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ABSTRACT

The catalytic co-pyrolysis of torrefied poplar wood sawdust (TPW) and high-density polyethylene (HDPE)
was investigated over hierarchical HZSM-5. Compared with raw PW/HDPE, the bio-oil yield from co-
pyrolysis of TPW/HDPE decreased gradually while the quality of bio-oil was upgraded. With increasing
torrefaction temperature from 220 to 280 °C, the amounts of acids, furans, and anhydrosugars in bio-oil
were significantly reduced due to the removal of hemicellulose, whereas the production of phenols and
alkenes were improved due to the enhanced hydrogen transfer reaction. In the catalytic co-pyrolysis,
increasing torrefaction temperature caused an enhanced production of mono-aromatics as well as the
selectivity of BTX (benzene, toluene, and xylene). Nevertheless, severe torrefaction (280 °C) lead to a
rapid reduction of aromatic yield and selectivity due to the loss of cellulose. Compared to parent HZSM-5,
hierarchical HZSM-5 treated with alkaline concentration (0.2—0.3 mol/L) favored the formation of mono-
aromatics at the expense of polyaromatics. The maximum mono-aromatics yield of 71.75% was obtained
during catalytic co-pyrolysis of 260-TPW/HDPE over 0.3-HZSM-5. The present work suggests that tor-
refaction pretreatment followed by the catalysis of hierarchical HZSM-5 is an efficient way to promote

the production of valuable mono-aromatic hydrocarbons from biomass and plastic wastes.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Renewable resources have gained increasing attention world-
wide due to the shortage of fossil fuels and environment pollution.
Biomass is an abundant, low-cost, and eco-friendly energy source
and can be directly converted into liquid fuels through fast pyrol-
ysis, which is considered as a promising alternative to fossil fuels
[1,2]. However, the pyrolysis oil obtained from biomass, known as
bio-oil, has some undesirable properties such as corrosive, unsta-
ble, low heating value, and incompatible with fossil fuel, limiting its
use in conventional engines and boilers [3]. Incorporation of
hydrogen-rich materials such as thermoplastics into biomass py-
rolysis process can enhance the quality of the end-product bio-oil
[4,5]. It is reported that more than 300 million tons of plastics are
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produced annually worldwide [6]. The continuous increase of
waste plastics needs to be disposed harmlessly. Thereby, co-
pyrolysis of plastic waste with biomass is an efficient method to
mitigate plastic pollution and simultaneously obtain value-added
liquid fuels [7].

Torrefaction, as one of the main pretreatment ways of biomass,
is an effective technique to gain an improved quality of bio-oil by
reducing oxygen content. Torrefaction is a thermal pretreatment to
increase biomass energy density and remove water from biomass at
the temperature ranging from 200 to 300 °C [8,9]. During the tor-
refaction of biomass, part of the hemicellulose and the branches of
cellulose and lignin are eliminated from biomass as volatile vapors,
enhancing the pyrolysis characteristics of biomass [10]. Torre-
faction pretreatment has been demonstrated to cause the deoxy-
genation of biomass feedstock and facilitate aromatic production
[11—14]. Aromatics, especially mono-aromatics such as benzene,
toluene, and xylenes (BTXs), are important chemical materials
[15,16]. Thus, it is crucial to increase the content of aromatic
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compounds in bio-oil for its use as fuel additives or value-added
chemical production. Several researchers have reported that tor-
refaction pretreatment can increase the yields of aromatics in the
bio-oil from the co-pyrolysis of biomass and plastics [17,18], which
confirmed that the combination of torrefaction and co-pyrolysis is a
promising strategy. Recently, the effects of factors such as co-
pyrolysis temperature and catalyst type/amount on the produc-
tion of aromatic hydrocarbons through catalytic fast pyrolysis of
torrefied biomass and plastics have been studied [6,19]. For
example, Park et al. [19] investigated the effect of catalyst proper-
ties on the aromatic production during catalytic co-pyrolysis of
torrefied yellow poplar and high-density polyethylene (HDPE).
They summarized that both the large pore size and strong acidity of
the catalyst were important for aromatics production. However,
little attention has been focused on the effect of torrefaction pre-
treatment conditions (e.g. torrefaction temperature and time) on
the aromatic production during catalytic co-pyrolysis of biomass
and plastics.

Over the past decades, a lot of catalysts have been tested in the
catalytic co-pyrolysis process ranging from zeolites [20,21], metal
oxides [22], acidic mesoporous materials [23], carbon-based ma-
terials [24], etc. Among these, HZSM-5 zeolite is found to be the
most frequently used and the most effective catalyst in aromatic
production due to its unique pore structure and relatively strong
acidity. However, the micropores of HZSM-5 zeolite severely hin-
dered the diffusion of bulky compounds causing coke deposition on
the surface and reducing catalyst efficiency, which is a well-known
issue in the HZSM-5 upgrading process. Moreover, the undesirable
polymerization of aromatic hydrocarbon precursors at the acid sites
of HZSM-5 zeolite resulted in the high polyaromatic hydrocarbons
(PAHs) yield [25,26]. Fortunately, this hindering diffusion effect
could be reduced by introducing mesopores connected to micro-
pores in the HZSM-5 zeolite. Hierarchical HZSM-5 zeolite con-
taining both micropores and mesopores can be prepared by
alkaline treatment that involves partial desilication of the HZSM-5
framework to generate larger pore openings and higher external
surface area. The incorporation of mesopores in the HZSM-5 zeolite
was found to improve the catalytic activity by decreasing the
diffusion and accessibility limitation of bulky molecules in petro-
chemical and biomass upgrading process [27]. For example, Li et al.
[28] prepared a series of mesoporous HZSM-5 zeolites with varying
alkaline concentrations, finding that hierarchical HZSM-5
improved the diffusion of bulky oxygenates and produced more
aromatic hydrocarbons and less coke compared to the parent
HZSM-5 in catalytic pyrolysis of beech wood. Chen et al. [29] also
reported that suitable mesopores of HZSM-5 zeolite created by
alkaline treatment enhanced mass transfer efficiency, increasing
the yield of aromatics in catalytic pyrolysis of rice straw. Thus, the
hierarchical HZSM-5 zeolite is hypothesized to improve the aro-
matic production during co-pyrolysis of torrefied biomass and
plastics.

Poplar wood (PW) is one of the widespread and abundant
species in China, which can be used for timbers and furniture.
Consequently, large amounts of PW sawdust and residues are
generated every year. In this study, to obtain a high content of
valuable mono-aromatics in the bio-oil, PW was first pretreated by
torrefaction and then was catalytically co-pyrolyzed with HDPE in
the presence of hierarchical HZSM-5 zeolite by using a fixed bed
reactor. The torrefaction temperatures of PW (220, 240, 260, and
280 °C) and concentrations of alkaline treated HZSM-5 zeolite (0.2,
0.3, and 0.4 mol/L) were studied to obtain their effects on mono-
aromatic hydrocarbons production. The influence of combining
the torrefaction pretreatment with hierarchical HZSM-5 catalysis
on the mono-aromatic formation mechanism was proposed.
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2. Materials and methods
2.1. Materials

PW, obtained from Heilongjiang, China, was smashed in a high-
speed rotary cutting mill and screened to the particle size of
200—400 pum, then dried at 105 °C for 48 h. HDPE (particle size
250—-500 um) was purchased from Tianjin Petrochemical Company,
China. HZSM-5 zeolite (powder, Si/Al = 35) was purchased from
Nankai University Catalyst Co., Ltd., China. The zeolite was calcined
at 550 °C for 5 h before use. NaOH and NH4NO3 were purchased
from Tianjin Hengxing Chemical Co., Ltd., China.

2.2. Torrefaction of PW

The torrefaction of PW was conducted in a tube furnace. PW
(5 g) was placed into the furnace at room temperature, and then a
nitrogen flow of 40 mL/min was used to remove oxygen. After that,
the PW was heated from room temperature to the desired tem-
peratures (220, 240, 260 and 280 °C) with the heating rate of 5 'C/
min, and hold on for 20 min. After the treatment, samples were
cooled to room temperature and then were stored in a desiccator
for use. The torrefied sample was labeled as x-TPW, where ¥ is the
torrefaction temperature. The ultimate analysis of TPW was
determined using an elemental analyzer (Euro EA3000, Italy). The
chemical components of raw and TPW were conducted in a semi-
automatic fiber analyzer (ANKOM A200i, USA).

2.3. Hierarchical HZSM-5 preparation and characterization

The hierarchical HZSM-5 zeolites were prepared using the
following method: 5 g HZSM-5 zeolite was added into 100 mL
NaOH solution (0.2, 0.3, and 0.4 mol/L), and was heated at 80 °C for
1 h. After treatment, the samples were filtrated and washed by
deionized water three times, and then dried at 105 °C for 6 h. The
treated zeolites were ion-exchanged in 100 mL NH4NOs3 solution
(0.1 mol/L) at 80 °C for 1 h three times and were finally calcinated at
550 °C for 5 h. The prepared hierarchical HZSM-5 zeolite was
denoted as x-HZSM-5, where 7y was the concentration of NaOH
solution.

XRD analysis of the catalysts was conducted using a Bruker AXS
D8 Advance X-ray diffractometer (Germany). The diffracted in-
tensity of Cu-Ka radiation was 40 kV and 40 mA, and the diffraction
angle was in the range of 3—60° with the scanning rate of 2°/min.
BET was determined using a Micromeritics ASAP 2020 instrument
at an operating temperature of —196 °C. The sample was degassed
at 300 °C for 3 h prior to analysis. The multipoint Brunauer-
Emmett-Teller (BET) method was used to determine the specific
surface area, and the pore volume and diameter were determined
by the Barrett-Joyner-Halenda (BJH) method. NH3-TPD was carried
out on an AutoChem II 2920 apparatus (Micromeritics, USA) to
measure the acidity of the catalyst. Typically, about 50 mg catalyst
was heated at 550 °C in a He flow (30 mL/min) for 1 h and then
cooled to 100 °C, followed by NH3 adsorption under 15 vol% NH3/He
flow (30 mL/min) for 0.5 h. The NH3-TPD was performed in the
temperature range from 100 to 700 °C.

2.4. Thermogravimetric analysis

The co-pyrolysis behaviors of TPW and HDPE mixture with or
without catalyst were performed using a Netzsch STA449F5 ther-
mogravimetric analysis (TGA). The sample (5 mg) was decomposed
under 20 mL/min N; flow from room temperature to 800 °C with a
heating rate of 10 °C/min. The kinetic results are shown in Sup-
plementary material.
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2.5. Co-pyrolysis experiment

The catalytic co-pyrolysis experiments were performed on a
drop tube reactor (Fig. 1) with an internal diameter and height of 22
and 400 mm, respectively. Once the pyrolysis tube was heated to
550 °C with 100 mL/min nitrogen as the carrier gas, 3 g TPW and
HDPE mixture with the ratio of 1 was dropped into the reactor and
hold for 20 min to ensure complete pyrolysis. Approximately 3 g
catalyst was placed in the catalyst bed. The carrier gas carried the
pyrolysis vapors through the catalyst bed and then entered a
cooling condenser, containing two quartz glass tubes with ethylene
glycol submerged in a liquid bath (—10 °C). After the reactor cooled
to the room temperature, the solid residue in the pyrolysis tube was
collected and weighed. The yield of bio-oil was calculated by
weighing the difference between the condenser before and after
pyrolysis. The coke on the catalyst was obtained by weighing the
mass difference of catalyst before and after pyrolysis. The gas yield
was calculated by difference.

The collected liquids were semi-quantitatively analyzed by an
Agilent 6890N gas chromatograph (GC) connecting with an Agilent
5973 mass spectrometry (GC-MS). About 1 pL liquid was injected
into GC-MS using 7683 series auto-injector. The injection temper-
ature was set to 280 °C and the pyrolysis products were separated
on an Agilent DB-1701 capillary column
(60 m x 0.25 mm x 0.25 um). The split ratio was 60:1 with a
constant helium carrier gas flow of 1 mL/min. The oven was held at
an initial temperature of 40 °C for 2 min, then programmed to
240 °C at a heating rate of 5 ‘C/min and hold for 5 min. All the
compounds were identified by comparing their spectrograms with
those from the National Institute of Standards and Technology mass
spectral data library.

Gas-flow meter

Carrier ias ireheater
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3. Results and discussion
3.1. Properties of TPW

The ultimate and proximate analyses of raw and torrefied PW
are shown in Table 1. When the torrefaction temperature increased,
the carbon content of TPW was increased at the expense of oxygen,
resulting in lower O/C ratios. It is evident that torrefaction pre-
treatment caused deoxygenation of PW as the main reactions.
Oxygen was released in the form of H,0, CO,, CO, and some organic
volatiles via dehydration, decarboxylation, and decarbonylation
reactions [30]. The volatile content of PW was not significantly
different from TPW at the torrefaction temperature of 220 °C,
whereas a remarkable reduction was observed with further
increasing torrefaction temperatures. The volatile content of TPW
eventually decreased by 11% at the torrefaction temperature of

Table 1
Properties of raw PW, TPW, and HDPE.

Sample PW 220-PW  240-PW 260-PW 280-PW HDPE
Ultimate analysis (%, dry and ash free)
C 48.63 48.63 50.51 51.71 53.68 85.34
H 6.08 6.02 6.47 5.95 5.75 12.22
O (by difference) 44.4 44.52 42.15 41.36 39.5 244
N 0.24 0.18 0.19 0.2 0.22 0
Proximate analysis (%, dry base)
Volatiles 85.73 85.11 82.67 79.71 75.99 100
Ash 0.65 0.65 0.68 0.78 0.85 0
Fixed carbon 13.62 14.24 16.65 19.51 23.16 0
Component analysis (%)
Cellulose 52.06 48.36 52.66 49.49 51.28
Hemicellulose 17.24 16.96 9.38 0.18 0.13
Lignin 16.78 17.33 23.57 39.51 40.83
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Fig. 1. Schematic diagram of ex-situ catalytic co-pyrolysis system.
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280 °C, which was primarily due to the decomposition of hemi-
cellulose, accompanied by small amounts of cellulose and lignin
decomposition. A similar finding was reported by Phanphanich
et al. [31]. On the other hand, the ash and fixed carbon contents of
TPW were increased with the torrefaction temperature, similar to
the study of Chen et al. [32]. As shown in Table 1, the content of
hemicellulose was greatly reduced after 240 °C, indicating that
thermal decomposition of hemicellulose occurred. The content of
cellulose was not significantly influenced by the torrefaction due to
the higher stability of cellulose, which mainly decomposed in the
range of 350—450 °C [33]. The content of lignin was gradually
increased from 16.78 to 40.83% when the torrefaction temperature
rose from 0 to 280 °C. Similar results were observed by Zheng et al.
[34], who proposed that the increasing lignin content of torrefied
corncob with elevated torrefaction temperature was associated
with the severe decomposition of hemicellulose and the cross-
linking/charring of holocellulose to form lignin-like aromatic
structures.

3.2. Catalyst characterization

Fig. 2 shows the properties of parent and hierarchical HZSM-5
zeolites. As shown in Fig. 2(a), HZSM-5 zeolite exhibited a typical
MEFI structure at 26 of 7.9°, 8.8°, 23.06°, 23.9°, and 24.34°. As the
concentration of alkaline increased, the corresponding peak in-
tensity of hierarchical HZSM-5 exhibited an obvious reduction due
to the partial desilicication of HZSM-5 framework, which was
consistent with previous studies [14]. When the concentration of
alkaline increased to 0.4 mol/L, the XRD pattern of HZSM-5 changed
greatly resulting in the disappearance of peaks at 20 = 7.9° and 8.8°,
indicating that high concentration of alkaline led to the collapse of
HZSM-5 framework. The NH3-TPD curves displayed two distinct
peaks at 150—250 °C and 300—450 °C, corresponding to the weak
and strong acidity respectively (Fig. 2(c)). The strong acidity
decreased as the concentration of NaOH increased, whereas the
strength of weak acidic sites increased and the peaks shifted to
higher temperatures. However, the strong and weak acidity of 0.4-
HZSM-5 showed no clear distinct boundary due to the framework
damage caused by high alkaline concentration.

The nitrogen physisorption isotherms showed that parent
HZSM-5 exhibited a type of IV isotherm with no hysteresis loop
(Fig. 2(b)), indicating that the parent zeolite was dominated by the
microporous structure. However, an obvious hysteresis loop was
observed after alkaline treatment with different concentrations,
suggesting that some mesopores or macropores were introduced
into the zeolite catalyst. The rapid increase in absorption may be
caused by the capillary condensation due to the connection of
mesopores surface with intracrystalline micropores [29]. The
textural properties of the parent and hierarchical HZSM-5 are given
in Table 2. The BET surface area of parent HZSM-5 was 324 m?/g
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with dominant micropore surface area of 220 m?/g. As the con-
centration of alkaline increased, the BET surface area and total pore
volume first increased and then decreased, reaching the maximum
of 375 m?/g and 0.52 m>/g at 0.3 mol/L NaOH solution, respectively.
The Smeso and Vieso showed the same trend with Sger and Vigtal,
while the Spicro and Viicro decreased with the increase of alkaline
concentrations due to the development of the mesoporous struc-
ture. The results of the effect of alkaline treatment on zeolite
textural properties were consistent with those previous studies
[35,36].

3.3. Effect of torrefaction temperature on non-catalytic and
catalytic co-pyrolysis

3.3.1. Product yield

The bio-oil, gas, and char yields obtained from co-pyrolysis of
TPW/HDPE at various torrefaction temperatures are shown in
Fig. 3(a). As the torrefaction temperature increased from 0 to
280 °C, the bio-oil yield was gradually decreased from 60.42% to
44.95%, reducing by 25.6%. In contrast, an increase in char yield was
observed, which increased to 21.63% at the maximum torrefaction
temperature of 280 °C. It can be seen that the torrefaction tem-
perature has an important effect on the yield of co-pyrolysis
products. With increasing torrefaction temperature, the moisture
in PW was evaporated and the hemicellulose was decomposed due
to its poor thermal stability, thereby reducing the bio-oil yield. This
result was in accordance with Zhang et al. [37], who found that the
bio-oil yield of torrefied biomass decreased while the yield of char
increased with increasing torrefaction temperature. The increase in
char yield may be related to the increasing polycondensation and
charring of TPW at higher torrefaction temperature [38].

The effect of torrefaction temperature on product yield obtained
from the ex-situ catalytic co-pyrolysis of TPW/HDPE over 0.3-
HZSM-5 zeolite is shown in Fig. 3(b). The yield of bio-oil from
catalytic co-pyrolysis of raw PW/HDPE was 48.68%, which was
lower than that obtained from non-catalytic co-pyrolysis. It was
due to the fact that the co-pyrolysis vapors were further cracked at
the active sites of 0.3-HZSM-5 zeolite, resulting in a reduced bio-oil
yield and increased non-condensable gas yield compared to the
non-catalytic co-pyrolysis. With increasing torrefaction tempera-
ture, the catalytic co-pyrolysis yield of bio-oil was decreased to
38.32% at the maximum torrefaction temperature of 280 °C, indi-
cating that torrefaction affected the product yield from catalytic co-
pyrolysis. This result was in agreement with the study of Chen et al.
[39]. The char yield obtained from catalytic co-pyrolysis was con-
sisted with that from non-catalytic co-pyrolysis due to the ex-situ
catalysis mode. The yield of coke formed in the 0.3-HZSM-5
zeolite after catalytic co-pyrolysis of raw PW/HDPE was 6.10%, and
the torrefaction temperature had no significant effect on coke
formation.
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Table 2
Textural properties of the parent and hierarchical HZSM-5 zeolites.
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Samples SBE; Smizcro Smgso ; Vtotagl ] Vmicgro ; Vme;o Pore size/nm
/m?.g7! jm?.g”! jm?.g~ Jem® g~ Jem®-g~ Jem®-g~!
HZSM-5 324 220 104 0.17 0.10 0.07 2.08
0.2-HZSM-5 357 192 165 0.45 0.09 0.36 5.07
0.3-HZSM-5 375 182 193 0.52 0.09 0.43 5.26
0.4-HZSM-5 222 78 144 0.39 0.03 0.36 6.94
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(a) Non-catalytic co-pyrolysis

(b) Catalytic co-pyrolysis

Fig. 3. Effect of torrefaction temperature on the product yield in (a) non-catalytic and (b) catalytic co-pyrolysis of TPW/HDPE over 0.3-HZSM-5.

3.3.2. Product distribution from non-catalytic co-pyrolysis

The co-pyrolysis of raw PW/HDPE mixture produced complex
distribution of the products, including oxygenated compounds
(acids, ketones, furans, phenols, anhydrosugars, etc.) derived from
PW pyrolysis and hydrocarbon compounds (alkanes, alkenes, and
alkadienes) derived from HDPE pyrolysis. TPW/HDPE had similar
product distribution to raw PW/HDPE while their contents were
different as shown in Table 3. Among the oxygenated compounds, a
remarkable decrease of acids, furans, and anhydrosugars, which
derived from the decomposition of holocellulose, was observed
with the increase of the torrefaction temperature. On the other
hand, the yield of phenols was significantly increased with torre-
faction temperatures, reaching its maximum of 22.14% at 260 °C. A
similar result was reported by Xin et al. [40], who found that tor-
refaction pretreatment of herbaceous residues reduced the content
of oxygenated low molecular species (acid, ketones, and aldehydes)
while increased phenols content. This was ascribed to the fact that
the relative amounts of holocellulose and lignin in PW as well as
their structures were significantly altered by torrefaction, resulting
in the difference in oxygenated product distribution [41,42].
Notably, aromatic compounds were observed after torrefaction,
and its yield was increased with the torrefaction temperature. The
degradation of cellulose and hemicellulose followed by subsequent
poly-condensation reactions during torrefaction may contribute to
the formation of aromatics [43]. On the other hand, a gradual

Table 3
Effect of torrefaction temperature on the co-pyrolysis product distribution.

Group Peak area (%)
0°C 220 °C 240 °C 260 °C 280 °C

Acids 8.94 7.82 7.51 6.16 5.01
Ketones 6.54 7.01 7.28 6.56 5.72
Furans 5.29 3.56 2.68 1.84 2.06
Phenols 13.87 18.51 18.82 22.14 21.81
Anhydrosugars 4.83 2.64 3.17 1.81 0.57
Aromatics 0 1.99 2.75 473 5.87
Alkenes 35.21 36.06 38.93 40.27 39.57
Alkanes 10.80 8.08 7.05 6.43 6.95
Alkadienes 6.77 6.98 5.54 4.6 5.07
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decrease in alkanes and alkadienes yield was found with an in-
crease of the torrefaction temperature from 220 to 280 °C. Mean-
while, the yield of alkenes was increased with the torrefaction
temperature. The increase in alkenes may be attributed to the fact
that torrefaction promoted the hydrogen transfer reaction between
lignin radicals and HDPE while inhibited the intermolecular
hydrogen transfer reactions of HDPE [44]. Thereby, torrefaction
pretreatment decreased the formation of alkanes and alkadienes
while enhanced alkenes production.

The relative content of some typical oxygenated compounds
changing with torrefaction temperatures are shown in Fig. 4. The
increase in torrefaction temperature caused a significant reduction
of acetic acid, which was mainly derived from the deacetylation of
O-acetyl groups linked to the hemicellulose [45]. The obvious
decrease of furfural with torrefaction was also largely due to the
decomposition of hemicellulose since furfural was the most
important ring-containing product from the hemicellulose pyrol-
ysis [46]. Levoglucosan was mainly formed by the decomposition of
a glycosidic bond of cellulose, and its decrease with torrefaction
indicated the structural change in cellulose caused by torrefaction
[41]. The phenolic compounds were mainly generated from lignin
decomposition. As the torrefaction temperature increased, the
yields of phenol, catechol, methyl phenols, and dimethyl phenols
were increased. Meanwhile, the yields of guaiacol and 2,6-
dimethoxy phenol were decreased. It suggested that the increase
of torrefaction temperatures facilitated the formation of simple
alkylphenols by promoting the cleavage of ether linkages and
demethoxylation of lignin structure [43]. A similar trend was re-
ported by Wang et al. [47], who observed that the yield of non-
methoxylated phenols from lignin pyrolysis was increased after
torrefaction.

3.3.3. Product distribution from catalytic co-pyrolysis

The major products identified from the catalytic co-pyrolysis of
TPW/HDPE were classified into 7 groups as shown in Fig. 5(a):
mono-aromatics, PAHs, alkanes, alkenes, alkadienes, oxygenates,
and others. It can be seen that the product distribution was
significantly changed after introducing 0.3-HZSM-5 zeolite as the
catalyst. Previous studies have demonstrated that HZSM-5 zeolite
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Fig. 4. Effect of torrefaction temperature on the yields of typical oxygenated compounds from non-catalytic co-pyrolysis of PW/HDPE. (a) Compounds from holocellulose; (b)
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Fig. 5. Effect of torrefaction temperature on the product distribution from catalytic co-pyrolysis of PW/HDPE over 0.3-HZSM-5. (a) Product distribution; (b) Hydrocarbon

distribution.

has good catalytic activity of deoxygenation and cracking, which
could convert oxygenates (acids, furans, aldehydes, ketones, phe-
nols, etc.) and alkenes into aromatics through a serious of reactions
[48—50]. As shown in Fig. 5(a), the yield of mono-aromatics from
catalytic co-pyrolysis of raw PW/HDPE was 62.29%, which
increased to 71.75% at 260 °C and then decreased with further
increasing torrefaction temperature. The decrease of mono-
aromatics at 280 °C may be related with the loss of cellulose [51].
The yield of PAHs exhibited a similar trend with mono-aromatics,
which increased from 7.23% for raw PW/HDPE to 14.71% for 260-
TPW/HDPE. One possible explanation for the higher aromatics
yield may be associated with the structural change of cellulose and
lignin by torrefaction as proposed by Park’s group [19]. They found
that torrefaction promoted the ring opening of cellulose leading to
the enhanced production of aliphatic intermediates, which are the
intermediates for the formation of aromatics. Another possible
reason they proposed was that the synergistic effect such as Diels-
Alder reaction in the production of aromatics from the catalytic co-
pyrolysis of cellulose and polypropylene (PP) was promoted by
torrefaction pretreatment [17]. On the other hand, the yield of
aliphatic hydrocarbons (alkanes, alkenes, and alkadienes)
decreased with increasing torrefaction temperature to 260 °C. The
group of oxygenates (2-methylfuran, 2-cyclopentene-1-one,
phenol, 3-methylphenol, etc.) was also reduced due to the com-
bined effect of torrefaction and 0.3-HZSM-5 zeolite.

Fig. 5(b) shows the hydrocarbon product distribution from cat-
alytic co-pyrolysis of TPW/HDPE at various torrefaction tempera-
tures. The selectivities of benzene, toluene, and xylene were 4.85%,
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20.73%, and 18.12%, respectively. As the torrefaction temperature
increased, the BTX selectivities increased first and then decreased,
reaching their maximum at 260 °C. For example, the selectivity of
toluene increased from 20.73% to 25.60% as the torrefaction
temperature increased from O to 260 °C and then decreased to
17.45% when the torrefaction temperature further increased to
280 °C. It is reported that BTX selectivities from catalytic fast py-
rolysis of biomass components followed the order of
lignin > hemicellulose > cellulose [52]. Thus, the increase in selec-
tivities of BTX could be attributed to the increasing lignin content of
TPW with the increase of torrefaction temperature. However, severe
torrefaction temperature (280 °C) prompted the cross-linking and
charring of TPW components to form carbonaceous structures
which caused the increase of char yield and reduction of BTX se-
lectivities. The selectivity of other alkylbenzenes, such as ethyl-
benzene, 1,2,3-trimethylbenzene, and 1-ethyl-2-methylbenzene,
displayed an opposite trend with BTX. The result was in agreement
with the study of Zheng et al. [34], who investigated the effect of
torrefaction temperature on the selectivity of aromatics during the
catalytic fast pyrolysis of corncob over HZSM-5. They found that the
selectivity of alkylbezenes first decreased and then increased as the
torrefaction temperature increased [34]. On the other hand, the
selectivity of aliphatic hydrocarbons, especially light aliphatics with
carbon number in the range of C5~15, declined as the torrefaction
temperature increased to 260 °C. It can be concluded that torre-
faction favored the formation of BTX at the expense of aliphatic
hydrocarbons. However, higher torrefaction temperature (280 °C)
has a negative effect on the BTX selectivity.
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3.4. Effect of alkaline concentration on the catalytic activity of
hierarchical HZSM-5

The effect of alkaline concentration on the product distribution
from catalytic co-pyrolysis of 260-TPW/HDPE is shown in Fig. 6. It
can be seen that the catalytic co-pyrolysis of 260-TPW/HDPE with
parent and hierarchical HZSM-5 zeolites produced predominantly
aromatics (mono-aromatics and PAHs). As the alkaline concentra-
tion increased, the relative content of mono-aromatics increased
from 63.79% for the parent HZSM-5 to 71.75% for 0.3-HZSM-5,
while the content of mono-aromatics significantly decreased to
48.44% with further increasing the alkaline concentration. The
content of PAHs exhibited a different trend with mono-aromatics,
which decreased to 7.21% as the concentration of alkaline
increased to 0.4 mol/L. The results indicated that alkaline concen-
tration has an important effect on the aromatics production. The
low alkaline concentration (<0.3 mol/L) promoted the aromatiza-
tion reactions of HZSM-5 catalyst, which led to an enhanced for-
mation of mono-aromatics. However, the higher alkaline
concentration destroyed the structure of HZSM-5 catalyst, resulting
in the reduction of aromatics. Although alkaline treatment reduced
the strong acid sites in HZSM-5, it increased the mesoporosity of
the zeolite, improving the accessibility of the acid sites [53]. Thus,
the bulky oxygenates and aliphatic hydrocarbons could easily
diffuse into the mesopores of hierarchical HZSM-5 and efficiently
use the acid sites to form aromatics. The reduction of PAHs was due
to the fact that alkaline treatment decreased the diffusion path
length of molecules in the hierarchical HZSM-5 zeolites, thereby
inhibiting the secondary polymerization reactions of mono-
aromatics [54]. Pérez-Ramirez et al. [55] also reported that the
improved pyrolysis performance of polyethylene over hierarchical
zeolites was attributed to the alleviated diffusion limitations and
shorter diffusion path lengths. On the other hand, the content of
aliphatic hydrocarbons (alkanes, alkenes, and alkadienes) and ox-
ygenates decreased with increasing alkaline concentration to
0.3 mol/L, which probably entered the catalyst pores and under-
went a series of reactions to form aromatics. The above results
suggested that hierarchical HZSM-5 treated with appropriate
alkaline concentration has higher diffusion and deoxygenation ef-
ficiency compared to parent HZSM-5, enhancing the production of
valuable mono-aromatic hydrocarbons.

The selectivity of hydrocarbons was also affected by alkaline
treatment of HZSM-5 as shown in Fig. 6(b). An obvious decrease in
the selectivity of benzene and toluene were observed when the
concentration of alkaline increased. The selectivity of benzene and
toluene reduced from 7.72% to 0.7% and 32.08%—16.23%, respec-
tively. On the contrary, the selectivity of xylenes and other alkyl-
benzenes first increased with increasing alkaline concentration to

70 (a) Il Hzsm-5
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0.3 mol/L, and decreased with further increasing alkaline concen-
tration to 0.4 mol/L. The highest selectivity of xylenes and other
alkylbenzenes reached 24.03% and 15.54% in the presence of 0.3-
HZSM-5, respectively. The selectivity of naphthalene and alkyl-
naphthalenes (1-methynaphthalene, 1,2-dimethylnaphthalene,
etc.) displayed downward trends with the increase in alkaline
concentration, which reduced by 39.17% and 66.49%, respectively.
This result was consistent with the study of Dai et al. [56], who
observed that the selectivity of PAHs declined while the selectivity
of alkylbenzenes increased after alkaline desilicication of HZSM-5
zeolite. The selectivity of light aliphatic hydrocarbons also
decreased from 9.35% to 5.90% when the concentration of alkaline
increased from o to 0.3 mol/L. However, further increasing the
alkaline concentration to 0.4 mol/L resulted in the higher selectivity
of aliphatic hydrocarbons due to the destroyed pore structure of
HZSM-5 zeolite. The above results indicated that hierarchical
HZSM-5 treated with appropriate alkaline concentrations could
promote the selectivity of mono-aromatics with larger dynamic
diameters due to the enlarged pore structure.

3.5. Reaction mechanism

The reaction mechanism for catalytic co-pyrolysis of TPW/HDPE
over hierarchical HZSM-5 zeolite is shown in Fig. 7. The torrefaction
pretreatment is a deoxygenation process, which changed the rela-
tive contents and structures of cellulose, hemicellulose, and lignin
in different degrees. It decomposed hemicellulose and small
amounts of cellulose and lignin depending on the torrefaction
temperature. Consequently, the formation of high oxygen-
containing compounds (acetic acid, furfural, levoglucosan, etc.)
was reduced. Moreover, the observed aromatics in co-pyrolysis of
TPW/HDPE indicated that torrefaction may change the C—O—C and
glucosidic bonds of cellulose leading to the ring opening of glucose
structural units. The opening chain structure underwent dehydra-
tion, decarbonylation, arrangement and aromatization reactions to
form aromatics [41]. Torrefaction increased the relative content of
lignin due to the elimination of hemicellulose and promoted
cleavage of ether linkages and demethoxylation reactions, leading
to the enhanced production of phenol, catechol, and methyl phe-
nols at the expense of guaiacyl and syringyl phenols. On the other
hand, the thermal decomposition of HDPE follows a radical
mechanism to form alkenes and alkadienes are generated by
hydrogen transfer reactions [44,57]. During the co-pyrolysis pro-
cess, torrefaction pretreatment may inhibited the intermolecular
hydrogen transfer reactions resulting in an enhanced production of
alkenes at the expense of alkanes and alkadienes. It can be
concluded that torrefaction pretreatment improved the product
distribution of TPW/HDPE co-pyrolysis. The improved co-pyrolysis
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Fig. 6. Effect of hierarchical HZSM-5 treated with various alkaline concentrations on the product distribution from catalytic co-pyrolysis of 260-TPW/HDPE. (a) Product distribution;

(b) Hydrocarbon distribution.
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Fig. 7. The catalytic co-pyrolysis mechanism of TPW/HDPE over hierarchical HZSM-5.

vapors then diffused into the pores of HZSM-5 zeolite and under-
went a series of deoxygenation and aromatization reactions to form
aromatics. Some bulky compounds were limited to access into the
pores and then deposited on the zeolite surface to form coke. The
desilicication of HZSM-5 treated by controlling alkaline concen-
tration newly created large amounts of mesopores on the zeolite
surface, improving the diffusion efficiency of bulky compounds. In
addition, the shortened channel length by alkaline treatment
inhibited secondary reactions such as polymerization, reducing the
formation of PAHs. As a result, the hierarchical HZSM-5 produced
more mono-aromatics during catalytic co-pyrolysis of TPW/HDPE
compared with parent HZSM-5.

4. Conclusions

The catalytic co-pyrolysis of TPW and HDPE over hierarchical
HZSM-5 was performed to produce value-added mono-aromatic
hydrocarbons in a fixed bed reactor. Although torrefaction reduced
bio-oil yield, it was demonstrated to be effective in deoxygenation
of bio-oil compounds, favoring the formation of aromatics. More-
over, torrefaction promoted the hydrogen transfer reaction be-
tween lignin and HDPE, resulting in the increase of phenols and
alkenes with torrefaction temperature. In the co-pyrolysis of TPW/
HDPE over hierarchical HZSM-5, both the torrefaction temperature
and alkaline concentration exhibited significant effects on the
production of mono-aromatics as well as the selectivity of BTX. The
amount of mono-aromatics reached the maximum of 71.75% at the
torrefaction temperature of 260 °C over hierarchical HZSM-5
treated with 0.3 mol/L alkaline. Severe torrefaction temperature
(280 °C) and alkaline concentration (0.4 mol/L) resulted in the
decomposition of cellulose and the framework damage of zeolite
respectively, which had a negative effect on aromatic production. It
can be concluded that torrefaction coupled with hierarchical
HZSM-5 catalysis is promising to enhance the production of value-
added mono-aromatics from co-pyrolysis of biomass and plastic
waste.
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