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a b s t r a c t

The pyrolysis of Eucalyptus globulus (EG) with different blends of high density polyethylene (HDPE) and
low density polyethylene (LDPE) by thermogravimetry has been studied. ASTM-E1641-16 standard
method has been used to evaluate the kinetics during the pyrolysis of the studied blends. For all
feedstocks (EG, HDPE and LDPE) and blends studied, the relative content (%) of the volatile organic
compound has been determined by GC–MS analysis. Different synergistic effects on the activation
energy of EG blends with HDPE and LDPE have been found. EG-HDPE blends showed a minimum
activation energy (Ea) (125 kJ mol−1) at the 80% EG–20% HDPE ratio, while the minimum Ea value
for EG-LDPE blends was found at the 60% EG–40% LDPE ratio (135 kJ mol−1) has been identified. To
test which components exert a greater synergistic effect, mixtures of HDPE and LDPE with the main
components of eucalyptus (cellulose, hemicellulose and lignin) have also been studied. However, no
synergistic effects on the pyrolysis of cellulose have been detected. Moreover, in hemicellulose and
lignin with both types of polyethylene mixtures, a significant decrease in Ea has been appreciated.
The lowest Ea values for 60% cellulose–40% HDPE (167 kJ mol−1) and 60% lignin–40% HDPE (140 kJ
mol−1) has been calculated. On the other hand, minimum values for 40% cellulose–60% LDPE (166 kJ
mol−1) mixture and for 40% lignin–60% LDPE (168 kJ mol−1) mixture have been detected. Thus, the
decrease in both Ea and the Arrhenius pre-exponential factor on the eucalyptus-polyethylene blends
to the presence of hemicellulose and lignin can be attributed. Moreover, during the co-pyrolysis of
HDPE-EG mixtures, n-paraffins, ketones, phenols and sugars are the main VOCs identified. In contrast,
in LDPE-EG mixtures, only n-paraffins (55%) and olefins (44%) have been identified.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Social, economic and environmental needs require a progres-
ive reduction of energy dependence on fossil fuels. Such needs
ave promoted the development of research focused on new
ompounds production processes based on both biomass and/or
rganic waste as raw material (Popp et al., 2021). Moreover,
uels and chemicals derived from different types of biomass can
lay an important role in reducing CO2 emissions and become

a strategic source to provide energy competitiveness and envi-
ronmental viability. However, in this area, it is still necessary to
establish biomass utilization policies that consider its sustainable
use, avoiding soil degradation and preventing competition with
human and animal feed stuffs (Clauser et al., 2021; Dar et al.,
2021).

Alternatively, although plastic waste management is improv-
ing, especially in developed countries, a relatively large portion
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nc-nd/4.0/).
of plastic waste is still sent to landfills in many countries. The
management of plastic waste is largely determined by the nature
of the initial material and its degradation degree, so the recycling
or recovery of some types of plastics is proving to be both an in-
dustrial and environmental problem (Balaji and Liu, 2021). More
specifically, in the EU, a large proportion of plastic waste is sent
to landfills (Bishop et al., 2020).

Plastic recycling depends on the plastic chemical composi-
tion, but the possibilities of the recycling plastic waste are be-
ing unexploited in a large percentage (Balaji and Liu, 2021).
This under-recycling or under-recovery is especially important
for agro-industrial plastics, due, both to the large proportion
of contaminants it contains and to their deterioration due to
environmental conditions (Pazienza and De Lucia, 2020). In this
respect, plastic materials made from both high and low density
polyethylene (HDPE and LDPE respectively) are currently widely
used in both films and materials commonly used in agriculture,
becoming irreplaceable raw materials for agricultural production

(Chow et al., 2018) becoming, due to their non-degradability,
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heir elimination is a serious problem both environmentally and
ocially as well as wasteful of resources (Fa et al., 2019).
On the other hand, lignocellulosic biomass can be valued by

ifferent biological or thermochemical processes (Bueno et al.,
008; Delgado-Rodríguez et al., 2010). Eucalyptus Globulus is one

of the most widespread species in the world, occupying more
than 21 million hectares (FAO, 2022) because it is recognized
as one of the fastest growing trees (Barrio-Anta et al., 2021).
Moreover, a significant percentage of biomass has been found in
this species ranging between 78%–82% for wood and 11%–20% for
leaves and fine branches (Pérez-Cruzado et al., 2011).

Different processes for obtaining diverse products from
biomass are often labeled biorefinery processes. In these pro-
cesses, apart from direct energy, different chemical products,
synthetic natural gas, bio-oils, light olefins, H2, coke, etc., can
be produced (Ferreira, 2017). Also, the production of energy and
chemicals by thermochemical processes has been extensively
studied (Rodríguez-Luna et al., 2021; Zhang et al., 2020) and
this pathway is a promising route for plastic valorization. In
this sense, among the thermochemical processes with major
biomass valorization potential are pyrolytic processes (Antelava
et al., 2021). Pyrolysis is a process in which organic matter is
thermally transformed by heating, in the absence of oxygen, into
a solid rich in carbon (charcoal) and, simultaneously, into volatile
matter (liquids and gases). The solid obtained (called biochar),
apart from being a carbon reservoir, can be incorporated into the
soil, providing advantages for agricultural production (Shakoor
et al., 2021; Simmons et al., 2021). Liquid and gaseous pyrolysis
products can be used to generate electricity or as biofuels (Ge
et al., 2021).

To improve the valorization of both products (biomass and
plastic waste), co-pyrolysis of waste plastics and solid biomass
has been studied and significant synergistic effects on product
quality have been achieved (Wang et al., 2021). These synergistic
effects, to the high hydrogen/carbon (H/C) ratio which, combined
with the low oxygen/carbon (O/C) ratio of waste plastics, may
be due as they can equilibrate the high O/C ratio and low H/C
ratio characteristics of biomass. This compensation effect of the
components can lead to an increase in quality and uniformity of
the products obtained in that co-pyrolysis. Moreover, Burra and
Gupta (2018), with mixtures of plastic and pine wood, demon-
strated a significant reduction, in values close to 50 kJ mol−1, in
the activation energy of the plastic in the presence of pine wood.
They concluded that the decrease in activation energy from the
combined chemical interaction resulted, among several reactions
with similar activation energies, could be due.

Another study conducted by Singh et al. (2021) investigated
the kinetics of co-pyrolysis of corn cobs and PE, showing that co-
pyrolysis of corn cobs with PE mixture required approximately
10% less activation energy than pyrolysis of corn cobs alone.

Although synergistic effects on co-pyrolysis only in certain
biomass/plastic mixtures have been shown (Navarro et al., 2018),
it is possible to state that the study of different biomass/plastic
mixtures, especially in the case of waste plastic, would be useful
for the proper evaluation of the valorization of these materials.
In this sense, both the mixture behavior and its kinetics depend
on the mixture material type (initial materials) and on the ratio
between them in the mixture being co-pyrolyzed (Wang et al.,
2021). Consequently, the availability of a kinetic model of the
process for identifying the biomass/plastic associations that can
improve the co-pyrolysis of these materials in terms of their
kinetic characteristics, as well as the knowledge of the thermal
behavior and reactivity of the biomass/plastic mixtures may be
helpful in the design and optimization of pyrolytic processes for
these materials.
10689
Studies on the thermal reactivity of organic materials using
gravimetric techniques have been presented in several publi-
cations (Díaz et al., 2021; Xiao et al., 2020). In this respect,
thermic analysis (Thermogravimetric Analysis—TGA, Difference
Thermogravimetry—DTG and Differential scanning calorimetry—
DSC) provides a measurement of the weight loss of the sample
as a function of time and under different temperature regimes
and the data obtained under different heating rates can be used
to determine the thermal degradation kinetics by applying the
Arrhenius equation (Díaz et al., 2021).

Volatile organic compounds (VOCs) from the thermal decom-
position of polymeric materials have been identified with gas
chromatography–mass spectrometry (GC–MS) by several authors.
According to Ballice et al. (1998), thermal decomposition of LDPE
and HDPE at 300–500 ◦C ranged straight- and branched-chain
paraffins, olefins (C1–C30) and aromatic hydrocarbons.

The study of both thermal and kinetic behavior during pyroly-
sis of different biomass/plastic mixtures (Eucalyptus globulus with
HDPE and LDPE) are the objectives of this study. Additionally, to
identify the behavior during pyrolytic degradation, of the main
components of biomass (cellulose, hemicellulose, lignin), the mix-
tures evolution of each component with HDPE and LDPE has been
studied.

2. Materials and methods

2.1. Characterization and storage of raw material

Eucalyptus globlulus (EG) branches and twigs with 0.5–5 cm
n diameter have been used. These pieces were obtained by
rimming EG plants from which leaves and non-wood twigs have
een removed prior to grinding in a hammer mill. The materi-
ls have been collected from Campus ‘‘La Rábida’’, University of
uelva (Huelva, Spain). This raw material has been prepared in
ccordance with TAPPI T 247 cm-02 (TAPPI Test Method T 257
m-02, 2012). Portions of the homogenized wood lot have been
ubjected to quantitative acid hydrolysis with 72% sulfuric acid
TAPPI T 249 cm-85) (TAPPI Test Method T 249 cm-85, 1985).
he solid residue after hydrolysis was recovered by filtration and
onsidered as Klason lignin. The monosaccharides and acetic acid
ontained in hydrolyzates were determined by HPLC in order to
stimate (after corrections for stoichiometry and sugar decom-
osition) the contents of samples in cellulose (as glucan) and
emicelluloses (as xylan).
The chemical characterization of EG used in this study and the

haracterization of the other similar materials by other authors
re shown in Table 1.
General-purpose low-density polyethylene (LDPE) grade (LD

05BA, Exxon Mobil). Supplied in powder form with 0.76 g cm−3

elt density. HDPE (HD 7957.04 Exxon Mobil), chips of 5× 5× 2
mm, have been used. In both cases, LDPE and HDPE, can be
considered water and ash free.

2.2. Cellulose, hemicellulose and lignin extraction from Eucalyptus
globulus

The raw material was ground and sieved to obtain a uniform
chip size. The chips thus obtained were treated with 100 g L−1

NaOH concentration under 30 ◦C and 60 min. Treatments were
conducted in 1L beakers that were immersed in a thermostated
bath and stirred at 5 min intervals. Once the treatment was
finished, the resulting suspension (hemicellulose) was filtered
and the solid washed with water and neutralized with 2 N acetic
acid and dried at room temperature. After drying, the solid was
subjected to quantitative acid hydrolysis (72% sulfuric acid) to
extract the lignin remaining in the solid. The liquid phase from
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Table 1
Average chemical composition for Eucalyptus globulus (EG) used and other bibliographic EG compositiona .

Eucalyptus globulus

Present
study

Garrote and
Parajó
(2002)

Leschinsky
et al. (2009)

Rencoret
et al. (2011)

Miranda
et al. (2013)

Ash (%) 0.6 ± 0.1 n.d. 0.4 0.4 12.1
Extractives (%) 2.7 ± 0.08 n.d. n.d. 0.6–2.2 6.5
Glucan (%) 44.1 ± 2.7 46.3 41.7 46.1 68.4
Klason lignin (%) 21.8 ± 2.0 22.9 22.9 19.8 26.6
Xylan (%) 18.6 ± 1.7 16.6 15.3 17.1 23.2
Arabinan (%) 0.1 ± 0.02 0.2 0.1 0.1 0.2
Galactan (%) 1.3 ± 0.4 1.4 1.7 1.5 1.5
Mannan (%) 1.1 ± 0.4 1.1 1.9 1.2 1.3
Acetyl gr. (%) 3.5 ± 0.2 3.1 3.5 3.3 3.2

aRaw material percentages (100 kg dry matter).
W
i

b
t

he extraction was adjusted to pH 4.5–5.5 with 37% HCl, supplied
ith 4 volumes of 95% ethanol and centrifuged at 4500 rpm for
min. Then, the precipitate formed (cellulose) was washed with
5% ethanol and freeze-dried.

.3. Mixtures of Eucalyptus Globulus and its fractions with HPDE and
PDE

In order to carry out the study of co-pyrolysis of high and
ow density polyethylene with Eucalyptus globulus biomass and its
ifferent fractions, the following mixtures have been proposed:

• Eucalyptus Globulus and high density polyethylene: 80% EG–
20% HPDE, 60% EG–40% HPDE, 40% EG–60% HPDE and 20%
EG–80% HPDE.

• Eucalyptus Globulus and low density polyethylene: 80% EG–
20% LPDE, 60% EG –40% LPDE, 40% EG–60% LPDE and 20%
EG–80% LPDE.

• Main biomass components and high density polyethylene:
40% Cellulose–60% HDPE and 70% Cellulose–30% HDPE; 40%
Hemicellulose–60% HDPE and 70% Hemicellulose–30% HDPE;
40% Lignin–60% HDPE and 70% Lignin–30% HDPE.

• Main biomass components and low density polyethylene:
40% Cellulose–60% LDPE and 70% Cellulose–30% LDPE; 40%
Hemicellulose–60% LDPE and 70% Hemicellulose–30% LDPE;
40% Lignin–60% LDPE and 70% Lignin–30% LDPE.

or the previous mixtures, the size of the different components
as homogenized to a size of approximately 0.5–5 cm. Com-
letely uniform mixtures were obtained, using a weight %.

.4. Pyrolysis and TGA experiments

Thermo-gravimetric analyzer (TGA, DSC) (Mettler Toledo
GA/DSC1 STARe System) to verify the thermo-chemical decom-
osition behavior has been used. The TGA experiments were
erformed by heating a 50–130 mg sample from 25 ◦C to 800 ◦C
t four heating rates of 5, 10, 15 and 20 ◦C min−1, respectively,
nder a nitrogen flow of 20 cm3 min−1. TGA data were ana-
yzed to determine the Arrhenius Activation Energy (Ea) and the
re-exponential Constant (A) using ASTM-E1641-16 and ASTM
2890-12 standard methods.

.5. Kinetic study

ASTM-E1641-16 standard method is an isoconversional model
in which at a fixed degree of conversion, the reaction rate is
function of temperature only) based on the calculation of the
ependence of the effective Activation Energy on the conversion
egree achieved at a given temperature. This dependence is used
o calculate the kinetic constants without prior knowledge of
10690
the mechanism of thermal processes. The main assumption of
the method is that the function modeling the degree of conver-
sion does not change under different heating rates. Therefore,
measurements at different heating rates are necessary (at least
3).

ASTM-E1641 is based on the Arrhenius kinetic equation and
provides a fast calculation of the kinetic parameters very useful
in complex reactions involving multiple processes. In this sense,
both Arrhenius Activation Energy (Ea) and pre-exponential fac-
tor (A) by thermogravimetry, based on the assumption that the
decomposition is first-order kinetics using the Ozawa/Flynn/Wall
isoconversional method (Junmeng and Siyu, 2009; Ozawa, 1965;
Vimalathithan et al., 2019).
dα
dt

=
A
β
e−

E
RT f (α) (1)

here: α is the value related to a given conversion degree, t
s time, β the heating rate, A is the Arrhenius pre-exponential
factor, T is temperature, E the Activation Energy at a given value
of conversion rate, R the gas constant and f (α) is the differential
conversion function.

For each given value of α, in the above equation, Eq. (1) can
e rearranged (Eq. (2)). In this equation, the subscript α indicates
he degree of conversion achieved.

d ln
(
β dα

dt

)
d
( 1
T

) = −
Eα

R
(2)

Therefore, Eq. (3) proceeds from reordering Eq. (2).

ln
(

β
dα
dT

)
α

= constant −
Eα

R
(3)

The previous equation for non-isothermal processes could be
described by the following equation (Leng and Huang, 2018;
Mishra and Mohanty, 2018).

ln (βi) = ln
(

AαEα

Rg(α)

)
− 5.331 − 1.052

Eα

RTα,i
(4)

Where: β the heating rate, A is the Arrhenius pre-exponential
factor and g(α) is the reaction model. Thus, the above equation,
for each known α, can be transformed into Eq. (5).

ln (β) = ln
(
AαEα

R

)
− ln g(α) − 0.4567

Eα

RT
(5)

Therefore, a function between temperature T and reaction rate
(thermal degradation of organic matter) d/dt for each degree
of conversion and under different heating rates, the Activation
Energy, when plotting ln(β) versus 1/T , a simple linear equation
could be plotted. In that form, a straight line with a slope of –
0.4567 Ea/R was obtained and Ea could be deduced. Furthermore,
A from the intercept with the axes, can be calculated.
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Netzsch Kinetics Neo (v2.1.2.1) software was used to deter-
mine Ea and pre-exponential factor (A) by using ASTM-E698-11.
The software used, due to both three replicates used and the
strict thermokinetic criteria introduced, provides data with a high
determination coefficient (R2 > 0.95) for all of the exposed data.
Thus, a statistically robust result can be offered for both measured
parameters (Ea, A).

2.6. Gas chromatography analysis

Gas samples from the pyrolysis process in the temperature
ranges of maximum degradation of EG, HDPE, LDPE and EG-HDPE,
EG-LDPE mixtures obtained at the exit of the TGA (heating rate:
20 ◦C min−1; N2 flow: 20 cm3 min−1) were collected in fritted
lass TD tubes (Supelco, Bellefonte, PA; O.D.: 6.35 mm; length:
8.9 mm) for 1.5 min. Tubes contained 100 mg of Tenax

®
TA

(80–100 mesh purchased from Supelco, Bellefonte, PA) packed in
layers of silanized glass wool.

After sampling, TD–GC–MS analysis was performed using a
thermal desorption system unit (TD-20, Shimadzu, Japan) coupled
to the GC–MS/MS system (GCMSQP8030 Ultra System, Shimadzu,
Japan) fitted with a HP-5 MS column (60 m, 0.25 mm I.D. 0.25µm
film thickness, J&W Scientific, Agilent Technologies, USA). Volatile
organic compounds (VOCs) were desorbed at 280 ◦C for 10 min,
preconcentrated in the cold trap at −16 ◦C and then thermally
desorbed at 280 ◦C for 8 min. The column was kept at 60 ◦C
for 7 min, ramped at 8 ◦C min−1 to 280 ◦C, held for 4 min.
Helium, at constant flow rate of 1.3 mL min−1, was used as
the carrier gas. The temperatures of the transfer line and ion
source were maintained at 280 and 230 ◦C, respectively. The
mass spectrometer was operated in scan mode (42–450 m z−1).
VOCs compounds have been identified by comparison of the mass
spectra with those in the database of NIST11 library. For control
and data analysis, GC–MS Postrun Analysis Shimadzu was used.
The MS was turned with perfluorotributylamine (PFTBA).

3. Results and discussion

3.1. Characteristics of raw materials (EG, HDPE, LDPE)

Thermograms of both mass loss (TGA) and their derivative
(DTG with respect to time corresponding to pyrolytic decompo-
sition of EG, HDPE and LDPE, at 20 ◦C min−1, under nitrogen
atmosphere, are shown in Fig. 1 (for kinetic parameters calcu-
lation, four thermograms have been carried out at four heating
rates 5, 10, 15 and 20 ◦C min−1, for illustration purposes only the
last thermogram has been shown in figures. The remaining data
in the additional data have been added). In this form, Fig. 1a, the
mass loss profile of EG obtained by thermogravimetric analysis
and Figs. 1b and 1c are HDPE and LDPE profiles, respectively.

In Fig. 1a, a characteristic thermal degradation (Barneto et al.,
2011) is shown. TGA curve presents three different regions, so
that it is a combination of the thermal degradation of the major
components of lignocellulosic material, i.e. hemicellulose, cellu-
lose and lignin degradation (Barneto et al., 2011). In this form,
Fig. 1a shows the three regions corresponding to interstitial water
loss (27–160 ◦C) (Domínguez et al., 2017), active pyrolysis zone
(160–430 ◦C) and passive pyrolysis zone (430–500 ◦C). The most
active pyrolysis process starts at about 250 ◦C with its maximum
degradation rate at 310 ◦C. In this second degradation, the main
degradation (main peak of the DTG curve) corresponds to hemi-
cellulose and part of cellulose degradation, because some overlap
in these components degradation, have been described (Dantas
et al., 2013; Lei et al., 2019). Subsequently, the degradation rate
for weight loss decreases progressively and, after this, a very low
degradation until final temperature could be observed.
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In the third region, a small shoulder, which could be re-
lated to a higher volatilization of lignin can be observed. In
this sense, that lignin decomposes slowly within a temperature
range of 180–850 ◦C has previously been demonstrated (Van de
Velden et al., 2010; Yang et al., 2007). Moreover, different com-
pounds volatilization (characterized as extracts) has also been
described within this range (Barneto et al., 2011) and other small
peaks corresponding to higher temperature regions to the coke
formed degradation, in conjunction with a corresponding lignin
degradation, can be attributed (Vuthaluru, 2004).

Figures 1b and 1c show TGA and DTG curves obtained from the
pyrolytic degradation of HDPE and LDPE respectively, both under
a heating rate of 20 ◦C min−1. TGA and DTG curves clearly show
that a main degradation region for HDPE pyrolytic degradation
has been found in Fig. 1b. This reaction started at approximately
400 ◦C with a maximum degradation rate at 490 ◦C. The values
found agree with the available literature (Al-Yaari and Dubdub,
2020; Rodríguez-Luna et al., 2021). However, in Fig. 1c, corre-
sponding to LDPE, a single-stage decomposition profile, mainly
within the 400–500 ◦C, is shown. In this regard, several references
indicate that pyrolytic degradation of both low and high density
polyethylene in a single step can be modeled(Conesa et al., 1997;
Duque et al., 2020).

3.2. Thermal behavior of EG, HDPE and LDPE mixtures

Figs. 2 and 3 show data found in TGA and DSC at 20 ◦C min−1

for EG–HDPE and EG–LDPE mixtures, respectively.
From Fig. 2, that EG–HDPE decomposition occurs in two main

stages can be stated: The first phase corresponds to the joint loss
of hemicellulose, cellulose and HDPE. This phase begins at 200 ◦C
and extends up to 400 ◦C. In this sense, it can be seen that the
maximum degradation, which for EG 80%–HDPE 20% mixture is
at 316 ◦C, progressively decreases to 284 ◦C for EG 20%–HDPE
80% mixture. The second phase, which overlaps with the others,
is due to the slow decomposition of lignin, which extends from
low temperatures up to 500 ◦C (Cheng et al., 2012). It should be
noted that most of the organic matter degrades at temperatures
between 200–400 ◦C. Therefore, this is the most significant phase
of the process and is one that results in the highest release of
gaseous products. The amount of non-degraded material gener-
ated at 800 ◦C also varies according to the relative amounts of
EG and HDPE, varying between 20.8% for EG 80%–HDPE 20% and
1.6% for EG 20%–HDPE 80%.

Fig. 3, on the other hand, shows, in all EG–LDPE ratios, two
distinct peaks due to the temperature difference between the
degradation of hemicellulose–cellulose and that corresponding to
LDPE. From Fig. 3, therefore, it can be deduced that EG–LDPE
decomposition takes place in two main stages: The first stage cor-
responds to hemicellulose–cellulose joint losses. This stage began
at 200 ◦C and was extended up to 350 ◦C. The peak in the DSC
figure corresponding to hemicellulose–cellulose becomes lower
as the relative amount of EG to LDPE decreases. The second stage,
which is found between 300–500 ◦C, to LDPE decomposition is
due. Although, in contrast to that found for EG–HDPE mixtures,
displacement of the maximum degradation EG–LDPE mixtures
can be observed in these mixtures. Thus, the temperature of the
maximum degradation peak for EG 80%–LDPE 20% mixture is at
421 ◦C and progressively increases to 470 ◦C for EG 20%–LDPE
80% mixture. The amount of non–degraded material produced at
800 ◦C also varies depending on the relative amounts of EG and
LDPE, ranging from 7.3% for EG 80%–LDPE 20% mixture to 3.4% for
EG 20%–LDPE 80% mixture.
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Fig. 1. Thermogravimetric data (TGA) (%) and Derivative Thermogravimetric data (DTG) (g min−1) during the pyrolysis of Eucalyptus globulus (EG, a), High Density
olyethylene (HDPE, b) and Low Density Polyethylene (LDPE, c) at 20 ◦C min−1 .
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.3. Kinetic behavior of raw materials and mixtures

Ea and A by the ASTM-E1641 method (Eq. (5)) has been
alculated. The maximum temperatures from TGA data have been
btained. As was discussed in Section 2.4, the FWOmethod allows
btaining the kinetic parameters from a plot of the natural log-
rithm of the heating rates, ln(βi), versus 1000/Tα,i. These plots
epresent a linear correlation at the conversion value α = 0.05
igher than 0.95 in all cases.
In Fig. 4, the evolution of the Activation Energy and the pre-

xponential factor in the mixtures under study for both EG–HDPE
Fig. 4a) and EG–LDPE (Fig. 4b) are shown. Accordingly, the values
orresponding to 0% have been referenced to Eucalyptus globulus
s raw material and, progressively, increases the percentage of
olyethylene up to 100% in which the values of HDPE or LDPE
s raw material have been related. Thus, associated values to 0%
f polyethylene are the calculated values for 100% of pure EG. At
he other extreme of both graphs, the values of 100% for each
olyethylene correspond to the values calculated for pure HDPE
nd LDPE, respectively.
The Activation Energy value obtained for EG is 154 kJ mol−1.

he calculated value was in the same range as those found by
ther authors for several eucalyptus varieties. In this sense, Po-
etto et al. (2012) found 208 kJ mol−1 in Eucalyptus grandis, da
ilva et al. (2017) found 140.46 kJ mol−1 in Eucalyptus dunnii
nd Cheng et al. (2017) found among 117–155.8 kJ mol−1 in sev-
ral eucalyptus residues. Alternatively, the calculated Activation
nergy value is 206 kJ mol−1 for HDPE and 173 kJ mol−1 for LDPE.
Among them, the difference in Activation Energy between

ifferent types of polyethylene at different chain branches, which
10692
altered the distribution of chemical bonds, morphologies and ori-
entation structures between the two polyethylene raw materials
may be related. In this sense, it has been demonstrated that these
differences in structure imply different values in their physical
characteristics (Zhang et al., 2004).

For these materials, the Ea values obtained are consistent
with the range of values found by some other authors. In this
respect, for HDPE, Khalturinskii (1987) calculated 146.5 kJ mol−1,
infrônio et al. (2005) estimated 204–269 kJ mol−1 and Aboulkas
t al. (2010) found 215–221 kJ mol−1. Additionally, for LDPE, Saha
nd Ghoshal (2007) determined 190 kJ mol−1 and Aboulkas et al.
2010) found 179–188 kJ mol−1.

According to the results obtained by Zhou et al. (2006) and the
dequate correlation coefficients (R2 > 0.9 in all cases) obtained
n the calculation of the kinetic analysis, that the first-order
eactions can explain quite satisfactorily the different weight loss
ub-intervals found for the materials and their mixtures. Thus,
he pyrolysis process of both the original materials and the EG–
DPE and EG–LDPE mixtures by using a first-order reaction can
e described. Therefore, the experimental results calculated using
STM-E1641, for the pure products, indicate that the model can
atisfactorily describe the complexity of the pyrolysis process of
he tested products.

In Fig. 4a a decrease in both Activation Energy and pre-
xponential factor at low amounts (20%) of HDPE has been found.
imilar synergistic effects have been previously found by other
uthors in different biomass–plastic mixtures (Alam et al., 2020;
yedun et al., 2014). According to exposed conclusions by Zhang
t al. (2016) and Burra and Gupta (2018), the decrease in the
ctivation Energy to an overlap among different degradation re-
ctions, with similar energies, could have a synergistic effect able
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Fig. 2. Thermogravimetric data (TGA) (%) and Derivative Thermogravimetric data (DTG) (g min−1) during the pyrolysis of Eucalyptus globulus – High Density
olyethylene (EG–HDPE) mixtures at 20 ◦C min−1 .
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o cause the reduction of the Activation Energy of the mixture
nd, hence, accelerates the kinetics of the pyrolysis process. Other
uthors, to adequate hydrogenation produced by the constituent
ompounds of plastic (Chen et al., 2020), attribute this synergistic
ffect in kinetic values. Xue et al. (2015) indicated that a synergy
ay arise from the interaction between hydrogen in polymer
nd oxygenated compounds in biomass, which may facilitate the
reaking of the C–C bonds in polymer.
However, Hassan et al. (2020) and Mishra et al. (2019) found

ifferent positive and negative effects on the synergistic effect
f activation energies and pre-exponential factor in different
iomass–plastic mixtures. In our study, after the minimum in
inetic values, different values, for both Ea and A, calculated
or each mixture, are similar to the algebraic sums of those of
ach separate component (EG and HDPE). Therefore, the exposed
ynergistic effect was not verified in the other mixtures.
An effect similar to that found in Fig. 4a (EG–HPPE mixtures),

n EG–LDPE mixtures (Fig. 4b) has been found, in this case, mini-
um values for both Ea and A at 40% LDPE have been calculated.
hermal decomposition of synthetic polymers by free radical
hain reaction mechanism has been described for the pyrolysis
f hydrocarbons and biomass char (Willems and Froment, 2002).
hus, the initial reactions, as homolytic bond breaking processes,
ave been described by different authors (Aboulkas et al., 2010).
hese elementary reactions give rise to propagation reactions,
nd radical recombination (Aboulkas et al., 2010) which is found
o be more efficient for HDPE than for LDPE due to the very
ifferent spatial structure between the two types of polyethylene.
ou et al. (2007) demonstrated, in the pyrolysis of plastic mate-
ials, limiting mechanisms in degradation reactions, since these
re mainly surface reactions, are given by diffusion mechanisms.
n the case of pyrolysis involving biomass and plastic, which is
10693
a heterogeneous reaction, radical diffusion mechanisms may be
much stronger than those concerning the energetics.

Optimal biomass plastic ratio values found are similar to those
reported by other authors as optimal for an efficient pyrolysis.
Among these were Kai et al. (2019) who found a 20:80 HDPE:Corn
stalk mixture as optimal, Hassan et al. (2020) utilized a 60:40
HDPE:Sugarcane bagasse mixture and Alam et al. (2020) used a
75:50 LDPE:Bamboo sawdust mixture.

3.4. Thermodynamic behavior of mixtures pyrolysis degradation

In Fig. 5, variations of Enthalpy (∆H) and Gibbs free energy
∆G) for the studied mixtures pyrolysis are shown. Enthalpy
ariation as the amount of energy exchanged in a chemical re-
ction is defined. It involves the difference in enthalpy between
he reactant and the activated complex (Ruvolo-Filho and Curti,
006).
In this study, for the kinetic method selected (α = 0.05),

inimum enthalpy values (Fig. 5a) are observed for a percentage
f 20 (20% EG–80% HDPE) in the case of HDPE and close to 40
40% EG–60% LDPE) for LDPE, similar to that found for Activation
nergy, which presents an analogous variation. Minor differences
re observed between Activation Energy and enthalpy values,
hich indicates the feasibility of reactions under the exposed
onditions due to the low energy level to be overcome once the
ctivated complex has been reached.
Variation in Gibbs free energy (Fig. 5b) reflects energetic in-

rease in the reaction system during the approach of the reactants
nd formation of the activated complex. It also shows the stability
f its thermodynamic equilibrium. The difference among obtained
alues reaches maximums 31 and 37 kJ mol−1 for samples with
DPE and HDPE, respectively. In case of HDPE the lowest values
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Fig. 3. Thermogravimetric data (TGA) (%) and Derivative Thermogravimetric data (DTG) (g min−1) during the pyrolysis of Eucalyptus globulus – Low Density
olyethylene (EG–LDPE) mixtures at 20 ◦C min−1 .
Fig. 4. Pyrolysis Activation Energy (Ea) and Arrhenius Pre-exponential factor (as Log A) evolution calculated for Eucalyptus globulus–High Density Polyethylene
(EG–HDPE, (a) and Eucalyptus globulus–Low Density Polyethylene (EG–LDPE, (b) mixtures.
are in the range of 40 to 80% polyethylene, for LDPE the minimum
value at 60% polyethylene is found. Similar values to that found
in this study for other raw materials such as rice straw (Xu and
Chen, 2013) have been obtained, although they are lower than the
values found by other authors in mixtures of biomass and plastics
(Mumbach et al., 2019; Pradhan et al., 2020).

3.5. Eucalyptus globulus main components (cellulose, hemicellulose
and lignin) with HDPE, LDPE mixtures: thermal behavior

The biomass composition principally involves cellulose, lignin
and hemicellulose in variable proportions. Thermal degradation
10694
of individual components involves changes in Ea during the pro-
cess since different components will be degraded depending on
the degradation temperature of each compound. To investigate
kinetic parameter variations and the relative influence of these
components in the mixtures, thermogravimetric and kinetic stud-
ies with cellulose, hemicellulose and lignin for both HDPE and
LDPE have been performed. The biomass components used in this
study from the selective separation of these components from EG
as raw material have been obtained.

As shown in Fig. 6a, the pyrolytic degradation of cellulose is in
a narrow temperature range (290–380 ◦C). This region is where
most of the total mass loss of the process is found because of
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Fig. 5. Variation of enthalpy of formation (∆H) and Gibbs free energy (∆G), in pyrolysis degradation, calculated for Eucalyptus globulus–High Density Polyethylene
(EG–HDPE) and Eucalyptus globulus–Low Density Polyethylene (EG–LDPE) mixtures.
strong devolatilization with a peak in the DTG plot. The maximum
rate of weight loss occurs at 358 ◦C. After this region, weight loss
is slow due to the decomposition of the carbonaceous material
contained in char residue (Yeo et al., 2019). Generally, only a sin-
gle peak has been observed, indicating that single-stage thermal
decomposition of the cellulose pyrolysis has been observed. The
solid residue obtained at 800 ◦C is 6.7%. In this sense, because
cellulose is formed by a glucose polymer, with a well-ordered
structure, high thermal stability to cellulose is resulted.

Fig. 6b, the pyrolytic degradation of hemicellulose is shown.
In contrast, to cellulose structure, hemicelluloses have an irreg-
ular structure and, therefore, a more amorphous and aleatory
structure, which results in a lower degradation temperature of
hemicelluloses compared to cellulose. This figure shows an ini-
tial dehydration stage followed by two degradation peaks (237
and 271 ◦C) representing a two-stage devolatilization process
of the hemicellulose content. The chemical composition of the
analyzed cellulose is shown in Table 1. In this form, according
to Fig. 6b, hemicelluloses initiated its thermal decomposition at
207 ◦C reaching up to 460 ◦C. In this process, based on both TGA
and DTG profiles, several process steps can be observed. It begins
with the water loss phase (up to 150 ◦C). From 207 ◦C onward,
where most of the mass is lost, and where the decarboxylation
and decarbonylation reactions are found (Cheng et al., 2012). Two
10695
peaks are observed at this stage. The first peak to the decomposi-
tion of the side chain structure is attributed, whereas, the second
peak to the fragmentation of other previously depolymerized
units is also attributed (Shen et al., 2010). In this regard, accord-
ing to Dussan et al. (2017) (pentoses follow different reactive
pathways than hexoses. In this sense, it has been shown that
xylose and arabinose degradation occurs at lower temperatures
than mannose, glucose and galactose (Shukry et al., 1991). Finally,
a stage in which the decomposition of hemicellulose into carbon
occurs from 320 ◦C (Cheng et al., 2017).

In Fig. 6c the pyrolytic decomposition of lignin is shown.
According to the results shown by Cheng et al. (2012), both the
decomposition profile (TGA, DTG) and the kinetic parameters
depend on both the type of starting material and the technology
used in extraction and isolation. In that figure, it is observed
that lignin decomposes over a wide range of temperatures, from
ambient to about 800 ◦C. In this respect, Yeo et al. (2019) had
demonstrated that because of its numerous ether bonds, hydroxyl
groups, methoxy, etc., lignin is the most difficult biomass compo-
nent to degrade due to its complex structure. In Fig. 6c the typical
stages of lignin pyrolysis are shown. Initially, at the temperature
range of 150–250 ◦C melting of lignin and release of the weakly
bonded functional groups is produced (Galano et al., 2017). The
next stage (300–550 ◦C) involves the breakdown of the β–O–4
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Fig. 6. Thermogravimetric data (TGA) (%) and Derivative Thermogravimetric data (DTG) (g min−1) during the pyrolysis of Cellulose (a), Hemicellulose (b) and Lignin
c) obtained from Eucalyptus globulus at 20 ◦C min−1 .
bonds (Lu et al., 2021). This is followed by the secondary pyrolysis
reaction (550–800 ◦C) in which several types of bonds are broken
simultaneously (Lu et al., 2021). The solid residue remaining from
the pyrolysis of lignin (39.0%) is higher than that obtained in
cellulose and hemicellulose pyrolysis. This high solid content to
the complex structural network with high thermal stability of
these compounds can be attributed (Yeo et al., 2019).

To evaluate the influence of the quantities of polyethylene on
each major components of the biomass (cellulose, hemicellulose,
lignin), different ratios of these components with HDPE and LDPE
have been performed. The ratios evaluated are cellulose (40%)–
HDPE (60%) and cellulose (70%)–HDPE (30%) and, on the other
hand, cellulose (40%)–LDPE (60%) and cellulose (70%)–LDPE (30%)
also with hemicellulose and lignin have been tested.

In Figs. 7 and 8, the TGA and DTG profiles of the tested
mixtures for HDPE and LDPE respectively are shown.

In this form, in Fig. 7a, cellulose decomposed between 250–
300 ◦C, while HDPE decomposed at higher temperatures of 400–
500 ◦C have been observed. The cellulose and HDPE mixture had
two stages of mass loss in temperature range corresponding to
the decomposition of cellulose (250–300 ◦C) and HDPE (400–
500 ◦C) respectively. This fact is more clearly in Fig. 7b can
be observed. Here, due to the higher percentage of cellulose in
the sample (70%), higher is the associated curve, in the graph
corresponding to DTG, for cellulose. The DTG curve peaks corre-
sponding to both cellulose decomposition and HDPE were similar,
although located at lower temperatures than those obtained for
cellulose (Fig. 7a) and similar to those found for HDPE (Fig. 7b)
10696
have been observed. The lower temperature found for cellulose
degradation could have been due to the interaction between
biomass carbon and HDPE (Chattopadhyay et al., 2016). Similar
effects to those found have been previously described by Wang
et al. (2021). Also, Yuan et al. (2018) investigated the syner-
gistic effects during co-pyrolysis of cellulose and HDPE. Their
results showed that mixtures of these components indicate that,
due to hydrogen transfer from HDPE chain breakage, cellulose
decomposition can be enhanced.

Similarly, a similar effect to that observed for cellulose–HDPE
mixtures, in cellulose–LDPE mixtures (Figs. 8a and 8b) can also be
seen. Although, two degradation maxima peak can be observed in
these figures. This divergence in degradation maxima to the dif-
ference in pyrolytic degradation temperatures between cellulose
and LDPE can be attributed.

Also in Fig. 7c, a single degradation between 200–400 ◦C,
with a peak at 303 ◦C can be obtained, although in Fig. 7d.
corresponding to the 70% hemicellulose–30% HDPE, due to the
higher proportion in hemicellulose a shoulder at 311 ◦C and a
maximum degradation at 373 ◦C can be detected. In this sense, a
decrease in temperature for the maximum degradation has been
observed.

For the hemicellulose–LDPE mixtures (Figs. 8c and 8d) also
only one peak of maximum degradation has been observed.
In these cases, the maxima correspond to 471 ◦C for the 40%
hemicellulose–60% LDPE mixture and 476 ◦C for the 70%
hemicellulose–30% LDPE blend, so also the increase in the relative
amount of LDPE also causes a slight decrease in the temperature
for the maximum pyrolytic degradation.
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Fig. 7. Thermogravimetric data (TGA) (%) and Derivative Thermogravimetric data (DTG) (g min−1) during the pyrolysis for Cellulose–HDPE mixtures (a, b),
Hemicellulose–HDPE mixtures (c, d) and Lignin–HDPE mixtures (e, f) at 20 ◦C min−1 .
As observed in Fig. 7e, HDPE degradation around 255 ◦C (with
a peak at 302 ◦C) for 40% lignin–60% HDPE mixture and 185 ◦C
(with a peak at 227 ◦C) for 70% lignin–30% HDPE mixture could
be observed. Thus, a greater synergistic effect between HDPE and
lignin, with respect to the other components, on the variation
of the degradation temperature can be appreciated. According to
the Patil et al. (2018) observations, the relatively lower hydrogen
content of lignin molecules (H/Ceff molar ratio < 0.3), which
compensates higher hydrogen content of HDPE, leads to increased
synergistic effects in the pyrolytic process of both compounds.
10697
In this study, the plastics presumably donate hydrogen during
co-pyrolysis, which aids in the depolymerization of lignin. Addi-
tionally, since the range of lignin and HDPE decomposition are
similar, in the range 170–350 ◦C an overlap of both degradation
regions can be observed and the peaks exhibited are the result
of the overlap of lignin and HDPE degradation. Furthermore, in
Figs. 7e and 7f, that lignin–HDPE and LDPE mixtures have two
regions of thermal degradation, around 155–350 ◦C and 350–
700 ◦C have been found. The first region is characterized by
the breakdown of HDPE and the second by the degradation of
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Fig. 8. Thermogravimetric data (TGA) (%) and Derivative Thermogravimetric data (DTG) (g min−1) during the pyrolysis for Cellulose–LDPE mixtures (a, b),
emicellulose–LDPE mixtures (c, d) and Lignin–LDPE mixtures (e, f) at 20 ◦C min−1 .
emaining lignin, where degradation is more significant in the
ample with higher lignin content (Fig. 7f). Overall, it can be seen
rom the DTG curves that lignin degrades slowly, although its
egradation started earlier together with HDPE. HDPE, however,
as rapidly degraded. Alternatively, the generated residues from

ignin and HDPE mixtures (32%–35%) are higher than those found
n HDPE with cellulose and hemicellulose mixtures.

Similarly, to the synergistic effects found for cellulose and
emicellulose with HDPE, for lignin–LDPE mixtures (Figs. 8e and
f) have also been found.
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3.6. Eucalyptus globulus main components (cellulose, hemicellulose
and lignin) with HDPE, LDPE mixtures: kinetic behavior

In Fig. 9, the evolution of both Ea and A as a function of the rel-
ative amounts of both HDPE and LDPE for cellulose, hemicellulose
and lignin are shown. In these figures, the values corresponding
to 100% cellulose (Figs. 9a and 9d), hemicellulose (Figs. 9b and 9e)
or lignin (Figs. 9c and 9f), to the values of the Activation Energies
or Arrhenius pre-exponential factor for the pure compounds are
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attributed. On the other hand, the values corresponding to 0%
of each component are the value of HDPE (Fig. 9a–c) or LDPE
(Fig. 9d–f) respectively.

In this regard, the calculated values for the activation energies
of the individual components are 153 kJ mol−1 for cellulose, 195
J mol−1 for hemicellulose and 175 kJ mol−1 for lignin. These
ata are within the values found by Lin et al. (2009), Cheng et al.
2012), Quan et al. (2016) and Yeo et al. (2019) for which the Ea
ound for pyrolysis of cellulose from different sources are in the
nterval 130–198 kJ mol−1, for hemicellulose in the range 95–140
kJ mol−1 and for lignin between 141–215 kJ mol−1.

In Figs. 9a and 9d evolutions for Ea and A in cellulose–HDPE
and cellulose–LDPE studied mixtures respectively are shown.
Both correspond to the algebraic sum of the values of the
10699
individual components, with no synergistic effect has been ob-
served for this component in the studied mixtures.

In the evolutions found for Ea and A in the mixtures tested
with hemicellulose (Figs. 9b and 9e) a synergistic effect, with
a decrease of 40 kJ mol−1 in the values corresponding to the
70% Hemicellulose–30% HDPE mixture and 10 kJ mol−1 in the
alues corresponding to 40% Hemicellulose–60% LDPE mixture,
oth with respect to 100% Hemicellulose, has been found.
Also in the evolution of Lignin–HDPE mixtures (Fig. 9c) a

trong synergistic effect (a decrease of 67 kJ mol−1 with respect to
00% Lignin) in the values corresponding to the 70% Lignin–30%
DPE mixture has been found. Nevertheless, a lower decrease in
he Lignin–LDPE has been found. In these mixtures, a decrease of
kJ mol−1 corresponding to 40% Lignin–60% LDPE), with respect

o 100% Lignin, can be observed.
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Fig. 10. Gas chromatograms at the temperature of maximum evolution during pyrolysis of EG, LDPE and HDPE.
.7. Pyrolysis product identification by GC–MS/MS

The relative percentage of each volatile organic compound
btained at maximum evolution temperatures in the pyrolysis
f EG, HDPE, LDPE and mixtures (80% EG–20% HDPE and 60%
G–40% LDPE) are shown in Table 2.
The main compounds present in the pyrolysis are n-paraffin,

lefins, furans, phenols, ketones, aldehydes, esters, alcohols, and
ugars. In LDPE, only n-paraffin (55%) and olefins (44%) were
dentified (Fig. 10). Similar results were obtained by other authors
Ballice, 2002; Ballice et al., 1998). However, n-paraffin, ketones,
henols, and sugars were the main compounds identified during
he pyrolysis for both HDPE and EG (Fig. 10).

Phenols, esters, sugars, and aromatic compounds were ob-
erved when HDPE was added to the biomass. Otherwise, paraf-
in, olefins, ketones, furans, and alcohols were decreased in the
o-pyrolysis of 80% EG–20% HDPE mixture at 316 ◦C. These results
an indicate a synergistic effect of EG and HPDE during co-
yrolysis that favored the decomposition of hemicellulose and
ignin to other compounds, such as phenols, esters and aromatic
ompounds. Domínguez et al. (2008) suggested that the degrada-
ion of lignin between 200–450 ◦C can be because lignin presents
complex structure made up of phenolic hydroxyl, carbonyl

roups and benzylic hydroxyl, which are connected by straight. In
ddition, (Z)-Phenol, 2-methoxy-4-(1-propenyl) (Isoeugenol) and
henol, 2,6-dimethoxy-4-(2-propenyl) are predominant phenols
10700
compounds and could be obtained from the cleavage of β-O-4
linkages in the lignin (Chen et al., 2018).

For 60% EG–40% LDPE mixture, n-paraffin, olefins, furans, phe-
nols, ketones, esters, alcohols, sugar compounds were identified
at the first degradation temperature (335 ◦C). However, only n-
paraffin and olefins were identified using the second degradation
temperature (460 ◦C). Adding LDPE, a synergistic effect on the
formation of n-paraffin and olefins was observed at 460 ◦C, This
can be due to the interaction between hemicellulose and lignin
that usually appears below 400 ◦C, before the decomposition of
LDPE (Yang et al., 2016).

4. Conclusions

Pyrolysis can be a technically suitable process for the val-
orization of Eucalyptus globulus mixtures with both HDPE and
LDPE. Calculations ASTM-E1641 for the kinetic parameters seem
to give adequate results for the tested mixtures. Minima in both
the Activation Energy and in the Arrhenius Pre-exponential Factor
have been found for the various mixtures under study. Thus, the
EG-HDPE mixtures had a minimum for both kinetic parameters
at the 80% EG–20% HDPE ratio. The minimum values for EG–
LDPE mixtures in 60% EG–40% LDPE ratio have been found. In
the study of mixtures of both HDPE and LDPE with the main
components of Eucalyptus (cellulose, hemicellulose and lignin)
no synergistic effect in the decrease of the Activation Energy for
pyrolysis of cellulose has been appreciated. However, a significant



M. Ruiz-Montoya, A. Palma, S. Lozano-Calvo et al. Energy Reports 8 (2022) 10688–10704
Table 2
VOCs (% area) at maximum evolution temperatures in pyrolysis of EG, HDPE, LDPE and mixtures of EG–HDPE and EG–LDPE.

Compound name Retention
time
(min)

Chemical
Formula

LDPE HDPE EG EG
40%–LDPE
60%
(1st Peak)

EG
40%–LDPE
60%
(2nd Peak)

EG
80%–HDPE
20%

1 Alkene—C7b 4.46 C7H14 7.2 – 2.0 – 2.1 –
2 Alkane—C7a 4.53 C7H14O 13.9 15.8 22.4 20.3 15.5 19.2
3 2,2’-Bifuran, octahydroc 5.85 C8H14O2 – 3.0 0.9 1.8 – –
4 Disulfide, dimethyla 5.39 C2H6S2 – 5.5 – – – 0.4
5 3-Hexanonea 6.16 C6H12O – 2.9 1.8 1.3 – –
6 2-Hexanonec 6.28 C6H12O – 3.1 1.5 1.6 – –
7 Alkene—C8a 6.36 C8H16 8.3 – – – 4.0 –
8 3-Hydroperoxyhexanec 6.44 C6H14O2 – – 0.7 0.4 – –
9 Alkane—C8a 6.57 C8H18 12.5 – – – 4.0 –
10 Octanalc 6.59 C8H16O – 1.5 – – – 0.6
11 Furan, 2,5-dimethylc 7.77 C6H8O – 1.2 1.4 2.1 – –
12 Isobutyl methyl carbonatec 8.62 C6H12O3 – – 0.6 – – 16.6
13 Hexan-2,4-dione, enola 9.35 C6H10O2 – 15.1 10.0 6.1 – –
14 Diene C9a 9.48 C9H18 4.2 – – – 1.1 –
15 Alkene—C9a 9.65 C9H18 6.0 – – – 0.5 –
16 Alkane—C9a 9.89 C9H20 8.4 – – – 3.4 –
17 2,5-Hexanedionea 10.82 C6H10O2 – 14.5 15.0 11.4 – –
18 Allyl isovaleratec 11.72 C8H14O2 – 3.3 2.1 1.7 – –
19 Diene C10a 12.53 C10H18 2.1 – – – 0.2 –
20 Alkene—C10a 12.79 C10H20 5.5 – – – 1.1 –
21 Alkane—C10a 13.03 C10H22 5.3 – – – 1.6 –
22 2(3H)-Furanone, 5-ethyldihydroc 14.60 C6H10O2 – 1.0 0.6 0.7 – –
23 Butyl isobutyl carbonateb 15.31 C9H18O3 – – – – – 6.2
24 Diene C11a 15.24 C11H20 0.5 – – – – 0.4
25 Alkene—C11a 15.44 C11H22 2.1 – – – 0.5 0.2
26 Phenol, 2-methoxya 15.53 C7H8O2 – 1.0 0.5 0.2 – 0.5
27 Alkane—C11a 15.64 C11H24 3.6 – – – 1.5 1.1
28 Diene C12a 17.53 C12H22 0.3 – – – 0.2 –
29 Alkene—C12a 17.70 C12H24 0.9 – – – 0.5 0.3
30 Alkane—C12a 17.87 C12H26 2.5 – – – 1.7 0.7
31 1,4:3,6-Dianhydro-alpha-d-glucopyranoseb 18.21 C6H804 – 6.8 0.9 1.0 – 3.6
32 3,4-Anhydro-d-galactosanb 18.43 C6H8O4 – 0.8 0.2 0.2 – 0.6
33 2,3-Anhydro-d-mannosanb 18.57 C6H8O4 – 1.4 0.4 0.3 – 1.1
34 Diene C13a 19.54 C13H24 0.4 – – – 0.4 –
36 Alkene—C13a 19.68 C13H26 0.8 – – – 0.9 –
37 Alkane—C13a 19.83 C13H28 1.7 – – – 2.3 0.4
38 2-Methoxy-4-vinylphenolc 20.30 C9H10O2 – 0.1 0.8 0.5 – 1.4
39 Phenol, 2,6-dimethoxya 20.91 C7H8O2 – 7.5 7.3 7.3 – 8.3
40 Diene C14a 21.35 C14H26 0.3 – – – 0.6 –
41 Alkene—C14c 21.48 C14H28 0.8 – – – 1.9 0.1
42 Alkane—C14a 21.61 C14H30 1.4 – – – 3.1 0.2
43 2,5-Dimethoxybenzyl alcoholc 22.54 C8H10O3 – 3.8 5.9 4.4 – 4.0
44 (Z)-Phenol, 2-methoxy-4-(1-propenyl)c 22.63 C10H12O2 – 1.6 0.7 1.0 – 1.8
45 Diene C15a 23.02 C15H28 0.3 – 0.5 – 1.1 0.1
46 Alkene—C15a 23.14 C15H30 0.8 – – – 3.1 0.1
47 Alkane—C15a 23.25 C15H32 1.3 – 3.7 – 4.2 –
48 5-tert-Butylpyrogallol c 23.82 C10H14O3 – 2.8 4.1 4.7 – 4.7
49 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)c 24.00 C10H12O3 – 0.6 0.6 1.5 – 1.6
50 3,5-Dimethoxyacetophenonec 24.45 C10H12O3 – – 3.0 2.9 – 7.4
51 Diene C16a 24.58 C16H30 0.3 – – – 1.7 –
52 Alkene—C16a 24.69 C16H32 0.7 – – – 3.6 –
53 Alkane—C16a 24.79 C16H34 1.3 – – – 4.5 0.1
54 Phenol, 2,6-dimethoxy-4-(2-propenyl)c 25.00 C11H14O3 – 0.3 0.8 1.3 – 1.7
55 Phenol, 2,6-dimethoxy-4-(2-propenyl)c 26.45 C11H14O3 – 0.1 4.3 5.3 – 6.8
56 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)b 26.97 C10H12O4 – – 1.2 2.6 – 1.6
57 Diene C17a 26.05 C17H32 0.3 – – – 2.2 –
58 Alkene—C17a 26.15 C17H34 0.7 – – – 4.0 –
59 Alkane—C17a 26.24 C17H36 1.3 – – – 4.7 0.1
60 2-Propenal, 3-(4-hydroxy-3-methoxyphenyl)c 27.14 C10H10O3 – – – 0.5 – –
61 Diene C18a 27.44 C18H34 0.3 – – – 2.5 –
62 Desaspidinoc 27.45 C11H14O4 – 0.1 4.4 7.2 – 6.7
63 Alkene—C18a 27.53 C18H36 0.8 – – – 4.5 –
64 Alkane—C18a 27.61 C18H38 1.2 – – – 4.6 –
65 Diene C19a 28.76 C19H36 0.2 – – – 2.9 –
66 Alkene—C19a 28.84 C19H38 0.8 – – – 4.5 –
67 Alkane—C19a 28.92 C19H40 1.2 – – – 4.9 –
68 Hexanamide, N-tetrahydrofurfurylc 36.56 C10H19NO2 – 4.7 – 6.3 – –
69 Squalenea 37.63 C30H50 – 1.5 – 4.1 – –
70 1-bromo-3-chlorobenzene (internal standard)a 16.34 C6H4BrCl

aCompounds identified with more than 95% similarity to the NIST11 library spectra.
bCompounds identified with more than 90% similarity to the NIST11 library spectra.
cCompounds identified with more than 85% similarity to the NIST11 library spectra.
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ecrease in the Activation Energy is observed for mixtures of
oth hemicellulose and lignin with both types of polyethylene.
herefore, the lowest activation energies with both hemicellulose
nd lignin for 60% EG–40% HDPE and 40% EG–60% LDPE have been
ound. Thus, the lowering of both the Activation Energy and the
rrhenius pre-exponential factor in eucalyptus with polyethylene
ixtures to the presence of hemicellulose and lignin could be
ttributed.
The main VOCs identified in the pyrolysis of HDPE and EG sam-

les were n-paraffins, ketones, phenols and sugars. In contrast,
n LDPE, only n-paraffins (55%) and olefins (44%) were identified.
haracterizations of the material, including FTIR, could help to
dentify the functional groups involved in the synergistic effects
ound.

The optimum mixture for co-pyrolysis of EG–HDPE corre-
ponds to 60% EG and 40% HDPE and for co-pyrolysis of EG–LDPE
ixtures is 40% EG and 60% LDPE.
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