focused” on the sup-
port without disturbing the motion of the larger parti-
cles. The nanoparticle size at given electrophysical
parameters of the system is a function of the metal
nature alone [1-6]. The surface density of the particles
and the number of granular layers are controlled by the
selecting the film deposition time. At short deposition
times, the metal particles are arranged on the support as
a single layer. On contact with the atmosphere, the
metal nanoparticles oxidize only to a negligible extent
and even the copper particles do not undergo complete
oxidation [12]. These specific features of the nanostruc-
tured metal coatings prepared by laser electrodisper-
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Fig. 1. Scheme of Pd nanoparticle sputtering on the surface
of the Sibunit pellets stirred on a vibrating piezoceramic
plate.

sion make them highly efficient and stable under cata-
lytic conditions.

EXPERIMENTAL

Thermally oxidized silicon (SiO,/Si) was used as a
support for the deposition of the palladium nanoparti-
cles by laser electrodispersion as described previously
[4]. The other support was the granular carbon material
Sibunit (C) with a pellet size of 0.6 to 3.0 mm and a spe-
cific surface area of 406410 m?/g. The scheme of
nanoparticle deposition on the granular support is
shown in Fig. 1. This procedure differs from the earlier
described procedure of nanoparticle deposition on pla-
nar supports [4] in that the Sibunit pellets are placed on
the surface of a piezoceramic holder. To achieve a uni-
form coating of the pellets by the metal nanoparticles,
the support was continuously stirred by vibrations of
the piezoceramic plate with a frequency of 16 kHz.

The average size and size scatter of the Pd nanopar-
ticles were determined by transmission electron
microscopy (TEM) and scanning tunneling microscopy
(STM). It was shown previously that these characteris-
tics are independent of the support material [6]. Images
were obtained using Philips EM-42 (resolution of
~0.34 nm) and JEM 2100F (ultrahigh resolution of
~0.1 nm) transmission electron microscopes. Samples
for TEM examinations were prepared by deposition of
Pd nanoparticles onto standard grids using the laser
electrodeposition method. The electron beam current
was minimized to avoid the transformation (annealing)
of the structure during imaging. The STM images of the
Pd nanoparticle coatings were obtained using an NT-
MDT Solver P47 instrument, which makes it possible
to scan images on a surface area up to 50 x 50 um? with
an object height determination accuracy of at least
0.1 nm. The coatings were deposited on the surface of
polished silicon supports or on the atomically smooth
surface of pyrolytic graphite plates. The sizes of the
Pd nanoparticles measured by the TEM and STM
methods coincided. The analysis of the TEM and STM
images shows that the average density of the Pd nano-
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Fig. 2. Weight of supported palladium versus the time of its
deposition on thermally oxidized silicon.

particles on the support surface is constant and is deter-
mined only by the deposition time. This is another typ-
ical feature of the laser electrodispersion method.

The particle density on the support surface or the
quantity of the supported metal was varied by changing
the film deposition time. A piezoceramic sensor with an
intrinsic frequency of 3.3 MHz designed for magne-
tronic material sputtering was used to study the depen-
dence of the amount of deposited palladium on the dep-
osition time. The sensor was preliminarily calibrated
under standard conditions of metal film sputtering
using a special-purpose setup (Alkotel, Russia). The
dependence of the amount of palladium deposited on
the unit area of the support surface on the deposition
time is shown in Fig. 2 along with the data on the num-
ber of metal particle layers on the support. The number
of layers was calculated from an average particle size of
~2 nm found by microscopic analysis.

As can be seen from Fig. 2, the weight of Pd in the
deposited film under the specified experimental condi-
tions depends almost linearly on the time of structure
deposition and the deposition rate corresponds to a dep-
osition of approximately 2 layers per minute. This
result agrees well with the estimate obtained by mea-
suring the conductivity of the Pd films and by the TEM
method [1]. According to these data, the deposition
time of a nanoparticle monolayer on a silicon plate is
also 30 s. Based on these results, the time of palladium
deposition on the silicon support with a surface area of
1 cm? and a weight of about 0.08 g was varied between
5 and 30 s. The palladium content ranged from 2 x 10~
to 2 X 107 wt %. When the nanoparticles were depos-
ited on Sibunit, 1.5 g of the support was used, and the
deposition time was between 80 and 200 s. The catalyst
composition data are given in Table 1.
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Table 1. Composition of the Pd/C catalysts

Catalyst Pellet size, mm Pd content, wt %
1 2.5-3.0 0.0004
2 1.6-2.0 0.0004
3 0.63-1.25 0.0010

The supported catalyst with a Pd content of
0.5 wt % prepared by the conventional impregnation of
ultrafine diamond with palladium nitrate followed by
reduction was used for comparison.

X-ray photoelectron spectra were recorded on an
XSAM-800 spectrometer using AlK,,; , radiation. The
C 1s line (BE =285.0 eV) of Sibunit was chosen as the
binding energy (BE) standard. The catalyst pellets were
glued on a special-purpose band mounted on the holder.
A portion of the initial pellets was thoroughly ground
and was also glued on the band. The samples were pre-
reduced with hydrogen at 50°C for 15 min in a specially
designed reactor attached to the spectrometer. The
reduced samples were transferred into the spectrometer
chamber without contact with air.

A palladium foil was used as the reference sample.
Before recording a spectrum, the foil was purified by
Ar* ion sputtering (2 kV, 0.25 @A, ~30 min). The mea-
sured Pd 3ds, binding energy was 335.3 eV, which
agrees well with published data [13, 14].

Chlorobenzene (Acros Organics, 99.5%) was
hydrodechlorinated in a vertical tubular quartz reactor
with an internal diameter of 10 mm equipped with a
tubular oven and a thermocouple. Chlorobenzene was
poured into one part of a double glass bubbler, whose
second part contained glass rings wetted with chlo-
robenzene to maintain equilibrium in the flow. A hydro-
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Fig. 3. Size distribution of the palladium nanoparticles in
the Pd/SiO,/Si sample (according to TEM data).
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gen flow from the generator was passed at a rate of
35 ml/min through the bubbler connected with the reac-
tor. The chlorobenzene feed rate was determined as the
difference between the bubbler weights before and after
the reaction divided by the duration of the experiment.
The chlorobenzene feed rate was 0.15 g/h or 3 h™! in all
experiments.

The nonground catalyst (50 mg) was placed in the
middle of the reactor between the quartz paper layers.
A mixture of chlorobenzene and hydrogen was intro-
duced into the reactor at its bottom, and, in the current
of this mixture, the reactor was heated to the preset tem-
perature. The catalyst was not prereduced. After the
working temperature (150°C) was achieved, the reac-
tion mixture was sampled at intervals for chromato-
graphic analysis. The analysis was carried out on a
PU4410 chromatograph equipped with a DB Wax cap-
illary column 30 m in length (column temperature of
100°C, flame-ionization detector, injection port tem-
perature of 200°C, He as the carrier gas, pressure of
1 atm at the column inlet). The quantitative composi-
tion of the reaction mixture was determined using an
internal standard precalibrated against each component
of the reaction mixture.

The amount of palladium in the reactor did not
exceed 10 mol. The catalytic activity was derived
from the yield of the product in 1 h as the molar ratio of
its amount to the total amount of the metal or to the
amount of the metal in the surface layer. The product
yield did not exceed 1% in blank experiments, in which
the supports containing no Pd were loaded into the
reactor. The accuracy of determination of the catalytic
activity was 15%.

RESULTS AND DISCUSSION
Catalyst Structure

When palladium is deposited on a silicon support,
the nanoparticles uniformly cover the surface and the
average particle density on the surface is constant. This
uniform character of surface coverage is typical of
nanostructured films obtained by laser electrodisper-
sion. This character is due to the Coulomb interaction
between metallic particles, which gain a charge in the
laser torch plasma and retain this charge at the moment
of deposition on the support [6].

The results of a statistical analysis of the TEM
images of the palladium films are presented in Fig. 3.
The average size of the palladium particles is about
2 nm. The laser electrodispersion method provides a
very narrow particle size distribution, and the relative
scatter for palladium does not exceed 10%. The same
narrow distribution is typical of nanoparticles of other
metals prepared by this method [1-6].

Another important feature of the nanoparticles
deposited by laser electrodispersion is their unusual
stability to oxidation [12], which can be a consequence
of their amorphism. The amorphous state of the nano-
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Fig. 4. Pd 3d XPS spectra of the granular Pd/C catalyst (/)
before and (2) after hydrodechlorination.

particles is indicated by the absence of well-defined dif-
fraction fringes in the electron diffraction patterns of
the palladium films obtained using a transmission elec-
tron microscope.

According to the XPS data, all palladium on the cat-
alyst surface is in the metallic state after its activation
in a hydrogen atmosphere. This is indicated by the
binding energy of the Pd 3ds, line (336.1 eV) and by
the shape of the Pd 3d line (Fig. 4).

It should be mentioned that the above binding
energy is 0.8 eV higher than that for the palladium foil
(335.3 eV), which is likely due to the small size of the
Pd particles in the supported catalyst. According to
published data, the increase in the Pd 3ds, binding
energy for small palladium particles is caused by the
effects of the initial and final states, and it can reach
1.5eV [15, 16]. The actual shift is somewhat smaller
and can be assigned to 2-nm particles. It can be
assumed that the decrease in the shift of the Pd 3d;, line
is due to the interaction between Pd particles, which
can result in an increase in the energy of extraatomic
relaxation and, hence, a decrease in the binding energy
of a photoelectron emitted from the core level.

A comparison between the X-ray photoelectron
spectrum of the external surface of the catalyst pellets
and the spectrum of the ground catalyst indicates a high
degree of surface enrichment of the catalyst pellets with
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Fig. 5. Survey XPS spectra of (/) ground and (2) granular
Pd/C catalysts before the beginning of the reaction.

palladium. The Pd/C ratio in the spectra of the external
pellet surface is ~30 times larger than that in the spectra
of the ground catalyst (0.11 versus 0.0036) (Fig. 5).
From this we infer that the use of the laser electrodis-
persion method results in the pronounced “crustlike”
palladium distribution over the catalyst pellet. The
entire active metal is on the external particle surface,
which is most accessible to the reactants, and the
degree of its penetration into the internal porous struc-
ture is insignificant.

Catalytic Hydrodechlorination of Chlorobenzene

Palladium nanoparticles deposited by laser electro-
dispersion on the silicon plates and Sibunit are active in
the gas-phase hydrodechlorination of chlorobenzene.
An important distinctive feature of the catalysts pre-
pared by laser electrodispersion is that they need no
prereduction. Moreover, preheating of these catalysts in
a hydrogen flow decreases their activity. For this rea-
son, all subsequent experiments were carried out sim-
ply by passing a mixture of the chlorine-containing
hydrocarbon and hydrogen through the catalyst.

Catalysis by the Pd nanoparticles deposited on
thermally oxidized silicon. Benzene and cyclohexane
are the products of chlorobenzene hydrogenation at
150-200°C in the presence of the palladium nanoparti-
cles deposited on thermally oxidized silicon
(Pd/Si0,/S1). The efficiency and selectivity of the pro-
cess depend on the metal content of the support surface.
Selected results are presented in Tables 2 and 3.

As can be seen, the catalysts with an extremely low
palladium content manifest considerable activity in the
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Table 2. Evolution of the reaction mixture during chlo-
robenzene hydrodechlorination at 200°C on the Pd/SiO,/Si
catalyst with a palladium content of 2 X 10~ wt %

Content, %
Time, min chloroben-
cyclohexane benzene
zene
0 - - 100
48 0 18 82
144 11 17 72
168 10 18 72
228 6 23 71

Table 3. Evolution of the reaction mixture during chlo-
robenzene hydrodechlorination on the Pd/SiO,/Si catalyst
with a palladium content of 4 x 10 wt %

Content, %
T.°C Time, min cyclohex- benzene chloroben-
ane zene
150 0 0 0 100
12 100 0 0
24 97 0 3
84 96 0 4
96 97 0 3
108 80 16 4
120 73 23 4
132 81 15 4
144 73 20 7
156 63 30 7
168 66 27 7
200 228 56 37 7
288 41 51 8
372 51 41 8

hydrodechlorination reaction. For a palladium content
of 4 x 10~* wt %, at the early stages of the process chlo-
robenzene is hydrogenated completely to form only
cyclohexane. Subsequently, at a reaction temperature
of 150°C, the catalyst efficiency somewhat decreases.
This is indicated by the slight decrease in the chlo-
robenzene conversion and by the appearance of ben-
zene in the product. If the temperature is increased to
200°C without interrupting the reactant supply, the
conversion remains above 90% and a product ratio
close to 1 : 1 is observed. As can be seen from the data
in Table 3, the temperature increase does not enhance
the conversion of chlorobenzene and only slightly
affects the selectivity of the process. On the catalysts
with a palladium content above 8 x 10~ wt %, complete
conversion of chlorobenzene was also achieved even at

LOKTEVA et al.

150°C, but benzene was the only hydrogenation prod-
uct. No decrease in the activity of these catalysts was
observed within 7 h.

Catalysis by the Pd nanoparticles deposited on
Sibunit. Chlorobenzene is also hydrodechlorinated at
150-200°C on the catalysts prepared by the deposition
of palladium nanoparticles on Sibunit using laser elec-
trodispersion. In this case, however, the only product is
benzene. The further hydrogenation of benzene to
cyclohexane does not occur even at 200°C. The depen-
dences of the chlorobenzene conversion to benzene on
the Pd nanoparticles on Sibunit with different pellet
sizes (catalysts 1-3) on the duration of the process at
150 and 200°C are shown in Fig. 6. At 100°C chlo-
robenzene conversion on the most active catalyst 3 does
not exceed 13%. It should be mentioned that the palla-
dium catalysts prepared by the standard supporting
method exhibit no activity at this temperature.

It can be seen from the data in Fig. 6 that the high
initial conversion of chlorobenzene on catalysts 1 and
3, as distinct from the Pd/SiO,/Si catalysts, at 150°C
decreases to a steady-state level of 33—35% during the
process. However, as the temperature is raised to
200°C, the activity of all three Pd/C catalysts increases
and the chlorobenzene conversion in the steady-state
region approaches 90%. Thus, the steady-state activity
of these catalysts is almost independent of the Sibunit
pellet size.

The size of the support pellets has an effect only on
the catalyst development time. Catalyst 3, prepared
using large Sibunit pellets (up to 3 mm in size), reaches
a high activity level immediately after the temperature
rise. All three catalysts are very stable. As can be seen
from the data in Fig. 4, a high conversion of about 90%
persists as the catalysts are repeatedly tested without
being regenerated.

Specific Features of the Catalytic Behavior of the Pd
Nanoparticles Prepared by Laser Electrodispersion

The specific catalytic activities (A) of the catalysts
based on Pd/SiO, and Pd/C and containing palladium
nanoparticles were calculated from the chlorobenzene
conversion achieved at the stage of steady catalyst oper-
ation. The results are presented in Table 5. For compar-
ison, Table 5 also includes the data obtained for the sup-
ported catalyst prepared by the conventional impregna-
tion of ultrafine diamond. Note that the catalysts on
ultrafine diamond are more active than many carbon-
supported catalysts. Their efficiency is due to the high
specific surface area and the small size of the palladium
particles. The particle size in such a catalyst ranges
from 2 to 10 nm [17]. The catalytic activities of the dif-
ferent Pd catalysts presented in Table 5 refer either to
the total metal content of the catalyst or to the amount
of the metal in the surface layer of the particle. In our
calculations, we used the data reported in [18], accord-
ing to which the metal fraction in the surface layer of
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Fig. 6. Benzene yields in chlorobenzene hydrodechlorina-
tion versus the reaction time at 150 and 200°C on for Pd/C
catalysts 1, 2, and 3.

particles 2 and 2-10 nm in size is 0.63 and 0.45, respec-
tively. It can be seen from the data in Table 5 that the
catalysts prepared by the deposition of palladium nano-
particles using laser electrodispersion exceed the sup-
ported catalysts in activity by three orders of magni-
tude. The same high activity of the catalysts of this type
was observed earlier in some other reactions of chlo-
rine-containing hydrocarbons and in olefin hydrogena-
tion [1-6].

The palladium nanoparticles deposited on the sili-
con support are more active at 150°C than the catalysts
on Sibunit with a similar metal content. At 200°C, the
activities of the catalysts on different supports are com-
parable. Samples 1 and 2 prepared using large and
medium-sized Sibunit pellets manifested the same
activity in the steady-state region, and the activity of
catalyst 3, prepared using a finer Sibunit fraction, was
lower. This may be due to the fact that the palladium
particle coverage of the surface, along with the size of
the support pellets, exerts a substantial effect on the cat-
alytic activity.

The influence of the metal content on the specific
catalytic activity of catalysts of two types is shown in
Fig. 7. For the catalysts prepared on thermally oxidized
silicon, the largest A value is observed at a metal con-
tent of 4 X 10* wt %. Probably, the optimal surface cov-
erage is achieved at this metal content, making possible
charge transfer between closely spaced particles. A
similar extreme dependence of the catalytic activity on
the surface density of the particles is typical of several
other processes occurring on analogous catalysts sup-
ported on dielectrics [1-6]. A plausible explanation of
this fact is that a change in the charge state of the nano-
particles takes place, which is indicated by both exper-
imental data and theoretical calculations [1-6, 19]. The
similar occurrence of various catalytic processes on
nanoparticles of different metals suggests that the sub-
stantial enhancement of the catalytic ability observed
upon the formation of ensembles of nanoparticles is a
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Fig. 7. Activity of the Pd/C and Pd/SiO,/Si catalysts in chlo-
robenzene hydrodechlorination at 150°C versus the palla-
dium content.

rather general phenomenon. As shown by structural and
electrophysical studies of palladium films [19], an
increase in the metal content of the support surface is
accompanied by the formation of small conducting
agglomerates, i.e., ensembles of palladium nanoparti-
cles.

Concerning the catalysts on Sibunit, the available
data suggest only that the decrease in the catalytic
activity is caused by a change in the size of the support
pellets and by an increase in the metal content of their

Table 4. Evolution of the reaction mixture during chlo-
robenzene hydrodechlorination on the Pd/C catalysts during
their repeated testing (200°C)

Content, %
Catalyst Time, min [ cporoben-
Jene benzene

2 40 15 85
55 16 84

70 16 84

100 15 85

230 11 89

265 8 92

305 7 93

3 25 7 93
60 11 89

85 11 89

125 11 89

160 12 88

180 12 88




754

LOKTEVA et al.

Table 5. Activity of the catalysts prepared by laser electrodispersion compared with the activity of the impregnated catalyst
in the gas-phase hydrodechlorination of chlorobenzene

Pd content Activity
Support total, wt % | :ll;, ;E ergglrf;l;:gs 1, 7C | Conversion, % mol (mol Pd,,,)~' h™!|mol (mol Pd,,)~" h™!

Si0,/Si 2% 1073 0.9 150 100 143000 227000
8x 10 0.4 150 100 340000 540000

4% 10 0.2 150 96 640000 1016000

200 92 620000 984000

2% 10 0.1 150 10 140000 222000

200 29 390000 619000

Sibunit 4% 10 0.2 150 33 221000 351000
(1.6-3.0 mm pellets) 200 88 590000 937000
Sibunit 1x107 0.5 150 35 94000 149000
(0.63-1.25 mm pellets) 200 91 244000 387000
Ultrafine diamond 0.5 200 100 570 1270

surface. Similar dependences were observed for nickel
nanoparticles deposited on another conducting support,
specifically, crystalline silicon [4]. They can be fuel for
electron exchange between the supported nanoparticles
and the conducting support. This process becomes
more significant when isolated particles appear at low
surface coverages [19].

An important feature of the Pd nanoparticles pre-
pared by laser electrodispersion is their high stability in
hydrodechlorination accompanied by hydrogen chlo-
ride formation. An analysis of the X-ray photoelectron
spectra of the catalyst before and after the reaction
(Fig. 4) suggests that only some agglomeration of pal-
ladium occurs during the reaction and the average size
of the metal particles increases. This is indicated by the
decrease in the Pd/C ratio from 0.11 (in the fresh cata-
lyst before the beginning of the reaction) to 0.019
(in the catalyst that has participated in the reaction
cycle). It can be assumed that the induction period or the
phenomenon of catalyst “development” on Sibunit dur-
ing hydrodechlorination is due to palladium agglomera-
tion and to the increase in the average size of the palla-
dium particles. It is known [20, 21] that palladium parti-
cles of optimum size often exhibit a higher catalytic
activity in hydrodechlorination than fine particles.

It should be specially emphasized that, according to
XPS data, the valence state of palladium remains
unchanged during catalytic hydrodechlorination. This
means that neither the oxidation nor the chlorination of
palladium occurs during the reaction. The high stability
is also typical of nanoparticles of other metals obtained
by laser electrodispersion. In particular, the unusually
high stability to oxidation was observed for copper
nanoparticles deposited by laser electrodispersion onto
silicon supports [12]. The enhanced stability of the
nanoparticles prepared by laser electrodispersion can

also be due to their small size and to the amorphous
state of the metal persisting for a long time.

According to the XPS data, the chlorine content of
the catalyst surface after hydrodechlorination is rather
low (Cl : C =0.01). It can be assumed that the stability
of the catalyst surface to chlorination is due to the high
palladium concentration on its external surface.
Because of this, only a few, if any, C—Cl bonds form
during the reaction and, at a high palladium content of
surface, all the chlorine is removed rapidly from the
surface, most likely as HCI. This result is very impor-
tant because the problem of catalyst stability is central
in the development of methods for processing toxic
organochlorine compounds by catalytic hydrodechlori-
nation. The use of the laser electrodispersion method in
the preparation of highly efficient catalysts with
enhanced stability can contribute to the solution of this
problem. The results obtained indicate that the high cat-
alytic activity of the materials examined is also due to
the pronounced “crustlike” palladium distribution and
the high palladium concentration on the catalyst sur-
face, which makes the active sites readily accessible to
the components of the reaction medium.

Thus, unusually high activity and stability of the
palladium nanoparticles in catalytic chlorobenzene
hydrodechlorination were observed in this work. This is
partially due to the use of the laser electrodispersion
method, which favors uniform coverage of the support
surface with monodisperse amorphous spherical metal
nanoparticles. The charge transfer processes favoring
the formation of catalytically very active charged states
can proceed via different routes. It is not necessary to
use only monodisperse systems. Conversely, a wide
particle size and shape distribution can facilitate charge
transfer. It is quite natural that similar effects were
observed in metal-polymer composites with an opti-
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mum metal content [22]. An important condition for
achieving the maximum catalytic activity is incomplete
coverage of the support surface with nanoparticles. A
high efficiency of the process is achieved on the cata-
lysts with a very low metal content, which makes it pos-
sible to reduce consumption of the precious metal by
several orders of magnitude. This fact, along with the
high stability of the catalysts, provides new interesting
prospects for the development of the technology of
toxic organochlorine waste processing.
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