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Abstract: Catalytic co-pyrolysis of biomass and plastic is a promising technology to their resource recovery and energy
conversion. For the traditional technologies, the two feedstocks are mechanically mixed (MM) to the co-conversion reaction.
However, there are disadvantages in the MM mode process, such as mixing nonuniformity and inconvenient transportation of
feedstocks, poor heat and mass transfer during pyrolysis and low yield of effective products. To solve the above issues, a composite
pyrolysis of biomass and plastic for high-quality fuel oil was innovatively studied in this paper at a lab-scale fixed bed reactor using
HZSM-5 as a catalyst. Through procedures including mechanical mixing, hot pressing and crushing granulation, a composite
molding (CM) sample was prepared. Then the optimal conditions for fuel oil production of the CM sample were explored, and
under which conditions products distribution were compared with pyrolysis from the common MM sample. And possible
mechanism for high-quality fuel oil generation of the composite pyrolysis was put forward through characterization of sample
properties. Results show that, under the optimal reaction conditions of the composite pyrolysis, the yield of fuel oil was increased by
34.8% and the yield of aromatics was increased by 50.7% compared with the conventional pyrolysis from MM sample. Advantages
of the composite pyrolysis could be explained by the enhanced contact between biomass and plastic particles, which promoted a
stronger synergy between the two derived intermediates and effectively improved mass and heat transfer during pyrolysis process.
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liquid products can be reduced and polyreactions of unstable
oxygenate intermediates toward char and coke can be limited,
which improves both the quantity and quality of liquid fuel
products significantly [7-8]. On the other hand, the
agglomeration occurred in the pyrolysis of plastics alone can
be alleviated by biomass particles during the co-pyrolysis
process [9]. In addition, positive synergistic effects are
observed compared to separate pyrolysis of the two
feedstocks in terms of increased aromatics yield [10]. The
oxygenated intermediates such as furans, aldehydes and
phenols derived from biomass abstract hydrogen from
alkanes and olefins derived from plastics, yielding the high
value-added aromatics followed by dehydration through
Diels-Alder reaction and hydrogen transfer as shown in
Figure 1 [10-13].

1. Introduction

Biomass is an abundant and renewable energy with
organic carbon, and plastic is a kind of derivatives from
fossil fuels with unbiodegradable property [1]. Large
amounts of waste biomass and plastics cause serious
environmental pollution and waste of resources, but both
have substantial energy contents [2]. Catalytic co-pyrolysis
of biomass and plastic to produce fuel oils or chemical
products is a promising technology to their resource recovery
and energy conversion [3, 4].

During the catalytic co-pyrolysis process, plastic materials
rich in carbon and hydrogen act as a hydrogen donor to
biomass materials with hydrogen deficiency and oxygen
enrichment characteristics [5, 6]. Compared to the biomass
individual pyrolysis, proportion of oxygenated compounds in
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Figure 1. Diagram of synergistic reactions between biomass and plastic.

For the most technologies described in literatures, the
biomass and plastic materials are mechanically mixed to the
co-conversion reaction [5-8, 10-13]. However, there are
significant differences between the two components in

particle size, density, hardness, shape, heating state and so on.

The traditional mechanical mixing (MM) process is difficult
to mix the feedstocks evenly. Meanwhile, both biomass and
plastics have low mass density and irregular shape, so the
material transportation cannot be stability for large-scale
continuous reaction. Furthermore, in the MM mode biomass
and plastic materials are loose deposited together. The
solid-solid contact mode of the two will affect the mass
transfer and heat transfer during pyrolysis reaction, where the
synergistic effect between volatile intermediates from the two
may be weaken, thus limiting the occurrence of
deoxygenation and aromatization reactions. In view of the
above problems, this paper puts forward a novel composite
molding (CM) process on biomass and plastic to change the
particles contact mode, through procedures of mechanical
mixing, hot pressing and crushing granulation.

In the current study, catalytic pyrolysis of the prepared CM
sample (composite pyrolysis) and the MM sample
(conventional pyrolysis) from biomass and plastic were
carried out on a fixed bed reactor over HZSM-5. Reaction
conditions to achieve high-quality fuel oil were explored,

including pyrolysis heating rate, reaction temperature and
catalyst addition. Then, products distribution under the
optimal conditions from composite pyrolysis and the
conventional pyrolysis from MM sample were compared.
Finally, a possible mechanism of producing high-quality fuel
oil via the composite pyrolysis was deduced and analyzed,
through comparation of chemical compositions, particle
structures and pyrolysis behaviors between the two modes of
feedstocks. This study provides a potential solution to tackle
issues of waste biomass, plastics, or even wood-plastic
composites (WPCs), on the industrial scale from the
perspective of energy and environment.

2. Materials and Methods
2.1. Materials

Walnut shell (WNS, Henan Prov., China) and LDPE
(Henan Jiekang Environmental Protection Technology Co.,
Ltd, China) were used as experiment compounds for biomass
and plastic in this study. WNS was dried at 105°C for 2 h to
remove moisture completely. The contents of hemicellulose,
cellulose, lignin in WNS are 30.0 wt%, 34.1 wt%, and 27.0
wt%, respectively. Proximate and ultimate analysis of WNS
and LDPE samples are listed in Table 1.

Table 1. The proximate and ultimate analyses of WNS and LDPE.

Proximate analysis (wt%, dry)

Ultimate analysis (wt%, dry)

Sample v A FC H o? N S

WNS 76.6 4.0 19.4 473 6.1 42.0 0.5 0.1

LDPE 99.8 0.2 0.0 85.8 14.0 0.0 0.0 0.0
* By difference.

HZSM-5 was employed as catalyst owing to its good
shape selectivity [14, 15], which was firstly calcined at
550°C for 5 h and then was screened to less than 75 pm. The
ratio of Si0,/Al,0; is 30, the specific surface area is > 550
m?/g, and the pore volume is > 0.17 cm’/g.

2.2. Composite Molding

The dried WNS and LDPE samples were melting blended
at 170 £ 5°C with a definite mass ratio of 1:1 firstly, where
the LDPE particles melted and forming a melt phase but the
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WNS particles were still in the solid form. Then the softening
substance was hot-pressed under 2 MPa maintained at 170 +
5°C to form blocks. After cooling the hard blocks were break
into pellets with a diameter about 1 mm by an impact crusher,
where at a smaller size LDPE could be separated with the
compounds as thin films. Photo of the prepared CM sample
is presented in Figure 2.

Figure 2. Photo of the prepared CM sample.

2.3. TG-DTG Analysis

Pyrolysis behaviors of feedstocks were characterized by a
TG-DTG analysis during study on reaction mechanism.
TG-DTG curves of WNS, LDPE, and their CM and MM
samples were tested respectively using a thermogravimetric
analyzer (Netzsch STA 449, Germany). Around 10 mg
sample was employed and heated from ambient temperature
up to 700°C with a heating rate of 10°C/min purged with
nitrogen at 50 mL/min.

2.4. Pyrolysis Operation

Pyrolysis experiments were performed to compare the
products distribution from CM and MM samples using a
fixed-bed reactor, which schematic diagram is presented in
Figure 3. The furnace was divided into three sections, whose
temperatures could be individually controlled. The middle
section was maintained at the target pyrolysis temperatures
where the sample was positioned. The temperatures in the
upper and lower sections were set to be a little lower than the
middle one. Reactor in this device was a quartz tube with
dimension of @ 46 mm X 950 mm. The reaction materials
were put into a quartz basket with dimension of @30 mm X 90
mm, which could be moved tracked by a stainless-steel wire (@
0.3 mm). Nitrogen with a flow rate of 150 mL/min was used as
carrier gas during reaction processes. Solid products including
char derived from feedstocks and coke deposited on catalyst
were left in quartz basket, while volatile products were
condensed in an ethylene glycol-water cold-trap. Liquid
products were collected in collecting-bottles, and gaseous
products were collected in collecting-bags.

In each test, 10 + 0.01 g of feedstock samples were used.
HZSM-5 was put on the top layer of the feedstock sample. The
mass ratio of catalyst to feedstocks was set as 1:8, 1:4, 1:2 and
1:1 respectively to investigate the impact of its value. The
samples were pyrolyzed at 450-850°C for purpose of
obtaining the optimal temperature value. And two different
heating rate conditions were operated. At slow heating
pyrolysis condition, the samples were
temperature-programmed heated with a rate of 10°C/min. At
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fast heating pyrolysis condition (just compared with the
former), when the reactor was heated and stabilized at desired
temperatures the quartz basket was rapidly pulled into the
middle zone for pyrolysis. In all cases, the samples were hold
at the target temperature for 10 min. Three repeated tests were
carried out to ensure accuracy and reliability of experimental
results.

Mass flow controller
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Quartz reactor
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Figure 3. Schematic diagram of fixed-bed reactor.
2.5. Products Analysis

Gaseous products were analyzed by GC (Shimadzu
GC-2014) and an external standard method was adopted to
determine their yields. Liquid products were defined as the
fuel oil in this study, and separated into aqueous phase and oil
phase after centrifugation. The yields of each phase were
determined by gravimetric method, respectively. Water
amounts in aqueous fractions were tested by volumetric Karl
Fischer Titrator (Mettler Toledo V20), then the yield of oil
fraction in aqueous phase was calculated by deducting water.
The yield of solid products was calculated according to the
mass change of solid samples before and after reactions.
Overall yield for every group of experiment was guaranteed to
be over 95%, indicating the experiment results closed well.
The averaged results of three repeated tests were used in this
paper.

Components in oil fraction of the aqueous phase and oil
phase were detected by GC-MS (Shimadzu GC-2010 Plus)
equipped with a polar column and another GC/MS (Varian
CP-3800) equipped with a nonpolar column, respectively,
which were compared with the standard mass spectra in NIST
library. The relative peak area of a component in oil products
is referred to as the selectivity to the component in this work
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[16], where it means that the component’s peak area divided
by the total peak area of all components excluding water. The
yield of high-valued aromatics (Ya) is defined as follows
according to reference [17]:

Ya = YIxS1+Y2x52 (1)

Where, Y1 and S1 are corresponding to the yield and the
aromatics selectivity of oil fraction from the aqueous phase,
respectively. Y2 and S2 are corresponding to the yield and the
aromatics selectivity of oil fraction from the oil phase,
respectively.

3. Results and Discussion
3.1. Optimization Experiment

3.1.1. Optimization of Heating Rate

Since the pyrolysis heating rate has a direct influence on
temperature gradient outside and inside the feedstock
particles during heat transfer, and plays an important role on
mass transfer during pyrolysis reactions. The products
distribution would be different from slow heating pyrolysis
and fast heating pyrolysis. The composite pyrolysis was
investigated at two heating rates to obtain an optimal. As
described in Section 2.4, in the case of slow pyrolysis, the
feedstocks were temperature-programmed heated to 750°C;
in the case of fast heating pyrolysis, the feedstocks were
suddenly placed at 750°C and rapidly heated to decompose;
and the mass ratio of catalyst to feedstocks was all set as 1:4.
The experimental data are presented in Table 2.

Table 2. Products distribution from composite pyrolysis at different heating
rates.

g:s(;f;:)c::ion Slow heating pyrolysis  Fast heating pyrolysis
Products yield (wt%)
Gas 583 46.7
Aqueous phase 5.1 9.6
Oil phase 18.1 24.9
Solid 17.6 15.3
Components selectivity in aqueous phase (%)
Aromatics 13 74.1
Furans 1.0 0.3
AAAKs? 79.2 10.6
Phenols 18.5 4.4
Others” 0 10.6
Components selectivity in oil phase (%)
Alkanes 43.7 1.7
Olefins 27.8 8.1
Aromatics 14.0 82.0
Oxygenates 14.5 8.2
Aromatics yield (%)

2.6 22.6

* AAAKs: acids, alcohols, aldehydes, and ketones.
® Others: mainly composed of alkanes and olefins.

Since the time interval of vapors released from WNS and
LDPE was shorter via fast heating pyrolysis compared with
the slow pyrolysis case, WNS and LDPE derived volatile
compounds could more fully interact with each other. Further

through positive synergistic effects generated between
oxygenates produced from WNS (including furan, AAAKSs
(acids, alcohols, aldehydes, and ketones) and phenols) and
hydrocarbons (including alkanes and olefins) produced from
LDPE such as Diels-Alder reaction and hydrogen transfer,
the oxygenate compounds and hydrocarbons were depleted
and converted toward desired aromatics accompanying
dehydration [18-20]. Meanwhile, the higher heating rate
contributed to the conversion of gaseous and solid products
toward the desired fuel oil (including aqueous and oil phase).
Herein, considering the yield and quality of fuel oil, fast
heating pyrolysis of the CM sample was adopted in the next
to further optimize the pyrolysis products.

3.1.2. Optimization of Reaction Temperature

The mass ratio of catalyst to feedstocks was fixed at 1:4,
and the effect of reaction temperature on products
distribution was investigated. Results are shown in Figure 4.
At high temperature the degradation of feedstocks was sharper,
with the result that the yield of noncondensable gas increased
but the yields of solid and aqueous phase decreased, and the
yield of oil phase ascended then descended [21-23]. Moreover,
high temperature contributed to the conversion of oxygenates
and hydrocarbons toward aromatics, owing to the release of
volatile vapors and the subsequent synergistic interactions
between them in the presence of HZSM-5 [18-20]. The overall
yield of aromatics increased firstly until reaching a maximum
at 750°C and then decreased caused by the reduction of fuel
oil’s yield. Above all, the optimum reaction temperature to
obtain the high value-added aromatic-rich oil for composite
pyrolysis was 750°C.
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Figure 4. Products distribution from composite pyrolysis at different
reaction temperatures: a) products yield; b) components selectivity in
aqueous phase; ¢) components selectivity in oil phase; d) aromatics yield.

3.1.3. Optimization of Catalyst Addition

Fixed reaction temperature at 750°C, the CM sample was
pyrolyzed at different catalyst additions to investigate its
influence. The products distribution is displayed in Figure 5.
Since more catalyst amount could prolong resident time of the
produced vapors inside catalyst pores [24], the cracking
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degree of WNS and LDPE molecules was subsequently
strengthened. Thus, the yield of gaseous products increased,
and the yield of oil phase products decreased. Whereas the
yields of aqueous phase and solid products ascended at high
catalyst proportion after descended, and the former might be
caused by water produced by synergy between oxygenates and
hydrocarbons, and the latter could be explained by char and
coke produced by polycondensation reactions.
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Figure 5. Products distribution from composite pyrolysis under different
catalyst additions: a) products yield;, b) components selectivity in aqueous
phase; c) components selectivity in oil phase; d) aromatics yield.

For the case of studied, the aromatic products were always
the main compounds both in aqueous phase and oil phase, and
which selectivity rose gradually and became relatively stable
when the mass ratio of HZSM-5: feedstocks was higher than
1:4. However, selectivities of oxygenates and aliphatic
hydrocarbons dropped gradually with the catalyst addition.
Those phenomena could be explained by the more active sites
provided by high catalyst amounts, which promoted the
synergy between oxygenates and aliphatic hydrocarbons and
the conversion toward aromatics [18-20]. The aromatics yield
ascended followed by descended as catalyst adoption,
comprehensively considering its selectivity in aqueous phase
and oil phase coupled with the fuel oil yield. The optimum
mass ratio of catalyst to feedstocks was 1:4 to obtain the high
value-added aromatic-rich oil for the composite pyrolysis.

Under the optimal reaction conditions of composite
pyrolysis, the yield of fuel oil was 34.5 wt%. The high
value-added aromatics were dominant both in the aqueous
phase and oil phase, in detail, the aromatics selectivity in the
aqueous phase was 74.1%, and that in the oil phase was
82.0%, respectively. And the aromatics yield reached to
22.6%.

3.2. Products Comparation with the Conventional Approach

3.2.1. Slow Heating Pyrolysis

Products distribution from the CM sample was compared
versus the MM sample to study the effect of pyrolysis
approach. Since the influence of heating rate on mass and heat
transfer would be enlarged due to the differences in
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composition and thermal resistance characteristics between
WNS and LDPE. Therefore, to obtain a comprehensive
analysis for the composite pyrolysis and the conventional
pyrolysis, experiments were performed both at low heating
rate and high heating rate under the optimal reaction
temperature and catalyst addition conditions.

The experimental data in the case of slow pyrolysis are
presented in Table 3. It can be seen, similar results were
gained from the pyrolysis of CM sample and MM sample in
aspects of products yield and components selectivity,
indicating that a similar reaction pathway might be
experienced during the two modes of pyrolysis reaction.

Table 3. Products distribution from composite pyrolysis and conventional
pyrolysis at slow heating rate.

Products

distribution Composite pyrolysis Conventional pyrolysis
Products yield (wt%)
Gas 583 583
Aqueous phase 5.1 4.8
Oil phase 18.1 18.6
Solid 17.6 17.2
Components selectivity in aqueous phase (%)
Aromatics 1.3 1.2
Furans 1.0 1.1
AAAKs* 79.2 79.3
Phenols 18.5 18.4
Others® 0 0
Components selectivity in oil phase (%)
Alkanes 43.7 44.2
Olefins 27.8 27.2
Aromatics 14 13.6
Oxygenates 14.5 15.0
Aromatics yield (%)

2.6 2.6

* AAAKs: acids, alcohols, aldehydes, and ketones.
®Others: mainly composed of alkanes and olefins.

Table 4. Products distribution from composite pyrolysis and conventional
pyrolysis at high heating rate.

g;s(:(:;;)c::ion Composite pyrolysis Conventional pyrolysis
Products yield (wt%)
Gas 46.7 55.4
Aqueous phase 9.6 6.2
Oil phase 24.9 19.4
Solid 15.3 15.4
Components selectivity in aqueous phase (%)
Aromatics 74.1 69.1
Furans 0.3 0.4
AAAKs" 10.6 13.6
Phenols 4.4 54
Others" 10.6 115
Components selectivity in oil phase (%)
Alkanes 1.7 6.4
Olefins 8.1 14.3
Aromatics 82.0 68.8
Oxygenates 8.2 10.5
Aromatics yield (%)

22.6 15.0

* AAAKs: acids, alcohols, aldehydes, and ketones.
®Others: mainly composed of alkanes and olefins.
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3.2.2. Fast Heating Pyrolysis

However, as shown in Table 4, there are obvious differences
in products distribution between the composite pyrolysis and
the conventional pyrolysis from MM sample in the situation of
a higher heating rate. In comparison, the yields of gaseous and
solid products produced from the CM sample were much lower
than that from the MM sample, but the yield of objective fuel oil
has increased by 34.8% than the production from common MM
sample. Meanwhile, in comparison, via the composite pyrolysis
approach the selectivities of oxygenates, alkanes and olefins in
their corresponding phases were significantly reduced, while
the selectivity of aromatics was significantly improved.
Consequently, the yield of high value-added aromatics was
improved by 50.7% than the conventional pyrolysis method.

3.3. Mechanism for High-quality Fuel Oil

According to the above research, similar results were
gained from composite pyrolysis and conventional pyrolysis

under slow heating pyrolysis conditions in terms of pyrolysis
behavior and products distribution. But, under fast heating
conditions, the yield and quality of liquid products from
composite pyrolysis were significantly improved than that
from the MM sample, especially the yield of high value-added
aromatics was much higher. It could be inferred that, the
high-quality fuel oil from the CM sample was resulted from its
unique material property from the other and the higher heating
rate. To investigate the mechanism for high-quality fuel oil of
the composite pyrolysis, characterization of the CM sample
and the MM sample were performed in terms of chemical
composition, particle structure and pyrolysis behavior.

3.3.1. Analysis of Chemical Composition

Proximate and ultimate analyses of the CM sample were
tested and compared with the common MM sample. As listed
in Table 5, the chemical composition of WNS and LDPE was
not affected by the CM process.

Table 5. Proximate and ultimate analyses of CM sample and MM sample.

Proximate analysis (wt%, dry)

Ultimate analysis (wt%, dry)

Sample v A FC C H o' N S
CM sample 88.9 2.2 8.9 67.7 9.5 20.1 0.3 0.2
MM sample 88.2 2.1 9.7 66.5 10.1 21.0 0.3 0.0
* By difference.
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Figure 6. Particle structure of CM sample and MM sample.

3.3.2. Analysis of Particle Structure

Based on the CM operation procedure, as shown in Figure 6
particle structure of the CM sample must be changed from the
MM sample. As for the MM sample, particles of WNS and
LDPE contacted with each other in the form of loose
accumulation. However, the melt blending treatment during
CM sample preparation has made LDPE melt and form a
mobile phase, which was coated on the surface of WNS solid
particles, thus a particle structure of “LDPE coating + WNS
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Pyrolysis behaviors of the mixture and individual samples
from WNS and LDPE were investigated through TG-DTG
analysis. It can be seen from Figure 7, TG-DTG curves of the
CM sample were nearly coincide with the MM sample, and
both which were approximated to the simple superposition of
separate pyrolysis results from WNS and LDPE. Results show
that, there was no significant difference in pyrolysis behavior
for the two modes of feedstocks under the temperature
programmed pyrolysis condition, and in this case during the
co-pyrolysis process the WNS was always decomposed firstly.
This phenomenon can be used to explain why the two modes
of feedstocks have similar products distribution at the slow
heating pyrolysis condition (as shown in Table 3).
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Figure 7. TG-DTG curves of WNS, LDPE, CM sample, and MM sample.
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3.3.4. Explanation for High-quality Fuel Oil

According to the above research, the producing of
high-quality fuel oil from CM sample might be explained by
its special particle structure and the higher heating rate.

During the slow heating process, there was relatively
sufficient time for the mass transfer and heat transfer occurred
in the following cases: from the furnace reactor to the
feedstock particles, from the outside to inside of the feedstock
particles, and between amounts of feedstock particles. It is
quite possible that, in the early stage at low temperature during
pyrolysis, a similar loose particle structure of “LDPE melt
phase + WNS solid particles” has been formed for the CM
sample and MM sample. Therefore, during the pyrolysis
process the two types of feedstocks have lost their original
material properties, further resulting in the similar pyrolysis
behavior and products distribution as shown in Figure 7 and
Table 3, respectively.

However, during the fast heating pyrolysis reaction the
feedstocks were suddenly put into a high-temperature
environment, due to the poor thermal conductivity of WNS
and LDPE [25], the CM sample and MM sample could
maintain their original differences in particle structures as
shown in Figure 6. In view of the tight particle structure of
“LDPE coating + WNS core” of CM sample, the existence of
LDPE coating could effectively inhibit the preferential
decomposition of cellulose and hemicellulose components
with low thermal stability in WNS, thus the interaction of
intermediate pyrolysis products from WNS and LDPE could
be more fully. Herein, synergistic effects appeared between
WNS derived oxygenates and LDPE derived hydrocarbons
through Diels-Alder reaction and hydrogen transfer as shown
in Figure 1, which could contribute to reaction of
deoxygenation and the generation of high value-added
aromatics. In addition, the mass and heat transfer during
pyrolysis process could be promoted by the enhanced contact
between WNS and LDPE particles in the MM sample. Thus,
the quantity and quality of the objective fuel oil were all
improved via the composite pyrolysis process.

4. Conclusion

A novel composite pyrolysis has been applied to the
catalytic co-pyrolysis of biomass and plastic using walnut
shell (WNS) and LDPE as model compounds over HZSM-5.
The results from experiments at a lab-scale fixed bed reactor
can be concluded as follows:

(1) A composite molding (CM) sample from WNS and
LDPE was pre-prepared for the catalytic pyrolysis.
When the composite pyrolysis was performed at 750°C
with a catalyst ratio of 1:4, the high-quality fuel oil rich
in aromatics was achieved, in which the aromatics
selectivity in aqueous phase and oil phase were up to
74.1% and 82.0% respectively.

(2) Compared with conventional pyrolysis process from
mechanical mixed (MM) sample, the composite
pyrolysis had much less gas and solid production and
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lower selectivity to oxygenated compounds, whereas
the fuel oil yield was increases by 34.8%, and the
yield of high value-added aromatics was increased by
50.7%.

(3) Although the prepared CM sample and common MM
sample have similar chemical composition, the contact
mode of particles differed sharply. A tight particle
structure of “plastic coating + biomass core” was
formed before the composite pyrolysis. Consequently,
the advantages of composite pyrolysis to produce fuel
oil were attributed to the mixing uniformity of the
biomass and plastic components, the advanced mass
and heat transfer during pyrolysis process, and the
enhanced synergistic effect between intermediate
vapors from biomass and plastic.
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