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Abstract––A novel method for incorporation of palladium nanoparticles into a porous hypercrosslinked polystyrene 
matrix has been developed. The composite obtained by reduction of [Pd(π-allyl)Cl]2 with hydrogen in supercriti-
cal CO2 shows high catalytic activity in the hydrogenation of benzene and can be used twelve (12) times in a row 
without any decrease in conversion rate. The catalyst is also suitable for quantitative hydrogenation of toluene, 
tetralin and phenol. The obtained catalytic system is compared with the palladium composite synthesized by a 
conventional method based on hypercrosslinked polystyrene.
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Cyclohexane and its derivatives are important 
chemical products widely used in organic synthesis 
(solvents), petroleum chemistry, and pharmaceutical 
production [1–3]. Cyclohexane derivatives can be 
obtained either by cyclohexane modification or by 
hydrogenation of respective substituted aromatic 
compounds. Due to the low reactivity of cyclohexane, 
its modification methods are of low efficiency and 
therefore used comparatively rarely. Thus, catalytic 
hydrogenation of aromatic derivatives is the main way 
to obtain substituted derivatives of cyclohexane. Also, 
of great interest is phenol hydrogenation for obtaining 
cyclohexanone, which is the basic raw material for the 
synthesis of adipic acid and caprolactam [4].

Many various metal-complex systems are used as 
catalysts for benzene-to-cyclohexane hydrogenation; 
however, the homogeneous catalytic processes, even 
though they are usually highly active, have some serious 
drawbacks, the major ones being complexity of separation 
of the catalyst from reaction products and that it cannot be 
recycled [5, 6]. As regards the well-known heterogeneous 
benzene-to-cyclohexane hydrogenation catalysts, they are 
represented by the systems based on nickel, platinum, 
palladium, rhodium, iridium, and ruthenium [7].

In order to increase catalytic activity of heterogeneous 
catalysts, activity that depends on the size of the metal 

surface area available for the reacting molecules, it 
is conventional to use catalysts applied to the porous 
surface of carriers of an inorganic or polymeric nature. 
Hypercrosslinked polystyrene (HCP) is one of the 
promising polymeric supports that is notable for its very 
high specifi c surface area (normally ranging from 800 
to 1500 m2/g) [8]. For example, nanoparticles of Pt, Pd 
and Ru incorporated into the HCP matrix have been used 
for selective oxidation of lactose, glucose, and sorbose 
[9–12]. Pt and Ru nanoparticles applied to the MN-270 
commercial microporous HCP copolymer have been 
effi ciently used for oxidation of phenol dissolved in 
water [13–14]. Pd nanoparticles immobilized into the 
MN-270 styrene-divinyl-benzene polymer have been 
studied in the course of hydrogenation of stearic acid to 
heptadecane [15]. The catalyst in question has also been 
tested successfully in the course of phenol gas phase 
hydrogenation [7]. HCP containing Pd nanoparticles 
demonstrated high activity in a reaction wherein aryl 
bromides and chlorides were coupled with phenyl boronic 
acid [17]. The MN-100 crosslinked copolymer containing 
Rh nanoparticles demonstrated high activity in the course 
of olefi n hydroformylation in supercritical CO2 during six 
catalytic cycles without any loss of conversion rate [18]. 

In this paper a novel method for obtaining Pd 
nanoparticles in the HCP matrix is described; the method 
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represents decomposition-reduction of [Pd(π-allyl)Cl]2 in 
supercritical CO2/H2, after which the obtained composite 
is used in hydrogenation of benzene, toluene, tetralin, 
and phenol.

EXPERIMENTAL

Bi-porous hypercrosslinked styrene-divinyl-benzene 
polymer Macronet MN-200 with the pore sizes being 71 
and 1.6 nm and specifi c surface area 1100 m2/g (Purolite, 
Great Britain) was used as an adsorbent; it was washed 
with МеОН and dried at 110°C for 30 min before use. 
Bis-π-allyl palladium chloride (from Sigma-Aldrich) and 
palladium chloride (from Aurat JSC) were used without 
any additional treatment.

[Pd(π-allyl)Cl]2, 101 mg, were dissolved in CH2Cl2 
(2.4 mL) and then added to hypercrosslinked polystyrene 
(0.7 g); the solvent was removed in vacuum. The 
reduction of the applied complex to metal was carried 
out in a stainless steel autoclave, in hydrogen atmosphere 
(55 atm), and then CO 2 was added to increase the total 
pressure up to 150 atm. The mixture was heated for 3 h 
(50°С), whereafter the pressure was slowly decreased. 
The obtained grey composite was washed with acetone 
(5 mL) and dried in vacuum. 

For comparison a palladium catalyst was prepared 
by a conventional method, wherein 150 mg of PdCl2 
were simultaneously being heated and dissolved in 1 mL 
of H2O and 0.1 mL of concentrated HCl, and added to 
1.0 g of the Macronet MN-200 adsorbent. The polymer 
expanded in the above solution for 20 min, and then 
a solution containing 600 mg of sodium formate and 
450 mg of NaOH in 2 mL of H2O was added thereto. 
The obtained mixture was heated for 10 min at 80°С; 
the resulting composite product was washed with water 

(30 mL) and МеОН (10 mL) and then heat-dried in 
vacuum (90°С).

The palladium content in the samples was determined 
by X-ray fl uorescence analysis using an Innov-X α-2000 
X-ray spectrometer. The morphology of the samples was 
examined with a Hitachi HT7700 transmission electron 
microscope. X-ray powder patterns were obtained with 
a Bruker D8 Advanced diffractometer using CuKα (λ = 
1.5406 Å) radiation.

Hydrogenation of aromatic compounds was carried 
out for 24 h in a stainless steel autoclave at temperatures 
ranging from 55 to 110°С, under the required hydrogen 
pressure, in a substrate medium, which was methylene 
chloride, or in supercritical CO2. When the reaction was 
completed, the liquid reaction mixture was separated 
from the solid catalyst and analyzed by methods such as 
GLC (Crystall-2000M) and 1H NMR (Bruker 400). Prior 
to being recycled, the catalyst was dried in vacuum and 
washed with CH2Cl2.

RESULTS AND DISCUSSION

According to the X-ray fl uorescence analysis data, the 
average palladium content in the composites obtained by 
reduction in supercritical CO2 (sample 1) or with sodium 
formate in an aqueous medium (see above) (sample 2) 
was 6.0 and 6.07 wt %, respectively. Figure 1 shows the 
X-ray powder patterns of both composite samples: on 
sample 1 (Fig. 1a) we can clearly see the 2θ diffraction 
peaks at 39.98° and 46.56°, and on sample 2 (Fig. 1b), 
only at 39.98°; the peaks correspond to the face-centered 
cubic crystalline structure of Pd nanoparticles. The 
crystallite size calculation based on the integral breadth 
of refl ections with the use of the Lvol IB formalism shows 
that the average size of Pd nanoparticles is 14.0 and 
8.3 nm for samples 1 and 2, respectively.

Fig. 1. X-ray powder patterns of composite samples obtained (a) in supercritical CO2, and (b) in aqueous medium.
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Also, the size and morphology of Pd(0) nanoparticles 
in the polymer were examined by analyzing the fi ne 
composite material with the help of a transmission 
electron microscope (TEM) (Fig. 2). 

Nanoparticles of 5 to 8 nm were found to have been 
formed in sample 1 along with large palladium clusters. 
Sample 2 contains palladium particles of virtually 
the same size (~10 nm), but these are less densely 
distributed in the HCP matrix. The histograms showing 
the distribution of particles in the samples obtained in 
supercritical CO2 and in water are in Fig. 3. 

Palladium composites were used as catalysts for 
hydrogenation of model aromatic hydrocarbons (Table 1).

As follows from the data above, benzene conversion 
at 55°C was 55%, and the increase in the reaction 
temperature to 110°С resulted in full conversion of the 
substrate. As regards the palladium catalyst obtained in 
aqueous medium, benzene conversion in that case was 
only 64% under the same conditions (110°С).

A series of 12 successive hydrogenation cycles 
was carried out to check whether the catalyst could be 
recycled. Full benzene conversion was achieved under 
the same conditions in all the tests, and after completion 
of the last cycle no traces of benzene in the reaction 
mixture were found.

It is also worth noting that during the successive tests, 
according to the X-ray fl uorescence data, palladium 
particles are not “washed out” of the carrier matrix. 
Besides benzene, toluene and tetralin were hydrogenated 
on a catalyst regenerated in the supercritical CO2 
medium. They were quantitatively hydrogenated to 
methylcyclohexane and decalin, respectively (Table 1). 

The catalyst was also used for phenol hydrogenation 
in CH2Cl2 without solvents, and in supercritical СО2 
(Table 2).

In the CH2Cl2 case, virtually full conversion of phenol 
is observed, with the cyclohexanol/cyclohexanone ratio 
being 19/81 (Table 2, test 1); as we can see, selectivity 
remains nearly the same at a higher hydrogen pressure 
(Table 2, test 2). Without a solvent, virtually full substrate 
conversion is achieved as well, but selectivity is lower 
(Table 2, test  3). When supercritical CO2 is used as 
the reaction medium, cyclohexanol becomes the main 
product (Table 2, test  4), and its yield is slightly lower 
at a higher temperature (Table 2, test  5).

In summary, this paper introduces a novel method 
of formation of palladium nanoparticles by reduction 
of [Pd(π-allyl)Cl]2 with hydrogen in supercritical СО2 
in a hypercrosslinked polystyrene matrix. The obtained 

Fig. 2. Composite samples as viewed with the TEM: 
(a) sample 1 obtained in supercritical CO2 and (b) sample 2 
obtained in aqueous medium.

Fig. 3. Histograms of Pd nanoparticles distribution: (a) sample 1 obtained in supercritical CO2; (b) sample 2 obtained in aqueous medium.
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composite demonstrated high activity during benzene 
hydrogenation, which did not decline when one and the 
same catalyst sample was used 12 times. Furthemore, the 
catalyst proved to be effi cient during hydrogenation of 
toluene to methylcyclohexane and tetralin to decalin, as 
well as during hydrogenation of phenol to cyclohexanol 
and cyclohexanone in the CH2Cl2 medium, in supercritical 
CO2, and in the substrate.
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