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Abstract  

In this paper, the commercial 5%Pd/C and 5%Pt/C catalysts and synthesized 5%Pt/MN-270 and 
5%Pd/MN-270 were used in the hydrogenolysis of lignocellulosic material (softwood sawdust) to obtain 
liquid fuels in the form of hydrocarbons. As lignin has a very complex structure, anisole was used as a 
model compound. It was found that the use Pt-containing catalysts based on hypercrosslinked 
polystyrene in both processes of anisole and lignin-containing feedstock conversion allowed obtaining 
the highest yield of oxygen-free hydrocarbons (up to 96 wt. %). Besides, the polymer based catalysts 
showed high stability in hydrogenolysis process in comparison with the commercial carbon based 
catalysts. Copyright © 2018 BCREC Group. All rights reserved 
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1. Introduction  

The depletion of fossil fuels and growing con-
cern about the excessive greenhouse gas emis-
sions led scientists to explore renewable energy 
sources – abundant and relatively clean alter-
native to liquid fuels and chemicals produced 
from petroleum [1,2]. Nowadays, most investi-
gations are focused on the conversion of differ-
ent types of waste to valuable products. Lignin 
is positioned as one of the types of industrial 
solid waste in large quantities produced by 
wood processing and pulp and paper produc-

tion. According to different reports, the annual 
world production of lignin varies from 40 to 50 
million tons [3-5]. Due to its unique structure, 
based on the phenolic monomers, lignin can be 
used as a raw material for a large-scale produc-
tion of chemicals, including hydrocarbon fuels.  

Lignin is difficult to process because of its 
complex nature and instability that consists of 
the irreversible changes of the polymer proper-
ties during thermal or chemical treatment. At 
present, lignin is used as a low-grade boiler fuel 
to provide the process with heat and electricity 
[6]. However, the chemical structure of lignin 
suggests that it may be a good source of chemi-
cals if it can be broken down into lower molecu-
lar weight units [7]. Current investigations on 
lignin processing are geared towards its thermal 
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degradation (i.e., slow and fast pyrolysis and 
gasification) [4,8]. Besides the combustible 
gaseous products, thermal methods lead to the 
formation of so-called bio-oil that poses the 
complex mixture consisting of phenol deriva-
tives, aromatics, olefins etc. However, the di-
rect use of bio-oil seems to be impossible due to 
high oxygen content and pure fuel properties 
(density, ash content, heat value) [9].  

Nowadays there is a growing interest in the 
combined processes of lignin conversion to liq-
uid fuel. One of such processes is hydrogenoly-
sis. Typically lignin hydrogenolysis process 
bundles both solvolysis and hydrogenation re-
actions which are conducted in different sol-
vents media (particularly polar) in the presence 
of metal based catalysts, such as: sulfide CoMo 
and NiMo supported on activated carbon [3,10], 
alumina supported platinum catalysts [11], pal-
ladium supported on HZSM-5 zeolite [12,13] 
and ruthenium deposited on TiO2 [14]. The 
analysis of the literature data showed that the 
most prospective solvents are propanol [15], 
ethanol [5,16,17], and toluene [17]. These 
chemicals allow obtaining high lignin conver-
sion (40-80 %) producing basically phenolic and 
aromatic compounds. In this investigation, we 
report the use of Pt and Pd catalytic systems 
supported on hypercrosslinked polystyrene 
(HPS) in the process of hydrogenolysis of ligno-
cellulosic feedstock. The polymer based cata-
lysts were compared with the commercial Pd/C 
and Pt/C. 

  
2. Experimental    

2.1 Materials           

Commercial catalysts of 5%Pd/C (Sigma Al-
drich, USA) and 5%Pt/C (Sigma Aldrich, USA) 
were preliminary reduced in hydrogen flow at 
300 °C for 3 hours before the use in hydro-
genolysis process. Hexachloroplatinic acid 
(H2PtCl6, analytical grade, Sigma Aldrich, 
USA), sodium tetrachloropalladate (Na2PdCl4, 
analytical grade, Sigma Aldrich, USA), non-
functionalized HPS as MACRONET-270 (MN-
270, Purolite Ltd., UK), tetrahydrofuran (THF, 
chemical grade, ReaChem, Russia), and metha-
nol (chemical grade, ReaChem, Russia) were 
used for polymer based catalysts synthesis. 
Anisole (chemical grade, ReaChem, Russia) 
was used as a model compound for the hydro-
genolysis process. Softwood sawdust purchased 
from the local supplier (Tver region, Russia). 
Ethanol (96 %, ReaChem, Russia), propanol-2 
(chemical grade, ReaChem, Russia), and dis-
tilled water were used as solvents for softwood 
sawdust hydrogenolysis. 

2.2  Pd and Pt-containing polymer based 
catalysts preparation 

The HPS with the mean particle size 80 µm 
was preliminary washed with water and ace-
tone and dried in vacuum. Then it was treated 
with a solution of the calculated amount (5 
wt.% of metal) of metal precursor 
(hexachloroplatinic acid and sodium tetra-
chloropalladate) in a complex solvent consist-
ing of THF - methanol - water at room tem-
perature for 10 minutes. Then the resulting 
catalysts were dried for 40 minutes at 80 °С 
and washed by sodium hydrocarbonate aque-
ous solution and water until the absence of 
chloride-anion reaction in the scouring waters. 
The washed catalysts were dried for 90 min-
utes at 80 °С and reduced at 300 °C by hydro-
gen for 3 hours.  

The synthesized catalysts, as well as the 
commercial, were characterized using low-
temperature nitrogen physisorption, thermo-
gravimetric analysis (TGA), and X-ray photo-
electron spectroscopy (XPS). The methods of 
the catalyst characterization were described 
elsewhere [18-20]. 

  
2.3  Model compound hydrogenolysis 

Due to the complex lignin composition ani-
sole as one of the major lignin monomers was 
chosen as a model compound for the prelimi-
nary experiments to determine possible prod-
ucts of lignin-containing material hydrogenoly-
sis. Hydrogenolysis of 30 mL of anisole was 
carried out for 4 hours in Parr Series 5000 
Multiple Reactor System reactor-cell (Reactor) 
equipped with a magnetic stirrer in the pres-
ence of 0.1 g of the catalyst at a temperature 
250 °C and hydrogen pressure 1.0 MPa. The 
hydrogenolysis process was conducted at con-
stant stirring (1700 rpm) to eliminate the influ-
ence of external diffusion. 

 
2.4 Hydrogenolysis of softwood sawdust 

The process was carried out for 4 hours in 
the reactor in a hydrogen atmosphere under 
the following conditions: substrate weight – 1.0 
g, catalyst weight – 0.1 g, temperature – 250 
°C, hydrogen partial pressure – 1 MPa, solvent 
volume – 30 mL. The following polar solvents 
were used: 2-propanol, water, and ethanol. 
Substrate conversion was calculated at the end 
of the reaction basing on the difference be-
tween the initial mass of the substrate and the 
dry weight of the residue. 
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2.5 Liquid phase analysis 

Liquid phase samples were taken in all the 
experiments every 30 minutes. The analysis of 
the samples was performed using GC-2010 
chromatograph and GCMS-QP2010S mass 
spectrometer (SHIMADZU, Japan). The analy-
sis duration was 25 minutes with the following 
conditions: initial column temperature of 150 
°C was maintained for 5 min, then the tem-
perature was increased up to 250 °C with the 
heating rate 5 °K/min; injector temperature: 
280 °C; automatic split; pressure of He 53.6 
kPa; common stream of He 81.5 ml/min; linear 
gas velocity 36.3 cm3/s; chromatographic col-
umn type HP-1MS: L = 30 m; d = 0.25 mm; film 
thickness 0.25 μm; ion source temperature: 260 
°C; interface temperature: 280 °C; scanning 
mode 10 up to 800 m/z; scanning rate: 1666; 
electron-impact ionization. The quantitative 
analysis of sawdust hydrogenolysis liquid prod-
ucts was performed using the method of an in-
ternal standard. The quantitative analysis of 
anisole hydrogenolysis products was performed 
using the calibration curves. 

  
3. Results and Discussion 

3.1 Catalysts characterization   

The summary of the catalysts characteriza-
tion by low-temperature nitrogen physisorp-
tion, XPS and TGA is presented in Table 1. The 
analysis of the commercial and synthesized 
catalysts by the method of low-temperature ni-
trogen physisorption showed that all the stud-
ied systems are the mesoporous materials with 
the narrow slit-like pores. This is confirmed by 
the IV type of the isotherms with the H4 type 
of the hysteresis loop (Figure 1). It is notewor-
thy that the polymer based catalysts have the 
higher specific surface area as well as the 
higher surface area of micropores as compared 

to the carbon based catalysts (Table 1). All the 
catalysts studied have the mean pore diameter 
about 5 nm, however for the polymeric cata-
lysts, the presence of the pores with the diame-
ter 15-20 nm is observed.  

XPS study of the catalysts showed that car-
bon is the main component on the catalyst sur-
face (~80 at %). The trace amounts of N, Cl, Si, 
and S (0.5, 0.9, 0.9, and 0.5 at %, respectively) 
were also observed. These elements are the 
natural surface contaminants absorbed from 
the air during the catalysts storage. The sur-
face concentrations of the active metals were 
1.6, 3.0, 1.2, and 2.8 at % for 5%Pd/C, 
5%Pd/MN-270, 5%Pt/C, and 5%pt/MN-270, re-
spectively (Figure 2). The modeling of the high-
resolution spectra of the catalysts for Pd 3d 
and Pt 4f sublevel showed that the active 
phase of all studied systems is presented by 
the mixture of metallic and oxide phases.  

Thermogravimetric analysis data of the 
catalysts samples are presented in Figure 3. 
On the thermograms of carbon based catalysts 
(Figure 3a, 3b) no sufficient weight loss peak 
was observed. The thermograms of HPS based 
catalysts (Figure 3c, 3d) showed that decompo-
sition of the polymer begins at 450 °C. Thus, 
the studied catalysts are stable at the reaction 
temperature. 

 
3.2 Catalyst testing in anisole conversion 
process 

Due to the nature of anisole which can be 
used as a solvent, there was no need to add any 
solvents while conducting the process and 
therefore the influence of solvents on the reac-
tion was excluded. The following catalytic sys-
tems were used in anisole hydrogenolysis proc-
ess: synthesized 5%Pd/MN-270, 5%Pt/MN-270, 
and commercial 5%Pd/C and 5%Pt/C to com-
pare the effectiveness of the synthesized cata-

Catalyst SBET, m2/g St-plot, m2/g Binding energy, eV Metal state 

5%-Pd/C 263.0 232.0* 
31.0** 

335.1 (85.8%) 
337.5 (14.2%) 

Pd(0) 
PdO 

5%-Pt/C 297.0 232.0* 
31.0** 

71.4 (63.8%) 
75.4 (36.2%) 

Pt(0) 
PtO 

5%-Pd/MN-270 705.0 75.0* 
630.0** 

335.0 (77.5%) 
337.4 (22.5%) 

Pd(0) 
PdO 

5%-Pt/MN-270 691.0 83.0* 
608.0** 

71.4 (59.3%) 
75.4 (40.7%) 

Pt(0) 
PtO 

*surface area of macropores 
**surface area of micropores 

Table 1. Results of catalyst characterization  
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Figure 2. X-ray photoelectron spectra for the catalysts: 5%Pt/C (a); 5%Pd/C (b); 5%Pt/MN-270 (c), and 
5%Pd/MN-270 (d)  

Figure 1. Absorption isotherms for the catalysts: 5%Pt/C (a); 5%Pd/C (b); 5%Pt/MN-270 (c), and 
5%Pd/MN-270 (d)  
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lysts. The comparison of the catalyst activity 
was performed using related rate value at 30 % 
conversion.  

The use of the catalysts on the base of acti-
vated carbon and HPS resulted in the forma-
tion of cycloalkanes (cyclohexane and methoxy-
cyclohexane) and aromatic compounds (benzene 
and toluene). Phenol was the other main prod-
uct of anisole conversion o-cresol and            
2,6-xylenol were observed in a trace amount. 
Cyclohexane was found to be the final product 
at the highest degree of anisole conversion. 

Basing on the data of liquid samples analysis 
the following scheme of anisole conversion in 
hydrogen atmosphere can be proposed (Figure 
4). 

Table 2 represents the results of anisole hy-
drogenolysis process in the presence of the 
studied catalysts. All the catalysts used 
showed the similar values of the related reac-
tion rate (~3.50 s-1) and substrate conversion 
(~90 %). However, the polymer based catalysts 
showed higher selectivity towards the cyclohex-
ane formation as compared with the carbon 
based catalysts. 

Catalyst Related rate at 30%  
conversion, s-1 Selectivity, % Conversion at maximal  

selectivity,% 
5%-Pd/C 3.47 68.9a 

29.8b 
90.1 

5%-Pt/C 3.49 72.1a 
27.9b 

90.3 

5%-Pd/MN-270 3.43 87.7a 
12.3b 

89.5 

5%-Pt/MN-270 3.50 91.0a 
7.4b 

89.9 

aregarding to cyclohexane, bregarding to phenol  

Table 2. Results of catalyst testing in anisole conversion  

Figure 3. Thermograms of the catalysts: 5%Pt/C (a); 5%Pd/C (b); 5%Pt/MN-270 (c); 5%Pd/MN-270 (d)  

a b 

c d 
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3.3 Testing of catalytic systems during 
softwood sawdust hydrogenolysis 

In order to study the solvent influence on 
sawdust processing, three solvents (ethanol, 
propanol-2, and water) were used for softwood 
sawdust hydrogenolysis in the presence of the 
commercial 5%Pd/C. The results of lignin-
containing raw material processing in different 
solvents are presented in Figure 5. The sub-
strate conversion values were 45 % in a water 
medium, 50 % in propanol-2 and 37 % in etha-
nol. As it can be seen from Figure 5 while the 
hydrogenolysis was carried out in a water me-
dium the highest yield of phenolic compounds 
was obtained. It can be explained by the higher 
polarity of water in comparison with the other 
solvents used. However, we focused on the pro-
duction of hydrocarbons, thus, depending on 
the desirable products propanol-2 was chosen 
as the solvent showing the highest substrate 
conversion and product yield. 

The comparison of the catalytic action of 
synthesized systems in sawdust hydrogenolysis 
in the propanol-2 medium is presented in Table 

3. It is well seen that polymer based catalysts 
provide higher substrate conversion in com-
parison with carbon based catalysts. This can 
be due to the higher surface area and the 
higher active metal concentration on the cata-
lyst surface. Also, it is notable, that Pt-
containing catalysts result in the lowest forma-
tion of oxygen containing products (phenols 
and methoxycyclohexane). The highest conver-
sion (68 %) and the highest selectivity towards 
the oxygen free hydrocarbons (96 %) were 
achieved while using Pt catalyst based on HPS.  

In order to detect the other hydrogenolysis 
products, the liquid phase was analyzed using 
HPLC. The analysis showed the presence of 
mono- and disaccharides as well as the sugar 
alcohols in the liquid samples obtained during 
the reaction. These compounds seem to be the 
products of the conversion of cellulose contain-
ing in the sawdust (~47 wt.%). It is noteworthy 
that the yield of aromatic and cyclic products 
corresponds to the concentration of lignin in 
the raw material (~36 wt. %).  

 

Catalysts Conversion, % 
Product concentration in the liquid phase, wt. % 

Benzene Toluene Cyclohexane Methoxy-
cyclohexane Phenols 

5%-Pd/C 50 30 27 10 17 16 
5%-Pt/C 52 53 21 12 10 4 

5%-Pd/MN-270 65 38 22 17 13 10 
5%-Pt/MN-270 68 60 18 8 3 1 

Table 3. Results of catalyst testing in softwood sawdust hydrogenolysis  

Figure 4. Anisole conversion scheme 
(continuous thick lines - product formation in 
the presence of polymer based catalysts; con-
tinuous fine lines - product formation in the 
presence of carbon based catalysts)  

Figure 5. Comparison of the products of saw-
dust hydrogenolysis in the presence of 5%Pd/C 
in different solvents  
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4. Conclusions   

Among the products obtained during hydro-
genolysis of lignin-containing raw materials 
fuel-like aromatic and cyclic hydrocarbon 
(benzene, toluene, and cyclohexane), as well as 
phenolic compounds are the most promising. 
The latter can be used as additives to conven-
tional fuels and fuels derived from biomass. 
Moreover, a number of cyclic and aromatic hy-
drocarbons may also be used in various fields of 
fine chemicals production as solvents and re-
agents.  

The use of catalytic systems based on plati-
num group metals allows obtaining a high yield 
of valuable products. The comparison of synthe-
sized and commercial catalysts shows that 
polymer based catalysts allow achieving the 
higher raw material conversion as well as the 
higher hydrocarbon selectivity. The highest se-
lectivity towards the oxygen free hydrocarbons 
(96 %) at the maximal conversion (68 %) of lig-
nin-containing material was reached in the 
presence of 5%Pt/MN-270 catalyst. Moreover, 
the synthesized polymer based catalysts 
showed high stability in the hydrogenolysis 
process (up to 5 consecutive cycles without any 
regeneration). 
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