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Abstract−In this study, the copyrolysis of waste wood chip (WC) and block polypropylene (PP) was studied to in-
vestigate how the characteristics of bio-oils are affected by copyrolysis. The thermogravimetric analysis performed
with a temperature rise of 20 oC/min, from room temperature to 600 oC, showed that the decomposition temperature
of PP was a little higher via copyrolysis than the single-component pyrolysis. This result suggests that the characteristics
of the pyrolysis of PP were affected by the pyrolysis products of WC. The Py-GC/MS analysis of the copyrolysis products
detected some new compounds that had not been detected in the single-component pyrolysis products, indicating in-
teractions between the products of WC and PP pyrolyses. The results of the experiments using a fixed bed reactor showed
improved properties of the bio-oil obtained from the copyrolysis compared to those of the bio-oil obtained from the
single-component pyrolysis: increased carbon and hydrogen contents, decreased water content and a significantly in-
creased heating value.
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INTRODUCTION

Global air pollution, resulting from increasing fossil energy con-
sumption, and the energy supply crisis, due to imminent exhaus-
tion of fossil fuel, call for the development of alternative renewable
energy sources. Biomass, which uses solar energy, is an energy stor-
age material that is inherently similar to fossil fuels, in that it is a
mixture of carbon compounds produced by fixation of carbon diox-
ide, the most important global warming component. Biomass is an
abundant resource widely distributed all over the world. It has two
important merits over fossil fuels: its security of supply and the re-
duction of global warming. Biomass is also advantageous over other
renewable energy sources in that it can play a role not only as an
energy source, but also as a raw material source for the chemical
industry.

There are a number of ways of converting biomass to energy, of
which thermochemical methods have received much attention of
many researchers. Pyrolysis, a representative thermochemical meth-
od for the conversion of biomass, which aims to maximize the yield
of liquid products, such as bio-oil, can be applied to a variety of
biomasses, including wood, miscanthus purpurascens, herbs, waste-
water sludge, and agricultural, forest and municipal wood wastes
[1-14]. In particular, municipal wood waste is composed of various
components, such as wood chip, particle board and MDF.

The stability as a fuel of bio-oil produced from pyrolysis of bio-
mass is often too low due to the high fractions of water and oxygen;
therefore, methods of increasing the energy value of pyrolysis-pro-
duced bio-oil are required. Plastics have a higher hydrogen fraction
than biomass, and its pyrolysis produces bio-oil with lower water
content. In this regard, the copyrolysis of biomass and plastic can
enhance the stability of bio-oil as a fuel, as plastic can provide the
hydrogen that the biomass lacks. Despite their high potential as re-
newable energy sources, waste plastics have been discarded, which
has caused many social problems. Therefore, the copyrolysis of waste
plastics and biomass has important implications.

Several studies on the copyrolysis of biomass and plastics have
been conducted [15-21]. The use of municipal wood waste, includ-
ing wood chip, particle board and MDF, however, has never been
considered in previous copyrolysis studies. In particular, research
using waste wood chip is important because it is a standardized fuel.
In this study, the copyrolysis of wood chip (WC), a representative
municipal wood waste, and block polypropylene (PP), a represen-
tative plastic material, was studied to investigate the characteristics
of the bio-oils produced.

EXPERIMENTAL

1. Materials
The raw materials used in this study were waste WC and block

PP. Before the experiments, the WC was dried for 24 hours at 110 oC
and then sieved, with only chips 0.6-1.0 mm in size used. The size
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of the PP used in the experiments was less than 500µm. The WC :
PP ratio of the mixture was 1 : 1.

Proximate analyses of the samples were performed based on ASTM
methods E871, E872-82 and D1102-84. The moisture was evaporated
in an oven at 110 oC for 4 hours. The volatile matter was removed
in a furnace, using an inert atmosphere, at 950 oC for 7 minutes.
The ash content was then measured by burning the combustible
matter in air at 600 oC.

The C, H, N and S contents of the samples were determined using

Table 1. Proximate analysis of waste biomass

WC (wt%) PP (wt%)
Water 09.5
Volatile matter 74.8 100.0
Fixed carbon 14.6
Ash 01.1

Table 2. Ultimate analysis and higher heating value of waste bio-
mass

WC PP 

Ultimate
analysis (wt%)

C 50.1 85.4
H 05.7 14.6
Oa 44.0 -
N 00.1 -
S - -

HHVb (MJ/kg) 18.2 49.4
aBy difference
bCalculated

Fig. 1. Schematic of pyrolysis reactor.

a Vario-EL III analyzer (Elementar Analysensysteme GmbH), which
can burn up to 2 mg of sample at 1,150 oC, using a sulfanilic acid
standard, with the oxygen content calculated by difference. The higher
heating value (HHV) of the samples was then estimated from the
elemental composition, using the Dulong equation.

The results of the proximate and ultimate analyses for the WC
and PP are shown in Tables 1 and 2.
2. TGA

A thermogravimetric analyzer (Perkin Elmer Pyris 1 TGA, USA)
was used to characterize the copyrolysis. About 10 mg of sample
was pyrolyzed, under 30 ml/min of N2 flow conditions, by increas-
ing the temperature, at a rate of 20 oC/min, from room temperature
to 600 oC. The precision of the weight and temperature measure-
ments was ±0.001% and ±2 oC, respectively. The temperature was
maintained at a constant value for five minutes before each analysis.
Each analysis was repeated at least three times to obtain an aver-
age result. In this paper, the reduction in weight due to the temper-
ature rise is represented by TG, while the rate of weight reduction
is represented by DTG.
3. Fixed Bed Reaction

Pyrolysis tests were carried out in a fixed bed reactor, as shown
in Fig. 1. A quartz U-tube reactor, with an internal volume of 50 ml,
height of 160 mm and diameter of 15 mm, was filled with 8 g of WC
sample and purged with nitrogen at a flow rate of 50 ml/min, for 15
minutes. The reactor was then inserted into the furnace, at pre-
scribed temperatures of 400, 500 and 600 oC, and kept at the speci-
fied temperature for 1 hour in order for the pyrolysis reactions to be
completed. The pyrolyses of the PP and WC/PP mixture were also
carried out at 500 oC. The vapor-phase products produced during the
pyrolysis were passed through a condenser (RW 1025G, JEIO TECH)
at −20 oC, using ethanol as the coolant, for collection of the bio-oil.
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4. Py-GC/MS Analysis
A double-shot pyrolyzer (Frontier-Lab Co., Py-2020iD), cou-

pled directly to GC/MS, was used to identify the pyrolysis products
of the WC, PP and mixture of WC and PP. The detailed experimental
procedures have been described in our previous study [22].

RESULTS AND DISCUSSION

1. TGA
The TGA/DTG curves of the WC and PP are shown in Fig. 2.

The reduction in the sample weight as a result of the rising tempera-
ture is clearly shown, in that WC begins to be decomposed at about
210 oC; whereas, decomposition of the block PP begins at a higher
temperature of 350 oC.

The reduction in the weight of WC took place mainly at the tem-
perature range 230 to 400 oC via rapid devolatilization. Above 400 oC,
the pyrolysis was almost complete, and rate of weight reduction
remained slow. For the pyrolysis of wood, which has a high fraction
of fixed carbon of about 15% (Table 1), the fraction of the carbon
residue in the product was generally high compared to that of the
PP. The chemical bonds in plastic materials, such as PP, are broken
at a higher temperature. Therefore, the pyrolysis of PP would begin,
to a large extent, after that of WC has finished. The fraction of carbon
residue of with the pyrolysis of PP was much lower than that of

Fig. 2. TGA/DTG curves of WC and PP.

Fig. 3. TGA/DTG curves of mixture of WC and PP.

Fig. 4. Calculated and experimental TGA/DTG curves of mixture
of WC and PP.

WC. As shown in Fig. 2, the WC and PP have distinct DTG evolu-
tion profiles. The DTG curve of the WC has a peak at a relatively
low temperature of about 380 oC; whereas, that of the PP has a peak
at a much higher temperature of about 490 oC, as a result of its high
activation energy.

Fig. 3 shows the TGA/DTG curves of the mixture of WC and
PP. As shown in Fig. 2, the rapid weight reduction at low tempera-
ture (<400 oC) was the result of the decomposition of WC, while
the rapid weight reduction at high temperature (>400 oC) was due
to the decomposition of the PP. The DTG curve of the copyrolysis
of WC/PP shows two distinct peaks: one due to the decomposition
of biomass, which appeared at the lower temperature, and the other
due to the decomposition of plastic, with devolatilization appearing
at the higher temperature.

To find if there was any interaction between WC and PP during
their pyrolysis, the theoretical and experimental TGA/DTG curves
for the copyrolysis of WC/PP were compared (Fig. 4). In this figure,
“theoretical” refers to an ideal combination of pyrolyses of two com-
ponents, where the pyrolysis of each component is assumed not to
interfere with another. The theoretical TGA curve for the copyroly-
sis was obtained by applying the following equation to the reduc-
tion in weight of the mixture:

WSUM=X1WWC+X2WPP

where WWC and WPP are the reductions in the weights of the single-
component pyrolyses of WC and PP, respectively, and X1 and X2

the mass fractions of WC and PP in the copyrolyzed mixture.
Also, the theoretical DTG curve for the copyrolysis was obtained

by using the following equation:

dX/dtSUM=X1dX/dtWC+X2dX/dtPP

where dX/dtWC and dX/dtPP are the differential rate of conversion of
the single-component pyrolyses of WC and PP, respectively.

Compared to the theoretical curve, a shift to the right was observed
in the experimental weight reduction curve within the PP decom-
position temperature range shown in Fig. 4. This suggests that the
presence of WC might have influenced the pyrolysis of the PP. A
similar result was shown in the DTG curve: the temperature at which
the WC decomposition peak appeared was little changed, while that
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for the PP was shifted noticeably to the right.
From the DTG curves in Figs. 2 and 3, the WC and PP decom-

position peaks were observed to overlap at around 420 oC. There-
fore, it is possible that the WC decomposed at a low temperature
to produce char and gases, which then react with PP. In their paper
on the copyrolysis of olive residue and PP, Aboulkas et al. [15] sug-
gested that the char and gases produced by the decomposition of
biomass could cause solid-solid or solid-gas interactions with the
PP decomposition products. They argued that the char acted as a
thermal stabilizer for PP, increasing its decomposition temperature.
Based on their argument, the char and gases produced by the decom-
position of biomass could cause solid (PP)-solid (WCs char) or solid
(PP)-gas (gases from WC) interactions with the PP decomposition
products. Especially, the char from WC acts as a thermal stabilizer
for PP, increasing its decomposition temperature compared to the
single-component pyrolysis of PP. Jakab et al. [16] reported that
the char produced from biomass increased the thermal decomposi-
tion temperature of polyethylene, which they attributed to the effect
of the char on the radical decomposition of polyethylene. Fraga et
al. [17] also reported an increase in the thermal stability due to solid-
solid and gas-solid interactions in the copyrolysis of poly(3-hydrox-
ybutyrate-8%-3-hydroxyvalerate) and cellulose derivatives.
2. Py-GC/MS

In the characterization of copyrolysis using TGA, the successive
pyrolysis of each component makes it difficult to observe the char-
acteristics of copyrolysis. To investigate the effect of copyrolysis,
an analysis of the product species resulting from the interaction be-

tween the biomass and plastic has to be performed. The existence
of any species not detected in the products from single-component
pyrolyses, but detected in the copyrolysis product, indicates the ex-
istence of a cross reaction due to the interaction between the bio-
mass and plastic. Dong et al. [18] discovered interactions between
the volatile components in the copyrolysis process. Sharypov et al.
[19,20] proposed that the interactions between fragments of the bio-
mass and polymers were responsible for changing the composition
of the liquid products.

To see if new compounds were produced via the copyrolysis in
this study, Py-GC/MS was used for a compositional analysis, the
results of which are summarized in Table 3. It was observed that
some new compounds not detected in the single-component pyrol-
ysis, such as 1-decene, 4-hydroxy-3-methoxy benzoic acid, and 4-
methoxy-4', 5'-methylenedioxybiphenyl-2-carboxylic acid, were de-
tected in the copyrolysis products. Conversely, some of the species
detected in the single-component pyrolyses products of WC and
PP were not detected in the copyrolysis products, confirming that
there was interaction between the WC and PP.
3. Pyrolysis Experiments Using a Fixed Bed Reactor

Fig. 5 shows the results of the pyrolyses of the WC, using a fixed
bed reactor, at 450, 500 and 550 oC. From the TGA results, the py-
rolysis of the WC began at about 210 oC and was almost complete
at about 400 oC. In the fixed bed reactor experiments, however, the
bio-oil yield was highest at 500 oC, as is shown in Fig. 5. Therefore,
the copyrolysis experiments using the WC and PP were conducted
at 500 oC. Each experiment was conducted for one hour to ensure
the reaction was complete.

The characteristics of bio-oils obtained through the pyrolysis ex-
periments are summarized in Table 4. Generally, a high oxygen frac-
tion and high water content are regarded as shortcomings of bio-
oils. In the copyrolysis of the WC and PP, however, the oxygen frac-
tion and water content in the oil were significantly reduced, which
can be attributed to the influence of the PP. In particular, the heating
value was shown to be much higher, 45 MJ/kg, which is close to
that of pure PP, 49 MJ/kg. This result demonstrated the importance
of the role of PP as a hydrogen provider. The yields of oil from PP
and WC were 82.6 wt% and 56.6 wt%, respectively. Compared to

Table 3. Selected compounds after pyrolysis of WC, PP and mix-
ture of WC and PP

Compound WC PP WC+PP
Pentane ○ ○

1-Pentene, 2-methyl- ○ ○

Acetic acid ○

2,4-Dimethyl 1,4-pentadiene ○

2-Propanone, 1-hydroxy- ○

1-Heptene, 2-methyl- ○

2(5H)-Furanone ○

2-Cyclopenten-1-one, 2-hydroxy- ○ ○

Phenol ○

1-Decene ○

Nonane, 2,6-dimethyl- ○

Phenol, 4-methyl- ○

1-Undecene ○ ○

2-Furancarboxaldehyde, 5-(hydroxymethyl)- ○

Homovanillyl alcohol ○

Ethanone, 1-(4-hydroxy-3-methoxyphenyl)- ○ ○

Benzoic acid, 4-hydroxy-3-methoxy-, 
methyl ester ○

Benzoic acid, 4-hydroxy-3-methoxy- ○

4-Hydroxy-2-methoxycinnamaldehyde ○

3-Ethyl-4-octan ○

4-Methoxy-4',5'-methylenedioxybiphenyl-
2-Carboxylic acid ○

○: A compound present after pyrolysis
Fig. 5. Product distribution of pyrolysis of wood chip with tem-

perature.
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the single-component pyrolyses, the copyrolysis resulted in increased
oil content. The yield of water-free bio-oil obtained from the copy-
rolysis of the 1 : 1 mixture of WC/PP was 63.1 wt%; whereas, the
theoretical water-free bio-oil yield, under the assumption that the
WC and PP did not interact, was 61.0 wt%. When the weight ratio
of WC/PP was increased to 1 : 3, the yield of water-free bio-oil was
increased even further from the theoretical value of 71.8 wt% to
76.3 wt%. This result can be explained by a synergistic effect: the
larger the fraction of PP in the mixture, the greater the amount of
hydrogen will be provided, leading to a greater interaction. Cornel-
issen et al. [21] also reported that the flash copyrolysis of willow/
PLA blends showed synergetic interactions. They obtained differ-
ent bio-oil yields and water contents depending on the willow/PLA
ratio. Among the blends tested; 10 : 1, 3 : 1, 1 : 1 and 1 : 2, the 1 : 2
willow/PLA blend ratio showed the most pronounced synergistic
effect, i.e., the lowest water content and the highest water-free bio-
oil fraction. The result from this study agreed very well with that
of Cornelissen et al. [21].

CONCLUSIONS

During the copyrolysis of the waste WC and block PP mixture,
an interaction was identified between the WC and PP. The TGA/
DTG curves of the copyrolysis were different from those obtained
theoretically under the assumption that there was no interaction be-
tween the WC and PP. The addition of PP to the WC resulted in an
increased PP decomposition temperature, while the decomposition
of WC was little affected, indicating an interaction between the WC
and PP at a high temperature. In particular, the char produced by
the pyrolysis of the WC appeared to contribute to the stabilization
of PP. The Py-GC/MS analysis showed that new compounds not
detected in the single-component pyrolysis products were produced
by the copyrolysis, which was attributed to the reactions between
the products of the pyrolyses of the WC and PP. The bio-oil obtained
from the copyrolysis had improved properties compared to that ob-
tained from the single-component pyrolysis. The carbon and hydro-
gen contents were increased, while the oxygen content was decreased.
In particular, the heating value of the bio-oil obtained from the copy-
rolysis was very high, close to that of pure PP.
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