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A B S T R A C T   

The distributions of biomass and plastic co-pyrolysis products are complicated by abundant component com-
binations, pyrolysis conditions, and synergies. Herein, the hierarchical clustering analysis (HCA) and response 
surface methodology (RSM) were used to rapidly determine synergies and predict product yields of xylan and 
polyethylene (PE) co-pyrolysis at 500–700 ◦C. The results showed that co-pyrolysis promoted liquid production 
and suppressed solid and char formation. Pyrolytic interactions improved the decomposition of the PE-derived 
wax, resulting in 1.5–1.9- and 1.7–2.1-fold higher yields of heavy gas oil and C≥26 hydrocarbons compared to 
the theoretical values. HCA classified pyrolyzates with similar synergy into the same cluster, which reflected the 
suppressed carbonyl compound production, enhanced furfural and phenols yields at 700 ◦C, and greater C17–C30 
hydrocarbon production. The quadratic model of RSM predicted the yields of gas, CO, C3Hn, C4Hn, liquid, 
ethanol, acetaldehyde, hydrocarbon oil, gasoline, solid, and char influenced by synergies. Owing to complex 
interactions, the cubic model fitted the CH4 and C2H4 yields. The linear model described the CO2 yield without 
synergy. This work illustrates the utility of combining RSM and HCA to predict product distributions of various 
waste co-treatment processes.   

1. Introduction 

Renewable lignocellulosic biomass can relieve the energy crisis and 
carbon emission pressure induced by the excessive use of fossil fuels. 
Approximately 12,000 million tons of plastic waste will be in the land-
fills or natural environment by 2050, causing severe pollution and 
wasting petroleum resources [1]. Furthermore, the massive demand for 
woody and plastic composite materials in decking and construction 
fields has exacerbated the pressure associated with the disposal of the 
biomass and plastic wastes [2]. These hard-to-separate wastes have to be 
treated using landfills and incineration, which complicates achieving 
the targets of the circular economy and carbon neutrality. 

Pyrolysis is widely used to recover valuable chemicals and fuels from 
the hard-to-recycle polymeric materials [3–5]. Notably, co-pyrolysis 
offers a convenient treatment of mixtures that does not require addi-
tional physical separation [6–8]. In general, the oxygen content of the 
biomass oil is over 10-fold higher than that of petroleum, which explains 
low heating value, poor thermal stability, and high corrosivity of the 

biomass oil [9]. Plastic blending improves the biomass oil quality by 
increasing the hydrogen-to-carbon effective ratio [10,11]. Furthermore, 
the suppression of coke formation by hydrogen-rich reactants during 
pyrolysis enhances the efficiency of biomass carbon conversion to 
chemicals [12]. 

The positive impacts of biomass-plastic synergies on product recov-
ery have been reported and summarized previously [13–17]. Poly-
ethylene (PE) and polypropylene account for a half of the total plastic 
waste production and have hydrogen content of 14 wt%. Therefore, 
their pyrolyzates can provide hydrogen donors to hydrogen-deficient 
biomass during pyrolysis [18,19]. A previous study found that PE 
increased the yields of furans, acids, and methyl or propenyl phenols 
during red oak pyrolysis [20]. Furthermore, the breakdown of PE into 
aliphatic compounds with lower numbers of carbons was promoted by 
the hydroxyl intermediates of sugarcane bagasse pyrolysis [21]. Previ-
ous works identified the liquid/solid- and gas phase synergies during the 
biomass and polyolefin co-pyrolysis to improve the recovery of levo-
glucosan, methoxyphenol, and hydrocarbon oil [22–25]. 
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Pyrolysis of xylan, the main hemicellulose component of hardwoods, 
can be used to produce acids, aldehydes, and furfural chemicals 
[26–28]. Synergies of the xylan and plastic co-pyrolysis received less 
attention than synergies of the biomass and plastic co-pyrolysis. Pyrol-
ysis-gas chromatography/mass spectrometry (Py-GC/MS) showed that 
synergies between xylan and PE enhanced alkene production, although 
the furan and saccharide yields decreased [29]. In addition, catalyzed 
co-pyrolysis of xylan and polyolefin improved the aromatic compound 
production [30,31]. However, co-pyrolysis of xylan and plastic needs to 
be further studied to understand the pyrolyzate yields of co-pyrolysis 
and determine the possibility of future industrial applications. 

Currently, numerous pyrolyzates generated during polymer pyroly-
sis complicate identification of pyrolytic synergies. The complex product 
distribution is influenced by various combinations of the plastic, 
biomass, and co-pyrolysis conditions. Response surface methodology 
(RSM) has been successfully applied to predict pyrolyzate yields and 
reveal synergies based on the polynomial models fitted to the experi-
mental data [32]. Nevertheless, it is difficult to establish accurate RSM 
models for pyrolyzates with a low yield, which precludes comprehensive 
evaluation of pyrolytic interactions. Hierarchical clustering analysis 
(HCA) can be used to compare large amounts of data and then conduct 
multiple classification analyses [33]. Therefore, HCA can be applied to 
classify numerous pyrolyzates with similar synergies into the same 
cluster, and this approach has been occasionally utilized in the pyrolysis 
[34], combustion [35], and gasification fields [36]. RSM constructs a 
more reasonable yield distribution model based on the HCA-identified 
interactions, and HCA effectively complements the deficiencies of 
RSM in evaluating co-pyrolysis synergies. Based on the above knowl-
edge, we propose here a rapid approach to identify interactions and 
predict product yields by combining HCA and RSM, which has never 
been reported in the co-treatment process. This strategy is beneficial for 
the maximal utilization of the biomass and waste plastics to recover 
chemical feedstocks. 

Herein, the product recovery test of xylan and PE co-pyrolysis was 
conducted in a tube reactor at 500–700 ◦C with different PE blending 
proportions. HCA was applied to rapidly analyze the subtle synergies 
during co-pyrolysis. The distribution models of major pyrolyzates were 
established by RSM to predict product yields for various experimental 
conditions. 

2. Materials and methods 

2.1. Materials 

Xylan isolated from beech wood and high-density PE (average Mw =

150,000) were obtained from Serva Electrophoresis GmbH company 
(Heidelberg, Germany) and the Japanese domestic market, respectively. 
Xylan was demineralized by washing with 0.05 M HCl/methanol for 24 
h twice at room temperature [28]. By using an elemental analyzer 
(JM10, J-Science Lab, Japan), it was found that xylan contained 44.2 wt 
% C, 6.3 wt% H, and 48.5 wt% O. The prepared materials were ground 
and sieved to powders with a particle diameter below 75 µm. Before the 
experiments, the samples were dried at 105 ◦C overnight to remove 
moisture. Powders containing xylan and PE at different blending pro-
portions were placed in a microtube and shaken for 5 min to obtain 
homogenous mixtures. Chemicals used in the experiments were pur-
chased from Kanto Chemical (Tokyo, Japan) or Tokyo Chemical In-
dustry (Tokyo, Japan). Standard gases were from Tanuma Sanso Shokai 
(Sendai, Japan). 

2.2. RSM design 

The central composite design was applied to determine the co- 
pyrolysis conditions by utilizing Stat-Ease 360 software (Stat-Ease Inc., 
Minneapolis, MN, USA), including central points (600 ◦C, 50 wt%), axial 
points (500 and 700 ◦C, 0 and 100 wt%), and factorial points (530 and 

670 ◦C, 15 and 85 wt%), as shown in Fig. S1 in the electronic supple-
mentary information (ESI). The condition design of five levels for each 
factor can effectively reflect the pyrolytic interaction with the minimal 
number of experiments [32]. The polynomial equations containing 
various terms (Eq. (1)) were selected to fit experimental results until the 
most suitable model was obtained according to the analysis of variance 
(ANOVA): 

Y=β0+β1A+β2B+β12AB+β11A2+β22B2+β122AB2+β112A2B+β111A3+β222B3

(1)  

where Y represents pyrolyzate yield; A and B represent pyrolysis tem-
perature and PE blending ratio, respectively; whereas other symbols are 
the intercept (β0), linear (β1 and β2), quadratic (β12, β11, and β22), and 
cubic (β122, β112, β111, and β222) interaction coefficients of the model, 
respectively. The influence of a term was considered statistically sig-
nificant if ANOVA P-value was below 0.05. The detailed information is 
provided in ESI. 

2.3. Pyrolysis experiments in a tube reactor 

The pyrolysis experiments were performed in a quartz tube reactor 
(inner diameter of 7 mm) heated by an electric furnace (Fig. S2a). A 
sample (0.1 g) was placed outside the heating zone and fixed by quartz 
wools. Helium (>99.9999 % purity) was swept at 50 mL/min into the 
whole apparatus during experiments to create an inert environment and 
carry the pyrolyzates. When the furnace was heated to a preset tem-
perature, it was moved to the position where the sample was located at 
the center of the heating zone. After the sample was heated for 15 min, 
the furnace heating was terminated, the quartz tube was naturally 
cooled to 50 ◦C by the continued helium flow, and then, the cold trap 
was defrosted for transferring the condensed gases into the aluminum 
bag. Char remained in the heating zone of the quartz tube, and the 
liquid/solid was condensed outside of the heating zone. Therefore, the 
quartz tube was cut into two sections for weight measurement 
(Fig. S2b). Lastly, each part of the apparatus was separated and weighed, 
respectively. The liquid products were collected in the eluate after 
washing the cut tube, joint, and trap with 10 mL of super-dehydrated 
tetrahydrofuran (THF). All pyrolysis experiments were repeated at 
least twice to ensure the reproducibility of the results. 

2.4. Product analysis 

The total gas yield is the sum of H2 and C1–4 gas yields. Specific gases 
were quantified by GC with a thermal conductivity detector and flame 
ionization detection. The liquid yield was the total sum of weight dif-
ferences of the cut tube, joint, and trap before and after washing with 10 
mL of THF. The liquid products were identified and quantified by GC/ 
MS/flame ionization detection. The details of the GC system condition 
are listed in Tables S1 and S2. The products except for aliphatic hy-
drocarbon were identified based on the NIST 17 library, which had > 80 
% of match factors. The high-boiling-point hydrocarbons dissolved in 
THF in the tube reactor test had low GC/MS intensity responses and 
match degrees; thus, they were identified after referring to online Py- 
GC/MS results under the same condition. Furthermore, the water con-
tent of the liquid was determined by the Karl Fischer titration. Xylan- 
derived coke and PE-derived wax (defined as solid) were deposited in 
the same position, and the yield was determined by the weight differ-
ence of the THF-rinsed cut tube before and after combustion at 900 ◦C. 
The remained char in the cut tube was calculated based on the weight 
difference of the cut tube before and after combustion at 900 ◦C. 

The yield difference (YD) was used to identify the pyrolytic inter-
action, which was calculated using the following equations: 

Ymixture cal = (1 − B)Yxylan +BYPE (2)  
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Table 1 
Weight compositions of identified pyrolyzates from xylan, PE, and mixtures under RSM designed conditions.   

500–0 a 500–50 500–100 530–15 530–85 600–0 600–50 600–100 670–15 670–85 700–0 700–50 700–100 

Gas (wt%) 13.6 ± 
0.1 

8.0 ± 
0.0 

2.3 ± 
0.0 

12.1 ± 
0.0 

4.2 ± 
0.0 

14.4  
± 0.3 

8.6 ± 
0.2 

3.1 ± 
0.1 

13.2 ± 
0.1 

5.2 ± 
0.0 

16.2  
± 0.0 

9.4 ± 
0.3 

4.5 ± 
0.1 

H2 – c – – – – 0.1 ±
0.0 

+ – 0.2 ±
0.0 

+ 0.3 ±
0.1 

0.2 ±
0.0 

– 

CO 2.7 ±
0.0 d 

1.4 ±
0.0 

– 2.4 ±
0.0 

0.4 ±
0.0 

3.1 ±
0.1 

1.5 ±
0.1 

– 3.0 ±
0.0 

0.6 ±
0.0 

4.3 ±
0.1 

1.9 ±
0.0 

– 

CO2 10.2 ±
0.1 

5.1 ±
0.0 

– 8.7 ±
0.0 

1.4 ±
0.0 

10.3 ±
0.1 

5.1 ±
0.1 

– 8.8 ±
0.0 

1.4 ±
0.1 

10.6 ±
0.0 

5.1 ±
0.3 

– 

CH4 0.4 ±
0.0 

0.2 ±
0.0 

0.1 ± 0.0 0.4 ±
0.0 

0.1 ±
0.0 

0.5 ±
0.0 

0.3 ±
0.0 

0.1 ± 0.0 0.5 ±
0.0 

0.2 ±
0.0 

0.6 ±
0.0 

0.3 ±
0.0 

0.2 ± 0.0 

C2H4 0.1 ±
0.0 

0.2 ±
0.0 

0.3 ± 0.0 0.1 ±
0.0 

0.4 ±
0.0 

0.1 ±
0.0 

0.3 ±
0.0 

0.5 ± 0.0 0.1 ±
0.0 

0.6 ±
0.0 

0.1 ±
0.0 

0.4 ±
0.0 

1.0 ± 0.0 

C2H6 0.1 ±
0.0 

0.2 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

0.1 ±
0.0 

0.2 ±
0.0 

0.3 ± 0.0 0.1 ±
0.0 

0.3 ±
0.0 

0.1 ±
0.0 

0.2 ±
0.0 

0.4 ± 0.0 

C3 hydrocarbon 0.1 ±
0.0 

0.5 ±
0.0 

0.9 ± 0.0 0.2 ±
0.0 

0.9 ±
0.0 

0.1 ±
0.0 

0.6 ±
0.0 

1.1 ± 0.0 0.2 ±
0.0 

1.1 ±
0.0 

0.1 ±
0.0 

0.7 ±
0.0 

1.5 ± 0.0 

C4 hydrocarbon 0.1 ±
0.0 

0.5 ±
0.0 

0.8 ± 0.0 0.2 ±
0.0 

0.8 ±
0.0 

0.1 ±
0.0 

0.5 ±
0.0 

1.0 ± 0.0 0.2 ±
0.0 

1.0 ±
0.0 

0.1 ±
0.0 

0.6 ±
0.0 

1.4 ± 0.0 

Liquid (wt%) 51.5 ± 
0.7 

30.6 ± 
0.5 

9.2 ± 
0.4 

44.7 ± 
1.5 

15.2 ± 
0.3 

54.2  
± 1.6 

33.5 ± 
0.3 

11.7 ± 
0.0 

54.3 ± 
0.3 

24.1 ± 
0.2 

55.8  
± 0.4 

39.9 ± 
0.9 

19.2 ± 
0.8 

C2-C3 carbonyl 
compounds 

2.8 ±
0.0 

1.0 ±
0.2 

– 1.9 ±
0.0 

0.3 ±
0.1 

2.6 ±
0.1 

0.9 ±
0.1 

– 1.6 ±
0.1 

0.3 ±
0.0 

2.5 ±
0.1 

0.8 ±
0.1 

– 

Acetaldehyde 1.1 ±
0.0 

0.4 ±
0.1 

– 0.8 ±
0.0 

0.1 ±
0.0 

0.9 ±
0.0 

0.4 ±
0.1 

– 0.7 ±
0.1 

0.2 ±
0.0 

0.8 ±
0.1 

0.4 ±
0.1 

– 

Ethanol 1.6 ±
0.0 

0.6 ±
0.1 

– 1.0 ±
0.0 

0.2 ±
0.0 

1.5 ±
0.1 

0.5 ±
0.0 

– 0.8 ±
0.0 

0.1 ±
0.0 

1.5 ±
0.0 

0.4 ±
0.0 

– 

Acetone 0.1 ±
0.0 

0.1 +
0.0 

– 0.1 +
0.0 

+ 0.1 ±
0.0 

+ – 0.1 ±
0.0 

0.1 +
0.0 

0.1 ±
0.0 

+ – 

Propanoic acid 0.1 ±
0.0 

+ – + + 0.1 ±
0.0 

+ – + + 0.1 ±
0.0 

+ – 

5-membered-ring 
compounds 

0.3 ±
0.0 

0.1 ±
0.0 

– 0.3 ±
0.0 

+ 0.7 ±
0.1 

0.2 ±
0.1 

– 0.2 ±
0.0 

+ 0.5 ±
0.0 

0.4 ±
0.0 

– 

Furfural 0.2 ±
0.0 

0.1 ±
0.0 

– 0.3 ±
0.0 

+ 0.6 ±
0.1 

0.2 ±
0.1 

– 0.1 ±
0.0 

+ 0.5 ±
0.0 

0.3 ±
0.0 

– 

2-Furanmethanol + e + – + + + + – + + + + – 
2-Cyclopenten-1- 

one, 2-hydroxy 
+ + – + + + + – + + + + – 

2-Cyclopenten-1- 
one, 2-methyl 

+ + – + + + + – + + + + – 

Phenols 0.1 ±
0.0 

+ – 0.1 ±
0.0 

+ 0.1 ±
0.0 

+ – 0.1 ±
0.0 

+ 0.1 ±
0.0 

+ – 

Phenol + + – + + + + – + + + + – 
Phenol, methyl- 0.1 ±

0.0 
+ – 0.1 ±

0.0 
+ 0.1 ±

0.0 
+ – + + + + – 

Hydrocarbon oil 0.3 ±
0.0 

2.5 ±
0.3 

4.1 ± 0.1 1.7 ±
0.1 

4.3 ±
0.3 

0.3 ±
0.0 

4.5 ±
0.5 

7.0 ± 0.4 2.1 ±
0.3 

13.9 ±
0.2 

0.2 ±
0.0 

8.0 ±
0.7 

14.0 ±
0.9 

Gasoline 0.3 ±
0.0 

0.8 ±
0.1 

1.9 ± 0.1 0.5 ±
0.0 

1.2 ±
0.1 

0.3 ±
0.0 

1.0 ±
0.3 

2.5 ± 0.1 0.2 ±
0.0 

2.2 ±
0.0 

0.2 ±
0.0 

1.9 ±
0.1 

4.0 ± 0.2 

C5 0.1 ±
0.0 

0.4 ±
0.1 

0.5 ± 0.0 0.3 ±
0.0 

0.6 ±
0.1 

0.1 ±
0.0 

0.6 ±
0.1 

0.7 ± 0.0 0.1 ±
0.0 

1.1 ±
0.0 

0.1 ±
0.0 

1.0 ±
0.0 

1.0 ± 0.0 

C6 0.1 ±
0.0 

0.2 ±
0.0 

0.8 ± 0.0 0.2 ±
0.0 

0.3 ±
0.0 

0.1 ±
0.0 

0.3 ±
0.2 

1.1 ± 0.0 0.1 ±
0.0 

0.6 ±
0.0 

+ 0.6 ±
0.0 

1.7 ± 0.0 

C7 0.1 ±
0.0 

0.1 ±
0.0 

0.4 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

0.1 ±
0.0 

0.1 ±
0.1 

0.5 ± 0.0 + 0.3 ±
0.0 

+ 0.2 ±
0.0 

0.8 ± 0.0 

C8 – 0.1 ±
0.0 

0.2 ± 0.0 + + – + 0.2 ± 0.1 + 0.1 +
0.0 

– + 0.3 ± 0.0 

C9 – + + + + – + + + + – + +

C10 – + + + + – + + + 0.1 +
0.0 

– + 0.2 ± 0.1 

Kerosene – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.2 ±
0.1 

0.8 ± 0.0 0.1 ±
0.0 

2.0 ±
0.1 

– 0.5 ±
0.1 

1.7 ± 0.1 

C11 – + + + + – + 0.2 ± 0.1 + 0.4 ±
0.0 

– 0.1 ±
0.0 

0.5 ± 0.0 

C12 – + + + + – + 0.1 ± 0.0 + 0.7 ±
0.0 

– 0.2 ±
0.1 

0.5 ± 0.2 

C13 – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.2 ±
0.1 

0.4 ± 0.0 0.1 ±
0.0 

0.8 ±
0.0 

– 0.3 ±
0.1 

0.7 ± 0.0 

Diesel – 0.7 ±
0.1 

0.9 ± 0.1 0.4 ±
0.0 

1.2 ±
0.0 

– 1.5 ±
0.1 

1.9 ± 0.0 0.4 ±
0.1 

4.1 ±
0.2 

– 1.9 ±
0.2 

3.9 ± 0.7 

C14 – 0.1 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.3 ±
0.0 

– 0.3 ±
0.1 

0.5 ± 0.0 0.1 ±
0.0 

1.0 ±
0.0 

– 0.4 ±
0.1 

0.9 ± 0.1 

C15 – 0.1 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.3 ±
0.0 

– 0.3 ±
0.0 

0.5 ± 0.0 0.1 ±
0.0 

0.9 ±
0.0 

– 0.4 ±
0.0 

0.9 ± 0.1 

(continued on next page) 
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YD = Ymixture/Ymixture cal (3)  

where Ymixture_cal corresponds to the theoretically calculated yield from 
co-pyrolysis; Yxylan and YPE correspond to the experimental yields from 
neat xylan and PE pyrolysis, respectively; B corresponds to the PE 
blending proportion; Ymixture corresponds to the experimental yield from 
co-pyrolysis. 

2.5. HCA of pyrolyzates 

HCA was conducted using Origin 2021 software (OriginLab Corpo-
ration, Northampton, MA, USA). Euclidean distance is a classical simi-
larity measure used for the analysis of continuous variables. Ward’s 
linkage is based on finding the pair of clusters that leads to a minimum 
increase in the total within-cluster variance after merging [37], which 
can clearly differentiate cluster groups in this study. The HCA results are 
expressed by heat maps (matrix X (m × n), where m represents pyroly-
zates, and n represents pyrolysis conditions) combined with dendro-
grams, respectively. 

3. Results and discussion 

3.1. Pyrolysis of xylan, PE, and their mixtures 

The identified pyrolyzate yields from the pyrolysis of xylan, PE, and 
their mixtures under different conditions are listed in Table 1. Increases 
in the gas yield (13.6 to 16.2 wt%) and liquid yield (51.5 to 55.8 wt%) as 
well as a decrease in the char yield (24.3 to 18.4 wt%) were observed 
with the rise in the xylan pyrolysis temperature from 500 to 700 ◦C. 
Xylan pyrolysis produced more gas and liquid and less solid yield than 
cellulose pyrolysis under the same conditions [32], which was related to 
the presence of short-chain heteropolysaccharides in xylan and its low 
polymerization. PE pyrolysis generated a large amount of solid con-
sisting of high molecular weight wax. The liquid yield increased from 
9.2 to 19.2 wt%, and the solid yield accordingly decreased from 84.0 to 
69.9 wt% with the rise in PE pyrolysis temperature owing to the greater 
extent of depolymerization at high temperatures. 

During co-pyrolysis, the yields of gas, liquid, and char increased, and 
the solid yield decreased when the mixture contained a higher xylan 
proportion. As shown by the thermogravimetric analysis (Fig. S3), fast 
co-pyrolysis of xylan and PE generated greater synergistic effects and 
weakened the thermal conductivity difference more than slow pyrolysis. 
Compared with the experimental and theoretically calculated values of 

Table 1 (continued )  

500–0 a 500–50 500–100 530–15 530–85 600–0 600–50 600–100 670–15 670–85 700–0 700–50 700–100 

C16 – 0.1 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.3 ±
0.0 

– 0.3 ±
0.0 

0.4 ± 0.0 0.1 ±
0.0 

0.8 ±
0.0 

– 0.4 ±
0.0 

0.8 ± 0.1 

C17 – 0.1 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.3 ±
0.0 

0.3 ± 0.0 0.1 ±
0.0 

0.8 ±
0.0 

– 0.4 ±
0.0 

0.7 ± 0.1 

C18 – 0.1 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.3 ±
0.0 

0.3 ± 0.0 0.1 ±
0.0 

0.7 ±
0.0 

– 0.4 ±
0.0 

0.7 ± 0.1 

Heavy gas oil – 0.7 ±
0.0 

0.9 ± 0.1 0.5 ±
0.1 

1.2 ±
0.1 

– 1.3 ±
0.0 

1.4 ± 0.1 0.8 ±
0.1 

4.0 ±
0.0 

– 2.5 ±
0.2 

3.3 ± 0.5 

C19 – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.2 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.7 ±
0.0 

– 0.4 ±
0.0 

0.6 ± 0.1 

C20 – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.2 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.6 ±
0.0 

– 0.4 ±
0.0 

0.5 ± 0.1 

C21 – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.2 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.6 ±
0.0 

– 0.4 ±
0.0 

0.5 ± 0.1 

C22 – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.2 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.6 ±
0.0 

– 0.4 ±
0.0 

0.5 ± 0.0 

C23 – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.2 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.5 ±
0.0 

– 0.4 ±
0.0 

0.4 ± 0.1 

C24 – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.2 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.5 ±
0.0 

– 0.4 ±
0.0 

0.4 ± 0.1 

C25 – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.1 ±
0.0 

– 0.1 ±
0.0 

0.2 ± 0.0 0.1 ±
0.0 

0.5 ±
0.0 

– 0.3 ±
0.0 

0.4 ± 0.0 

C≥26 hydrocarbon – 0.3 ±
0.0 

0.3 ± 0.0 0.2 ±
0.0 

0.5 ±
0.1 

– 0.5 ±
0.0 

0.5 ± 0.1 0.5 ±
0.1 

1.6 ±
0.0 

– 1.2 ±
0.1 

1.1 ± 0.0 

C26 – 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.1 ±
0.0 

– 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.4 ±
0.0 

– 0.3 ±
0.0 

0.3 ± 0.0 

C27 – + + + 0.1 ±
0.0 

– 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.2 ±
0.0 

– 0.2 ±
0.0 

0.2 ± 0.0 

C28 – + 0.1 ± 0.0 + 0.1 ±
0.0 

– 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.3 ±
0.0 

– 0.2 ±
0.0 

0.2 ± 0.0 

C29  0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.1 ±
0.0 

– 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.4 ±
0.0 

– 0.3 ±
0.0 

0.3 ± 0.0 

C30  0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.1 ±
0.0 

– 0.1 ±
0.0 

0.1 ± 0.0 0.1 ±
0.0 

0.4 ±
0.0 

– 0.3 ±
0.0 

0.3 ± 0.0 

Water 18.3 ±
0.2 

12.2 ±
0.4 

– 17.6 ±
0.1 

6.2 ±
1.4 

21.0 ±
0.5 

13.2 ±
0.6 

– 19.3 ±
1.2 

6.1 ±
0.0 

21.8 ±
0.0 

13.0 ±
0.2 

– 

Others 29.7 ±
0.9 

14.7 ±
0.5 

5.1 ± 0.5 23.2 ±
1.3 

4.3 ±
1.3 

29.4 ±
1.2 

14.7 ±
0.8 

4.7 ± 0.4 31.1 ±
1.2 

3.7 ±
0.4 

30.7 ±
0.4 

17.7 ±
0.2 

5.3 ± 0.1 

Solid (wt%) 1.0 ± 
0.2 

41.0 ± 
0.4 

84.0 ± 
0.4 

14.9 ± 
0.7 

68.9 ± 
0.5 

1.0 ± 
0.3 

37.4 ± 
1.1 

80.8 ± 
2.2 

8.9 ± 
0.1 

59.7 ± 
0.6 

1.5 ± 
0.1 

32.2 ± 
0.5 

69.9 ± 
2.6 

Char (wt%) 24.3 ± 
1.6 

11.2 ± 
0.0 

– 19.9 ± 
0.2 

2.4 ± 
0.1 

22.0  
± 0.6 

10.4 ± 
0.5 

– 14.1 ± 
0.3 

2.3 ± 
0.1 

18.4  
± 0.5 

7.5 ± 
0.0 

– 

Total b (wt%) 90.4 ± 
1.2 

90.9 ± 
0.0 

95.5 ± 
0.7 

91.7 ± 
2.4 

90.6 ± 
0.2 

91.6  
± 1.5 

89.8 ± 
0.7 

95.6 ± 
2.3 

90.5 ± 
0.0 

91.3 ± 
0.5 

91.9  
± 0.2 

89.0 ± 
0.7 

93.6 ± 
1.9  

a A-B: A indicates pyrolysis temperature and B indicates PE proportion; b Total of gas, liquid, solid, and char; c Not detected; d Standard deviation<0.05; e Average 
value<0.05 wt%. 

S. Xie et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 453 (2023) 139958

5

the product distribution (Fig. 1), co-pyrolysis of xylan and PE promoted 
liquid production and suppressed the formation of solid and char. 
Furthermore, these pyrolytic interactions were enhanced with the in-
crease in temperature because the intense gas-phase interactions at high 
temperatures favored the breakdown of vapored intermediates during 
co-pyrolysis, resulting in the transformation of wax into liquid [22,38]. 
In addition, numerous H-donor species generated from polyolefin py-
rolysis inhibited the cyclization and aromatization reactions leading to 
the formation of char [39]. 

CO and CO2 were the major gaseous compounds generated by neat 
xylan pyrolysis (Table 1). The CO yield increased from 2.7 to 4.3 wt% 
with the rise in temperature. However, the CO2 yield (10.2–10.6 wt%) 
was not significantly altered by changing the temperature. Such results 
may be explained as follows: CO is mainly generated from the aldehyde 
decarbonylation reactions, whereas CO2 is derived from the primary 
decarboxylation reactions of the O-acetyl groups linked to xylan unit 
[26]. The CO2 yield from xylan pyrolysis was far higher than our re-
ported yield (2.7–3.0 wt%) from cellulose pyrolysis [32], because xylan 
contains more organic moieties with carboxyl content [40]. In addition, 
the yield of the C2–C4 hydrocarbons, main gaseous compounds gener-
ated by PE pyrolysis, significantly increased with the rise in 

temperature. 
The CO and CO2 yields were decreased and the C2–C4 hydrocarbon 

yield was increased by adding more PE during co-pyrolysis. The influ-
ence of pyrolytic interactions on gaseous compound yields was deter-
mined from the YD values (Fig. 2a). The YD value of H2 increased and 
the YD values of CO and C1–C4 hydrocarbons decreased with rise in 
temperature. Co-pyrolysis at 700 ◦C had a positive impact on the H2 
yield, which was 1.3-fold of the theoretical yield, and negative effects on 
the production of CO and C1–C4 hydrocarbons. Hydrogen transfer from 
PE to biomass pyrolyzates suppresses the decarbonylation reaction 
[25,41]. The suppression of gaseous CmHn generation originates from 
gas–gas rather than gas–solid interactions [39]. Thus, the suppressive 
effect of the xylan and PE interaction on the gaseous CmHn yield was 
intensified with the rise in temperature in the present study. 

Water (18.3–21.8 wt%) occupies approximately-one-third of the 
xylan liquid weight, and xylan dehydration is promoted at high tem-
peratures (Table 1). The yield of the C2–C3 carbonyl compounds, rep-
resented mainly by ethanol and acetaldehyde, slightly decreased from 
2.8 to 2.5 wt% with the increase in temperature. Whereas ethanol de-
rives only from the ring opening and breakdown of the xylan main chain 
unit, the branched chain structure of the O-acetyl xylan unit can also 
generate some acetaldehyde [26]. More of the five-membered ring 
compounds were produced at 600–700 ◦C, owing to the ring opening of 
pyran followed by the cyclization reaction [26,27]. Other high-boiling- 
point polysaccharides could not be detected or had a low match degree 
in the GC/MS analysis [42,43]. The aliphatic hydrocarbons from PE 
pyrolysis were divided into gasoline (C5–C10), kerosene (C11–C13), diesel 
(C14–C18), heavy gas oil (C19–C25), and C≥26 fractions according to 
carbon numbers [44]. Gasoline, diesel, and heavy gas oil were generated 
with a high yield, and their contents increased with the rise in PE py-
rolysis temperature. 

In co-pyrolysis, the oxygenated compound yield decreased, whereas 
that of liquid hydrocarbons accordingly increased with the increase in 
PE content in the mixture. The pyrolytic interactions significantly sup-
pressed the production of the C2–C3 carbonyl compounds with the rise in 
temperature (Fig. 2b). PE blending further enhanced xylan dehydration, 
resulting in a 1.2–1.3-fold higher water content than that predicted by 
the theoretical yields, because polyolefin promotes dehydration of the 
hemicellulose-derived oxygenates [45]. The pyrolytic interaction at 
600 ◦C inhibited the yields of five-membered ring compounds and 
phenols, in accordance with a previous study [46]. Furans can be con-
verted into aromatic compounds by the Diels-Alder reaction followed by 
dehydration [29,41]. However, co-pyrolysis at high temperatures pro-
moted production of these substances, corroborating a previous report 
[47]. In addition, the hydrocarbon oil (C5–30Hn) yield was increased by 

Fig. 1. Comparison of the experimental and theoretically calculated yields 
(_cal) of co-pyrolysis products (xylan:PE = 50:50, w/w) at different tempera-
tures. Solid consists of high-molecular-weight compounds from xylan and PE- 
derived wax. 

Fig. 2. Effects of temperature on the YD values of (a) gaseous and (b) liquid products from co-pyrolysis (xylan:PE = 50:50, w/w).  
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12–24 % after co-pyrolysis. In particular, the yields of heavy gas oil and 
C≥26 fraction increased to 1.5–1.9-fold and 1.7–2.1-fold of theoretical 
values, respectively. These results are likely explained by the fact that 
oxygen-containing compounds from biomass oil promoted further chain 
scission of the linear long-chain radicals during PE pyrolysis and facil-
itated the transfer of the wax precursors into liquid fractions [29,38]. 
The enhancement of diesel and heavy gas oil production was the largest 
at 600 ◦C, as high temperatures increased the YD value of C≥26 
hydrocarbons. 

Time courses of product emissions during co-pyrolysis were analyzed 
using the evolved gas analysis-MS (Fig. S4). The total ion chromatogram 
intensities of co-pyrolysis at different temperatures were higher than the 
theoretical ones, indicating more volatiles from co-pyrolysis were 
detected by MS. PE pyrolyzates enhanced xylan dehydration, which was 
verified by the fact that the peak at m/z = 18 was more intense after PE 
blending. The peak at m/z = 280–600 corresponds to the molecular ion 
of C≥20 hydrocarbons; this peak significantly increased during co- 
pyrolysis, indicating that xylan pyrolyzates improved the heavy- 
fraction hydrocarbon formation by enhancing the decomposition of 
the PE-derived wax. The same phenomenon was also observed when we 
verified the results of the product recovery in the tube reactor. 

3.2. Identification of synergies by using HCA 

The potential pyrolytic synergies were identified using HCA (Fig. 3). 
The outcome “YD = 0” could be attributed to 0.00 wt% of pyrolyzate 
yield under certain conditions. All identified pyrolyzates were clearly 
classified into four major clusters based on YD values (A < B < C < D). 
Cluster A included H2, xylan-derived liquid compounds, and some liquid 

hydrocarbons (C6–C9 and C11–C12). Cluster B comprised gaseous com-
pounds, acetaldehyde, 2-hydroxy-2-cyclopenten-1-one, and C13Hn. 
Water and most liquid hydrocarbons were classified into cluster C due to 
the enhanced yields after co-pyrolysis. Previous studies reported that 
fast co-pyrolysis of the biomass and PE improved the dehydration re-
action and hydrocarbon oil production [38,47]. The C10Hn (cluster D) 
was highly different from other pyrolyzates, because the temperature 
significantly affected the pyrolytic interaction. In particular, co- 
pyrolysis at 600 ◦C resulted in a higher C10Hn yield than the theoret-
ical value. 

With regards to the sub-clusters, H2, C12Hn, phenols, furfural, and 2- 
furanmethanol were classified into cluster E, based on large YD values 
observed at high temperatures: co-pyrolysis at 700 ◦C improved the 
production of H2, phenols, and some five-membered ring compounds. 
Cluster F indicated that the pyrolytic interactions suppressed the pro-
duction of ethanol, acetone, and C6–C8 hydrocarbons. Xylan-derived 
carbonyl compounds are further decomposed under the action of 
hydrogen radicals [29]. Cluster G showed co-pyrolysis had similar 
synergies on the production of gaseous C1–C4 compounds, for which YD 
decreased with rise in temperature (YD < 1 at 700 ◦C). The C5Hn, C15Hn, 
C16Hn, and water, classified into cluster H, were improved after co- 
pyrolysis at 500–600 ◦C. In addition, generation of the high molecular 
weight hydrocarbons was promoted by xylan blending, and they were 
organized into clusters I–K. Cluster I contained the C17–C22 hydrocar-
bons, for which the extent of yield enhancement was as follows: 600 ◦C 
> 500 ◦C > 700 ◦C. The C23–C27 and C29 hydrocarbons were classified 
into cluster J; the yields of these pyrolyzates were 1.7–2.2-fold of the 
theoretical values. Furthermore, the synergy promoted the yields of 
C28Hn and C30Hn, included into cluster K, proportionally to the rise in 

Fig. 3. Combination heat map with dendrogram obtained by HCA of YD values.  
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Fig. 4. Three-dimensional plots of the experimental yields of gaseous compounds (dots indicate yields at the corresponding PE ratios and temperatures) and response 
surfaces obtained by fitting to the models. Graphs near or below the three-dimensional plots illustrate correlations between predicted and experimental yields. The 
experimental values are closely similar to the predicted values along the perfect prediction line. 
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temperature. In summary, HCA divided the products with similar syn-
ergies into the same cluster and rapidly identified potential interactions 
of pyrolyzates with low yield. 

3.3. RSM predicts pyrolyzate yields 

3.3.1. Gaseous products 
The product distribution models with low agreement are not dis-

cussed in the present study, because they had complicated yield varia-
tion or extremely low yield. The gas yield of co-pyrolysis presented a 
concave surface (Fig. 4). Therefore, the total gas yield was fitted to the 
quadratic model. Table 2 lists the detailed fitting polynomial equations 
of product yields. ANOVA showed that terms A and B significantly 
influenced the gas yield (Table S3). The high accuracy of the gas yield 
model was verified by the excellent agreement (R2 = 0.997) of the 
predicted and experimental gas yields. 

The CO yield increased at higher temperatures and lower PE ratios 
(Fig. 4). The suppressed interaction identified by HCA determined the 
concave curves based on the two-dimensional plot of CO yield versus PE 
ratio. Herein, the CO yield was well described by the quadratic model. 
PE ratio was the main influencing factor (P < 0.001) on the CO2 yield 
that decreased at high PE ratios. The CO2 yield of co-pyrolysis presented 
a flat variation and was fitted to the linear model, because the synergy 
had no significant influence on CO2 production. The CH4 and C2H4 
yields increased with the rise in temperature, and higher PE content 
increased the C2H4 yield. The uneven two-dimensional plots of the CH4/ 
C2H4 yield versus PE ratio are likely explained by various synergies 
under different pyrolysis conditions. Herein, the CH4 and C2H4 yields 
presented uneven surfaces, which were well described by cubic models. 
Their complicated yield distributions were also observed after co- 
pyrolysis of cellulose and PE [32]. The C3 and C4 hydrocarbon yields 
increased with the increases in temperature and PE ratio. The inhibited 
synergies determined their concave distribution that could be described 
by the quadratic model. Furthermore, the ANOVA parameters of gaseous 
compound distributions reflected the reliability of the response models 
(Table S3). The predicted yields were close to the experimental ones 
with R2 values >0.991, verifying the accuracy of the model for gaseous 
pyrolyzates. 

3.3.2. Liquid products 
The liquid yield increased at high pyrolysis temperatures and low PE 

blending ratios (Fig. 5). The convex curves in the two-dimensional plot 
of the liquid yield versus PE ratio are likely explained by the enhanced 
impact of co-pyrolysis on liquid production. Thus, the liquid yield 

presented a convex surface variation, fitting to the quadratic model 
mathematically expressed in Table 2. ANOVA showed that the liquid 
yield was significantly influenced by terms A and B (Table S4). The high 
correlation (R2 = 0.994) between the predicted and experimental liquid 
yields verified the model prediction accuracy. 

Fig. 5 shows that the PE ratio was the main factor (P < 0.001) 
influencing the ethanol and acetaldehyde yields compared with pyrol-
ysis temperature (P > 0.05). The two-dimensional plot of the carbonyl 
compound yield versus PE ratio showed a concave curve variation 
because HCA identified the suppressed interaction of co-pyrolysis. 
Accordingly, the ethanol and acetaldehyde yields presented concave 
surfaces that were well described by quadratic models. The hydrocarbon 
oil yield remarkably increased with the increases in temperature and PE 
ratio. The convex curves in the two-dimensional plot of the liquid hy-
drocarbon yield versus PE ratio can be attributed to the stronger effect of 
the synergy on liquid hydrocarbon generation. Herein, the hydrocarbon 
oil yield of co-pyrolysis showed a convex surface variation that was 
fitted to the quadratic model. The gasoline generation increased with the 
increases in temperature and PE ratio. The inhibited synergies deter-
mined the concave surface of gasoline distribution, which was well 
described by the quadratic model. All fitted liquid compound yield 
models were reliable, considering that their P-values were below 0.05. 
The highly precise fitting (R2 > 0.949) indicated that the distribution 
models of liquid compounds established by RSM can be applied for ac-
curate yield prediction. 

3.3.3. Solid and char 
The solid is mainly derived from PE pyrolysis, and its yield decreased 

at high temperatures and low PE blending ratios (Fig. 6). The concave 
two-dimensional curves of the solid yield versus PE ratio are explained 
by the fact that xylan pyrolyzates suppressed the solid deposition by 
decomposing PE-derived wax into liquid hydrocarbons. The solid yield 
showed a non-linear variation with the rise in temperature. Thus, the 
distribution of the solid yield from co-pyrolysis presented a convex 
surface that was fitted by the quadratic model, and its polynomial 
equation is listed in Table 2. ANOVA showed that the solid yield was 
significantly influenced by terms A, B, AB, and B2 (Table S5). The 
established model accurately predicted the solid yield in the subsequent 
experiments (R2 = 0.998). 

The char yield decreased with the increases in temperature and PE 
ratio. In the two-dimensional plot of char yield versus PE ratio, the 
experimental char yields were lower than the theoretically calculated 
ones, which was also verified by YD values in Section 3.1. Accordingly, 
the yield of char from co-pyrolysis presented a concave surface variation 

Table 2 
Polynomial equations fitting of product yields.  

Composition Regression 
model 

Fitted equation (A is pyrolysis temperature and B is PE proportion.) 

Gas Quadratic Ygas = 18.13776–0.022244A-0.118939B-0.000013AB + 0.000027A2 + 0.000125B2 

CO Quadratic YCO = 4.91622–0.012772A + 0.008694B-0.000074AB + 0.000017A2 + 0.000026B2 

CO2 Linear YCO2 = 10.00881 + 0.000496A-0.103664B 
CH4 Cubic YCH4 = -7.61329 + 0.036418A + 0.029427B-0.000097AB-0.000054A2-0.000100B2 + 7.0 × 10− 8A2B + 1.4 × 10− 7AB2 + 2.73109 × 10− 8A3 

+ 1.52533 × 10− 7B3 

C2H4 Cubic YC2H4 = -12.15944 + 0.060684A + 0.038135B-0.000112AB-0.000100A2-0.000190B2 + 8.5 × 10− 8A2B + 4.1 × 10− 7AB2 + 5.42717 ×
10− 8A3-2.29441 × 10− 7B3 

C3Hn Quadratic YC3Hn = 0.661938–0.001732A-0.008708 + 0.000029AB + 1.25985 × 10− 6A2 + 0.000021B2 

C4Hn Quadratic YC4Hn = 1.07085–0.003105A-0.007025 + 0.000026AB + 2.36195 × 10− 6A2 + 0.000013B2 

Liquid Quadratic Yliquid = 79.75687–0.123490A-0.497425B + 0.000214AB + 0.000132A2-0.000400B2 

Ethanol Quadratic Yethanol = 3.08186–0.004692A-0.029523B + 7.18855 × 10− 6AB + 3.18507 × 10− 6A2 + 0.000112B2 

Acetaldehyde Quadratic Yacetaldehyde = 2.20143–0.003342A-0.020487B + 0.000012AB + 2.01610 × 10− 6A2 + 0.000040B2 

Hydrocarbon oil Quadratic Yhydrocarbon oil = 29.46163–0.098049A-0.233416B + 0.000584AB + 0.000081A2-0.000305B2 

Gasoline Quadratic Ygasoline = 10.01401–0.031860A-0.059143B + 0.000116AB + 0.000026A2 + 0.000135B2 

Solid Quadratic Ysolid = -39.29605 + 0.147704A + 1.03425B-0.000651AB-0.000131A2 + 0.001197B2 

Char Quadratic Ychar = 20.94121 + 0.037517A-0.466682B + 0.000353AB-0.000060A2 + 0.000410B2  
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and was well described by the quadratic model. ANOVA verified the 
reliability of the char distribution model, where A, B, and AB were the 
major terms affecting the char yield. The close agreement (R2 = 0.995) 
between predicted and experimental yields showed the excellent pre-
diction potential of the RSM model. 

4. Conclusions 

In the present work, a novel strategy was proposed to rapidly identify 
pyrolytic interactions and predict yields of products generated by xylan 
and polyethylene co-pyrolysis. HCA classified pyrolyzates with similar 
YD values into the same cluster, making up for the deficiencies of RSM in 

Fig. 5. Three-dimensional plots of the experimental yields of liquid compounds (dots indicate yields at the corresponding PE ratios and temperatures) and response 
surfaces obtained by fitting to the models. Graphs below the three-dimensional plots illustrate correlations between predicted versus experimental yields. The 
experiment values are closely similar to the predicted values along the perfect prediction line. 
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the synergy analysis of low-yield products. We found that PE in-
termediates enhanced the dehydration of xylan-derived oxygenates, and 
xylan pyrolyzates promoted the further breakdown of the PE-derived 
wax into high carbon number hydrocarbons. The quadratic, cubic, and 
linear RSM models of product distributions were established according 
to the synergies, which accurately predicted specific pyrolyzate yields in 
addition to total gas, liquid, and char yields. Although the utility of HCA 
and RSM was investigated based on the case of xylan and PE co- 
pyrolysis, this strategy may be extended to the interaction analysis 
and product prediction of the co-treatment process. The results of our 
study may help to maximize the efficiency of conversion of the biomass 
and plastic waste, as carbon and hydrogen resources, into value-added 
chemical feedstocks. 
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