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Abstract
This study investigated the synergy in the co-pyrolysis of cellulose and polyethylene (PE) over HZSM-5 and the mech-

anism of the catalytic co-pyrolysis. PE, cellulose, cellulose/PE, cellulose/PE/HZSM-5 were subjected to thermogravimetric

analysis and Py-GC/MS experiments at 650 �C to obtain the distribution of products, respectively. The results of Py-GC/

MS experiments showed that the products quality of co-pyrolysis of PE and cellulose is improved over HZSM-5. The

mechanism of catalytic co-pyrolysis was mainly the radical reaction and Diels–Alder reaction. The catalytic effect of

HZSM-5 was mainly to promote the Diels–Alder reaction to produce more aromatic hydrocarbons. According to the

density functional theory, the mechanism of this catalytic co-pyrolysis was verified, and the proposed reaction paths were

verified to make the co-pyrolysis process more clear.
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Introduction

The rapid consumption of fossil fuels and the increase in

energy demand have aroused interest in the use of biomass

as a renewable energy source. China, a large agricultural

and forestry country, is rich in biomass resources, so

biomass is an effective substitute for fossil fuel. Pyrolysis

technology is a clean and efficient thermal conversion

method that can convert biomass into bio-oil and chemicals

[1–5]. However, bio-oil produced by biomass pyrolysis has

high oxygen content, low calorific value, high content and

viscosity of water and acid, and cannot be used directly [1].

Catalytic pyrolysis of biomass is a promising technol-

ogy, which can convert lignocellulose into valuable aro-

matics and olefins [1]. Some volatile intermediate materials

(such as anhydrosugar, furan and phenols) further catalyt-

ically convert the initial thermal decomposition products of

biomass into aromatics and olefins through a series of

reactions, including cracking, deoxygenation, oligomer-

ization, and aromatization on zeolite catalysts [1]. The

main products such as benzene, toluene, xylenes, and

naphthalenes are main petrochemical feedstocks [4, 5].

Although the bio-oil produced by catalytic pyrolysis is

significantly improved compared with the bio-oil produced

by simple pyrolysis, there are still problems such as

excessive coke and tar residue [6]. The addition of a co-

reactant rich in carbon and hydrogen can increase the yield

and can extend catalyst life by reducing coke formation.

Specially, catalytic co-pyrolysis of plastics and biomass

has been shown to promote conversion to aromatic

hydrocarbons, and also provided a productive treatment of
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discarded agricultural plastics [4, 5, 7, 8]. The main reason

for these problems is due to the lower effective hydro-

gen/carbon ratio (H/Ceff) of the biomass (0–0.3). In 1986,

Chen et al. proposed the concept of an effective hydro-

gen/carbon ratio (Eq. 1) for estimating whether a feedstock

can be economically converted into a hydrocarbon chem-

ical [1–5].

H=Ceff ¼
H � 2O

C
ð1Þ

Raw material with a H/Ceff value of 1–2 can produce

petroleum products, while raw materials with a H/Ceff

value lower than 1 produce more coke [4–6, 9–13].

Therefore, it is necessary to add H-rich raw materials to the

biomass pyrolysis process to increase H/Ceff.

Plastic is a cheaper polymer with high H/Ceff. Such as

polyethylene (PE), polypropylene (PP), and so on, its H/

Ceff can reach 2. In addition, plastic resources are abun-

dant, and global plastic production is increasing every year

[8]. Polymer waste can take billions of years to degrade

naturally, with serious environmental consequences. Sec-

ondary reuse is of significant importance both in the

management of environmental pollution and in the devel-

opment of renewable energy [9, 12]. Currently, the meth-

ods of treating plastic waste include incineration or landfill

disposal. Incineration can produce useful energy, but it also

releases toxins. Comparison to incineration, pyrolysis

produces fewer toxins due to lack of oxygen. In summary,

co-pyrolysis of biomass and plastic is a promising tech-

nology, which can convert biomass and waste plastics to

liquid fuels and chemicals [1, 9, 12, 14–17].

At present, there have been many studies in co-pyrolysis

of biomass and waste plastic. Some researches indicated

that no synergistic effect was found in the co-pyrolysis of

the biomass and plastic without catalyst [16, 18]. Mean-

while, some researches indicated that the co-pyrolysis of

biomass and plastics increased the production of bio-oil

and the alcohol content. Studies have shown that catalysts

can change the reaction path during pyrolysis and reduce

the activation energy of the reaction [1, 2, 4, 19–23]. Some

researchers have also inferred the reaction mechanism of

catalytic co-pyrolysis of the biomass and plastic from the

molecular level [1, 3–5].

However, in the recent studies, an exact catalytic co-

pyrolysis reaction mechanism has not yet been given, and

the research is still based on preliminary assumption.

Therefore, the entire chemical reaction process of catalytic

co-pyrolysis is still unclear [3–6, 24–32]. The knowledge is

vital in the process of catalytic co-pyrolysis. Because we

want to study the advantages of catalytic co-pyrolysis over

pure pyrolysis, we must start with the reaction mechanism,

clarify the progress of each step, and better explore how to

improve the conditions and influencing factors of catalytic

co-pyrolysis, in order to improve the quality of bio-oil

further.

By investigating the effect of co-pyrolysis on the pro-

duct distribution, this research aimed to improve the

pyrolysis product distribution and infer the reaction

mechanism of co-pyrolysis of cellulose and PE over

HZSM-5 based on the analysis of the pyrolysis products

and theoretical calculations. The density functional theory

(DFT) in Gaussian calculation was used to simulate each

reaction path of catalytic co-pyrolysis proposed by our

research, and the inferred catalytic co-pyrolysis reaction

mechanism was verified.

Materials and method

Materials

Microcrystalline cellulose was purchased from Beijing

Kebaiao Biotechnology Co., Ltd. Polyethylene (1000

mesh) was purchased from Dongguan Huangjiang Sheng-

bang Plastic Materials Co., Ltd. Carbon, hydrogen, and

nitrogen contents of the cellulose and PE were analyzed

with an elemental analyzer (CE-440, Exeter Analytical,

Inc., North Chelmsford, MA). HZSM-5 was purchased

from Yangzhou Zhonghe Petrochemical Research Institute

Co., Ltd., with a silicon–aluminum ratio of 30:1. Cellulose

and PE were mixed evenly at the ratio of 1:1. Cellulose,

PE, and HZSM-5 were mixed evenly at the ratio of 1:1:4.

All the raw materials and catalyst were powdered.

Thermogravimetric experiments

Thermogravimetric analysis (TGA) was performed using a

thermal analyzer (TG Instruments SDT-Q600). TGA

experiments were conducted on 5 mg samples (individual

feedstock and blends) in inert atmosphere (N2), using a

ramp rate of 30 �C min-1, to the final temperature of

650 �C. The flow rate of N2 was 50 mL min-1.

Analytical pyrolyzer coupled with gas
chromatograph–mass spectrometer (Py–GC/MS)

Pyrolysis experiments were carried out using the EGA/PY-

3030D pyrolyzer (Frontier Laboratories, Japan) equipped

with the gas chromatograph–mass spectrometer

(QP2010Ultra, Shimadzu, Japan). 0.5 ± 2% mg sample

[cellulose, PE, their mixture (1:1 in mass), and their mix-

ture over HZSM-5 (1:4 in mass)] was pyrolyzed in the

quartz tube in each test. All pyrolysis processes were car-

ried out at 650 �C, 30 s with heating rate of 20 �C ms-1

using a platinum coil probe and quartz sample tubes. GC

analyses were performed on a DB-5MS capillary column
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(30 m 9 0.25 mm 9 0.25 lm). The oven was pro-

grammed to hold at 40 �C for 5 min and was ramped at

5 �C min-1 to 180 �C for 5 min and then was ramped at

5 �C min-1 to 280 �C, after which it was held at this

temperature for 5 min. The injector temperature was kept

at 280 �C with the injector split ratio set to 80:1, and

helium flow rate was maintained at 0.8 mL min-1. MS

detection was carried out under electron impact (EI) ion-

ization conditions in full scan from 33 to 500 m z-1 with a

threshold at 70 eV, a scan rate of 500 Da s-1, and an ion

source temperature of 230 �C. All mass spectra were

compared to the NIST11 mass spectrum library.

Calculation method

All calculations were carried out with the Gaussian 09 W

suite of programs [31]. The initial model of the reactants,

intermediates, and final products involved in the initial

reaction of catalytic co-pyrolysis was structurally opti-

mized under B3LYP/6-31G (d) to find the most stable ge-

ometry and then search for related reactants in the

transition state [32, 33]. For the corresponding product, the

transition state has only an imaginary frequency, and the

reactants, intermediates, and products have no imaginary

frequency. The transition state is followed by the TS

method in two directions following the intrinsic reaction

coordinate (IRC) analysis to ensure that the transition state

is related to the correct reactants and products. Frequency

analysis and IRC analysis were performed using the same

basis set as the optimization. Single-point energy (SPE)

was obtained using the M062X/def2TZVP level, which is

more accurate than B3LYP/6-31 G (d) in calculating the

energy of organic matter. All calculations were performed

at 650 �C.

Results and discussion

Elemental composition analysis

The elemental composition of the cellulose and PE samples

and the H/Ceff of them and their mixtures are listed in

Table 1. As reported in Table 1, the H/Ceff of cellulose

samples was 0, and the H/Ceff of PE was 2. Based on the H/

Ceff of cellulose and PE samples, the H/Ceff of their mix-

tures was 1.3. The result suggested that the addition of PE

has increased the H/Ceff of their mixture which proved that

PE acted as a hydrogen donor.

Thermogravimetric (TG) and derivative
thermogravimetric (DTG) analysis

The TG (a) and DTG (b) curves of pyrolysis of cellulose,

PE, cellulose/PE, cellulose/PE/HZSM-5 are shown in

Fig. 1. The main mass loss ranges of cellulose, PE, cellu-

lose/PE, cellulose/PE/HZSM-5 are shown in Table 2. The

results in Fig. 1b indicate that the main mass loss range of

cellulose is 300–420 �C, the maximum mass loss rate

appears at 370 �C, the main mass loss range of PE is

400–530 �C, and the maximum mass loss rate appears at

490 �C. According to the DTG curve, there are two

pyrolysis stages of co-pyrolysis of cellulose and PE. The

first stage is 270–410 �C, and the maximum mass loss rate

appears at 365 �C. The second stage is 440–540 �C, and

the maximum mass loss rate appears at 490 �C. It is shown
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Fig. 1 a TG and b DTG curves of pyrolysis of cellulose, PE,

cellulose/PE, cellulose/PE/HZSM-5

Table 1 Elemental analysis of the cellulose and PE samples used in

this study

Feedstock/% N% C% H% S% O% H/Ceff

Cellulose 0.16 44.6 6.6 0 49.1 0

PE 0 85.7 14.3 0 0 2
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that the cellulose and PE have different temperatures of

maximum mass loss rate, and the pure mixture of them has

no significant synergism. Notably, for the catalytic co-py-

rolysis of mixture over HZSM-5, there is only one pyrol-

ysis stage according to the DTG curve (Fig. 1b), the

decomposition range is 270–500 �C, and the maximum

decomposing rate appears at 360 �C.

Figure 2 shows the DW curves of cellulose/PE and

cellulose/PE/HZSM-5, and the DW curve was calculated

by Eq. 2.

DW ¼ Wblend � W1 � x1 þW2 � x2 þW3 � x3ð Þ ð2Þ

Here, the W in Eq. 2 is the mass during the mass loss,

subscript blend is mixture, 1 is cellulose, 2 is PE, 3 is

HZSM-5, and the x is the proportion of the mixture.

As can be seen, when the mixture without HZSM-5, PE

inhibits the mass loss of cellulose in the range of

330–400 �C and PE promotes mass loss of cellulose in the

range of 480–500 �C. The reason for this phenomenon is

that PE coated with cellulose inhibits the escape of vola-

tiles after melting in the range of 330–400 �C. As the

temperature rises further, PE cracks and produces olefins

which react with free radicals generated by pyrolysis of

cellulose to form volatile substances, so that it increases the

mass loss rate in the range of 480–500 �C. However, when

HZSM-5 was added into the sample, loss of cellulose mass

is suppressed throughout the temperature range, and the

most inhibited temperature range is 350–500 �C. HZSM-5

promotes the reaction of the products produced by cellu-

lose and olefins; therefore, the free radical reaction

mentioned earlier is suppressed. Since the reaction prod-

ucts of the latter were more stable than that of the former,

the mass loss of sample over with HZSM-5 was less than

without HZSM-5. All these results indicate that the co-

pyrolysis of cellulose and PE has a significant synergistic

reaction after the addition of HZSM-5.

Pyrolyzer coupled with gas chromatograph–mass
spectrometer (Py-GC/MS) analysis

The GC/MS chromatograms of the samples that pyrolyze at

650 �C for 30 s are shown in supplementary materials.

According to related studies, NIST11 mass spectrum

library, the main identified pyrolysis products of cellulose,

PE, and their mixture are shown in Fig. 3a. The main

chemical compounds were identified corresponding to

different retention time. They were divided into oxy-

genated, olefins, alkenes, and aromatics groups first. Then,

the remaining compounds were divided into the ‘‘others’’

group, and the others are mainly salt compound, amine,

etc., such as pentafluoropropionate, ammonium acetate,

and propanamine.

Pyrolysis of cellulose, PE, and their mixture without catalyst

Figure 3a indicates that oxygenated compounds are the

main pyrolysis product of cellulose, and its proportion is

high to 95.4% of all the products. Figure 4 shows that the

saccharides are major product of oxygenated compounds,

which takes up 36.8% of pyrolysis product of cellulose.

Besides saccharides, alcohol, ester, ketone, aldehyde,

furan, acids also exist in the pyrolysis, which take up 33.83,

14.16, 8.08, 1.41, 1.04, and 0.06%, respectively. As for PE,

the main pyrolysis product of PE shown in Fig. 3a is ole-

fins, aromatics, and alkanes, which account for 57.3, 23.3,

and 15.3%, respectively. When PE is mixed with cellulose

at the ratio of 1:1, the oxygenated chemicals decrease from

95.4 to 50.3%, and the percentage of their mixture is

similar to the calculated value.

The calculated value is obtained from Eq. 3.

Calculated value ¼ x1 � Cellulose value þ x2

� PE value ð3Þ

In Eq. 3, the cellulose value is the yield of pure cellu-

lose, the PE value is also the yield of pure PE [1, 19], and x

200
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Fig. 2 DW curves of cellulose/PE and cellulose/PE/HZSM-5

Table 2 Characteristic

pyrolysis parameters of

cellulose, PE, cellulose/PE,

cellulose/PE/HZSM-5

Feedstock Decomposition temperature range/�C Maximum mass loss temperature/�C

Cellulose 300–420 372

PE 400–530 490

Cellulose/PE 270–410 and 440–540 365 and 490

Cellulose/PE/HZSM-5 270–500 360
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is the proportion of the sample. The distribution of the

product pyrolysis from cellulose/PE, cellulose/PE/HZSM-

5, and the calculated value of cellulose and PE is shown in

Fig. 3b.

Comparing the contents of the compounds in Fig. 3a, b,

the addition of PE has not changed the percentage of

products essentially. To some extent, the mixture of cel-

lulose of PE has no obvious effect on the distribution of

products as expected [34–41].

From Fig. 3a, we can see the oxygenated chemicals

takes up 28.1% of all of the pyrolysis products, and olefins,

alkanes, and aromatics account for 55.7, 12.3, and 3.9%,

respectively. According to Fig. 3a, comparing with the

pyrolysis of the mixture without HZSM-5, the oxygenated

compounds of the pyrolysis product over HZSM-5 added

are significantly reduced while the olefins is increased. The

aromatics appear in the products of the pyrolysis over

HZSM-5, when there are almost no aromatics in the

pyrolysis products without HZSM-5. The special pore

structure and surface acid sites of HZSM-5 may play a

crucial role in aromatics formation. This is because HZSM-

5 has a two-dimensional pore system, its pore size is

comparable to that of benzene molecule, and it has good

shape selectivity. In addition, the Lewis and Brönsted sites

of HZSM-5 are contained in the micropores, at which

deoxygenation and aromatization of cellulose are occurred

to form aromatics and olefins [1, 40–46]. Olefins and

alkanes derived from PE are also further cracked due to the

effects of Lewis and Brönsted sites [3]. Therefore, the

synergism between cellulose and PE is obvious when

HZSM-5 is added into the sample. The alkanes produced

by the pyrolysis of cellulose alone are only 0.4%, the

alkanes produced by pyrolysis of their mixture is 13.2%

while the alkanes produced by the pyrolysis of PE alone are

15.3%. Figure 3b shows that the calculated values of

oxygenates are higher than the experimental values of the

mixture over with HZSM-5 and are lower than the mixture

over without HZSM-5. Herein, the addition of the HZSM-5

can induce the content of the oxygenates. However, the

calculated values of the olefins and the alkanes are lower

than the experimental values. On the contrary, the aro-

matics calculated are lower than the experiment. It is

implied that there is no positive effect on the production of

aromatics between cellulose and PE without HZSM-5.

A comparison of the kinds and contents of oxygenates in

cellulose, cellulose/PE, cellulose/PE/HZSM-5 pyrolysis

products is shown in Fig. 4. Among the cellulose pyrolysis

products, alcohols and sugars are the main oxygenates.

When PE is added, the content of alcohols, acids, and

saccharides is reduced, and epoxide and ester compounds

are present. After adding HZSM-5, the content of the

alcohol is lower, the acids and the saccharides disappear,

and the content of the ketone and the esters increases.
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Reaction path and DFT calculation

Many studies have speculated on the reaction mechanism

of cellulose and plastic waste. According to previous

speculations and the support of these experimental data:

Cellulose pyrolysis products are mainly oxygenates,

including saccharides, alcohols, ketones, aldehydes, and

furans; after the addition of PE, the content of oxygenates

is reduced, but the synergistic effect is not particularly

strong. After adding HZSM-5, the content of oxygenates is

lower than that of cellulose and PE, and esters and ketones

are lower. The kinds of the oxygenates increase and aro-

matics of the oxygenates appear. The reaction mechanism

of cellulose and PE over on the catalysis of HZSM-5 was

proposed as shown in Fig. 5 [1, 4, 19].

Cleavage, dehydration, and decarboxylation of cellulose

mainly produce aldehydes, alcohol, furans, and their

derivatives, and the resulting furan, furan derivatives, and

acetol react with olefins produced by PE cracking under the

action of a catalyst. Among them, the hydroxyl group

produced by pyrolysis of pyruvic acetol and the vinyl

group produced by PE cracking react with a radical to form

vinyl alcohol [1, 40]. It has been suggested in the literature

that hydroxyl groups are produced during the pyrolysis of

cellulose, but there is no specific indication that the

hydroxyl groups react with the vinyl groups produced by

PE cleavage to obtain alcohols. This article clearly states

that a free radical reaction between a hydroxyl radical and

a vinyl group produces an alcohol. Furan and its derivatives

react with olefins produced by PE cracking to form aro-

matic hydrocarbons (benzene, toluene, xylene, etc.), which

is known as Diels–Alder reaction and dehydration reac-

tions. This can promote the generation of aromatics. Fur-

thermore, PE-derived hydrocarbons such as alkanes and

olefins can provide hydrogen for cellulose-derived oxy-

genates, which can reduce the amount of coke produced

[1, 4]. However, the reactions have not been confirmed by

experiments, because the reactions are quiet complex

during pyrolysis and the temperature of pyrolysis is high to

650 �C. So this study aims to simulate the reactions by

Gaussian09 based on density functional theory (DFT) to

study its reaction mechanism and clarify the pyrolysis

mechanism of cellulose and PE under the catalytic action

of HZSM-5.

According to the results of Py-GC/MS experiments, the

main products of cellulose pyrolysis are levoglucosan (LG)

and acetol. Yayun Zhang et al. have studied the pyrolysis

mechanism of cellulose in detail [35], so the calculation

and simulation analysis were carried out directly from the

reaction of cellulose pyrolysis product: acetol, furan, and

its derivatives with vinyl and ethylene produced by

pyrolysis cleavage isomerization of polyethylene.

The structure of furan and its derivatives produced by

pyrolysis of cellulose and ethylene was optimized. After

the optimization of the structure in Fig. 6 and the bond

length of furan and ethylene in Table 3, the transition state

of the two reactants was searched to obtain a transition

state with one and only one imaginary frequency as shown

in Fig. 7, and the optimization of the product is shown in

Fig. 8. The bond length of transition state and product is

given in Table 4. According to the transition state, it can be

shown that in the reaction, the C1=C2 and C3=C4 in the

furan ring are broken into a single bond, and the C–C

undergoes an addition reaction with the ethylene double

bond. The IRC calculation was performed on the transition

state found. When the IRC was taken, the reactants and the

product direction were simultaneously performed. As

shown in Fig. 6, the results in the direction of the reactants

were furan and ethylene, and the results in the product

direction are shown in Fig. 8. After dehydration, aromati-

zation, benzene, toluene, and the like are obtained.

Small molecule products produced by cellulose, such as

acetone alcohol, were calculated and simulated to react

with ethylene on HZSM-5. According to the optimization

of the product, acetone alcohol and ethanol aldehyde can-

not react with ethylene. However, the vinyl produced by

the pyrolysis of polyethylene can react with a hydroxyl

group to form a vinyl alcohol, and the radical reaction can

Fig. 5 Chemical mechanism of catalytic co-pyrolysis of cellulose and PE over HZSM-5

368 Y. Zhao et al.

123



release a lot of heat. Therefore, we initially included that

the hydroxyl in the radical reaction came from the small

molecular alcohols produced by cellulose pyrolysis.

Conclusions

This study showed that catalytic co-pyrolysis of cellulose

and PE can improve the quality of produced bio-oil. The

results of Py-GC/MS showed that the addition of PE and

HZSM-5 greatly reduced the content of oxygenates in the

pyrolysis products, and the proportion of oxygenates

decreased from 92.8 to 28.3%. The kinds of products are

decreased, and the content of ketones, esters, aromatic

hydrocarbons, olefins, and alkanes is increased. The addi-

tion of HZSM-5 promotes the progress of the Diels–Alder

reaction, so that the free radical reactions suppressed.

Herein, the content of the alcohol compound is reduced.
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Table 4 The bond length of transition state and Product

Transition state Values Product Values

Parameters Bond length Å Parameters Bond length Å

C(4)-H(17) 1.113 C(13)-H(15) 1.094

C(1)-H(16) 1.113 C(13)-H(14) 1.094

C(13)-H(15) 1.085 C(10)-C(13) 1.566

C(13)-H(14) 1.086 C(10)-H(12) 1.094

C(10)-C(13) 1.407 C(10)-H(11) 1.094

C(10)-H(12) 1.086 C(4)-C(13) 1.568

C(10)-H(11) 1.085 C(4)-H(9) 1.087

C(4)-H(9) 1.079 C(4)-O(5) 1.489

C(4)-O(5) 1.41 C(3)-H(8) 1.082

C(3)-H(8) 1.08 C(3)-C(4) 1.526

C(3)-C(4) 1.423 C(2)-H(7) 1.082

C(2)-H(7) 1.08 C(2)-C(3) 1.343

C(2)-C(3) 1.386 C(1)-C(10) 1.568

C(1)-H(6) 1.079 C(1)-H(6) 1.087

C(1)-O(5) 1.41 C(1)-O(5) 1.489

C(1)-C(2) 1.423 C(1)-C(2) 1.526

Table 3 The bond length of furan and ethylene

Furan Values Ethylene Values

Parameters Bond length Å Parameters Bond length Å

C(4)-H(9) 1.079 C(4)-H(6) 1.088

C(4)-O(5) 1.364 C(4)-H(5) 1.088

C(3)-H(8) 1.081 C(1)-C(4) 1.331

C(3)-C(4) 1.361 C(1)-H(3) 1.088

C(2)-H(7) 1.081 C(1)-H(2) 1.088

C(2)-C(3) 1.436

C(1)-H(6) 1.079

C(1)-O(5) 1.364

C(1)-C(2) 1.361
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The optimization and IRC calculation results show that the

theoretical reaction process of catalytic co-pyrolysis is

consistent with the proposed reaction process. The Diels–

Alder reaction and the free radical reaction can be con-

firmed by optimization and IRC calculation. The reactions

mechanism of catalytic co-pyrolysis of cellulose and PE

was studied more precisely by the combination of DFT

calculations and experiments.
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