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Kinetic and thermodynamic behavior of co-pyrolysis of olive pomace and 
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b Department of Physical Chemistry and Applied Thermodynamics, Universidad de Cordoba, Ed Leonardo da Vinci, Campus de Rabanales, Campus de Excelencia 
Internacional Agroalimentario ceiA3, 14071, Cordoba, Spain 
c Department of Mechanical Engineering, School of Engineering, University of Birmingham, B15 2TT, Birmingham, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Agri-food residue 
Plastics 
Reaction mechanism 
Synergistic effect 
Valorization 

A B S T R A C T   

This work represents the first attempt to analyze kinetics, thermodynamics and reaction mechanism of olive 
pomace (OP) and waste plastic materials (PM) co-pyrolysis. Among PM, polypropylene (PP), polystyrene (PS), 
high density polypropylene (HDPE), polyvinyl chloride (PVC) and poly (ethylene terephthalate) glycol (PETG) 
were selected. Non-isothermal TG experiments were carried out under inert conditions at four heating rates, 
namely 5, 10, 20 and 40 ◦C/min. The kinetic triplet for raw materials and their blends was determined using 
Starink, Kissinger-Akahira-Sunose and Ozawa-Flynn-Wall iso-conversional models. Pyrolysis mechanism re
actions were explained by diverse models, depending on thermal degradation progress. Results shown that co- 
pyrolysis followed a complex multi-step reaction mechanism. A synergistic effect was detected during co- 
pyrolysis of OP/PM mixtures. The addition of 50 % (w/w) OP biomass to PM waste decreased the energy of 
activation (Ea) from 50 to 25 % for all blends, except for PVC/OP. Thermodynamic analysis reveals that adding 
OP generally reduces the energy barrier (ΔH), except for PS-OP, and improves energy efficiency (ΔG) by 
facilitating radical formation and molecular chain cleavage. 

As a conclusion, this study may open up new avenues for waste valorization and resource recovery. Thus, it 
may contribute to the transition towards a circular and sustainable economy, through zero waste goal.   

1. Introduction 

Over the past ten years, the production of municipal solid waste 
(MSW) has globaly and significantly increased. According to World Bank 
projections, the yearly output of MSW will quadruple by 2025, starting 
from 1.3 Mt in 2012 [1]. 

Synthetic polymers, also known as post-consumer plastic wastes, 
make up a sizeable portion of all MSW. The volume of post-consumer 
plastic waste is expected to rise due to an increase in the use of plastic 
in disposable consumer goods. By 2050, either landfills or the natural 
environment will receive about 12,000 Mt of plastic waste [2]. 

Depending on plastic properties and chemical changes it undergoes 
when heated, they can be classified as thermoplastics or thermosetting 
plastics. When the temperature reaches a certain point, thermoplastics 
will melt and can be recast. However, thermoset plastics tend to get 
harder with rising temperature and cannot be remoulded once formed 

[3]. Approximately, 80 % of plastics are thermoplastics, mainly used in 
packaging or textile fibers; about 50 % of them are intended for single 
use [4]. Thermoplastics, including high-density polyethylene (HDPE), 
polystyrene (PS), polyvinyl chloride (PVC), polyethylene terephthalate 
glycol (PETG), polyethylene (PE) and polypropylene (PP), are the most 
extensively used, i.e. packaging, agriculture, construction, healthcare, 
electronics and automotive industries [5]. Their success is based on their 
durability, lightweight properties and cost-effectiveness. Due to their 
prevalence in municipal plastic waste, thermoplastics are the focus of 
study. In fact, thermoplastics have become a significant component of 
MSW [6]. 

Biomass-derived waste is another type of waste of environmental 
concern. The olive oil industry produces large quantities of different 
wastes/by-products, i.e. olive pomace (OP) paste, olive leaves and 
wastewater, constituting a significant environmental problem, espe
cially in the Mediterranean area [7]. In Spain, the most widespread olive 
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oil extraction process is the two-phase system. Through it, approxi
mately 80 % of the olive mass results in a pomace. This is a dense and 
viscous substance characterized by a notably moisture content (60–70 
%) and composed of olive pulp, skin, crushed pits and residual olive oil 
[8]. According to the International Olive Council, over 12 Mt of olive 
pomace are produced annually [9], causing a serious environmental 
issue due to its phytotoxicity. 

Currently, the main OP valorization process is carried out in pomace 
treatment plants. There, it is transformed to produce “orujo oil” and a 
solid fuel called "orujo", which is used in direct combustion to generate 
heat and electricity. This use, however, is linked to the emission of 
particulate matter and greenhouse gases. Thermal degradation offers an 
interesting alternative to OP treatment, allowing its degradation into 
less polluting fuels, including hydrogen, biochar and activated carbons 
[10]. 

Pyrolysis is a potential method for harnessing the energy potential of 
waste materials. This process entails breaking down the waste molecular 
structure at a moderate pressure and temperature, resulting in a mixture 
of hydrocarbons in all three physical states. A solid carbonaceous ma
terial, bio-oil (a liquid component, with some properties compatible to 
traditional petroleum-based fuels) and the gas component, which can be 
utilized to provide energy for the pyrolysis process [11]. 

However, pyrolysis continues to pose environmental challenges, i.e. 
gas emissions and energy demand. Nowadays, the use of these wastes as 
pyrolysis raw materials is minimal. To accelerate the adoption of this 
waste management solution, policy measures, i.e. subsidies, are essen
tial. In addition, scaling up successful laboratory systems presents 
challenges that require significant economic investments. However, the 
potential economic benefits, driven by their commercial applications, 
justify these investments. Nevertheless, to substantiate this proposal 
with accurate data, further research on large-scale pyrolysis systems for 
the management of contaminated mixed plastic waste is needed. 
Another obstacle to large-scale pyrolysis of contaminated mixed plastic 
waste is feedstock variability. Improved waste sorting methodologies 
could facilitate pyrolysis. This may also increase the production of 
uniform pyrolysis oil, which promises to be a viable substitute for 
commercial diesel fuel [12]. 

In recent times, co-pyrolysis of polymers has gained significant 
attention as a means of upgrading products to valuable hydrocarbon 
mixtures [13]. This involves the use of more than one type of feedstock 
mixed together for the pyrolysis process. The use of synthetic polymers 
with biomass in the co-pyrolysis process can balance the elemental 
content in the feedstock, resulting in notable effects on the properties of 
degradation products [14]. Biomass, which has lower thermal stability 
compared to plastics, can influence the radical degradation mechanism 
by promoting the degradation of synthetic macromolecules [15]. 

Exploring future applications of coprolysis of PM and OP biomass, 
several potential avenues emerge, each offering innovative solutions 
and sustainable results. One of these is the production of biofuels, such 
as bio-oil, biochar and syngas. Bio-oil obtained from coprolysis can serve 
as a renewable energy source, suitable for applications in heat genera
tion, electricity production and transportation fuels. Thus, it may sub
stitute conventional petroleum-derived products, thereby reducing 
reliance on finite fossil resources and minimizing environmental im
pacts. On the other hand, biochar derived from coprolysis holds promise 
as soil amendment. Hence, it contributes to soil health and carbon 
sequestration. In addition, coprolysis can produce valuable chemical 
intermediates and chemical platforms with application in different 
sectors. For example, bio-based polymers, specialty chemicals and 
value-added products for the agricultural and pharmaceutical sectors. 
By taking advantage of the unique chemical composition of OP biomass 
and its synergistic interactions with PM residues, coprolysis opens ave
nues for the development of new functional materials and additives with 
improved performance and sustainability credentials. 

The useful advancement of co-pyrolysis of lignocellulosic biomass 
and plastic, as well as scaling-up and equipment design, largely depend 

on the reaction mechanism and kinetic parameters involved. Thermog
ravimetric analysis (TGA) is an effective and reliable technique used to 
both characterize the thermal degradation of solid materials and predict 
kinetic modelling. 

Assessing the feasibility of industrial-scale co-pyrolysis of OP and 
PM, there are several critical factors. They include feedstock charac
teristics, operating temperature, residence time, among others previ
ously mentioned for pyrolysis. These parameters collectively influence 
the scalability and efficiency of the co-pyrolysis process, emphasizing 
the importance of optimization in reactor design and its industrial 
implementation. 

The International Confederation for Thermal Analysis and Calorim
etry (ICTAC) highly recommends the use of iso-conversional methods to 
determine the kinetic triplet (activation energy, pre-exponential factor 
and reaction model function) for thermal decomposition processes [16]. 
Based on ICTAC reccomendations, to evaluate kinetic parameters, 
Kissinger-Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO) tech
niques are selected. Meanwhile, Starink method, including both FWO 
and KAS approaches, is preferred for pyrolysis experiments. This selec
tion is based on its straightforwardness and precision in determining 
activation energy. These methodologies involve samples at different 
heating rates. They correlate conversion temperature with heating rate 
to derive kinetics parameters [17]. 

Upon careful examination of the available literature, only few studies 
about co-pyrolysis of OP and plastics has been found. Alcaraz-Ruiz A. 
et al. [18] studied the influence on dried OP of the inorganic metals 
inherently present in the ashes obtained during the drying process (K, 
Na, Ca and Mg) for fast pyrolysis product distribution. Results showed 
that ashes could be used as catalyst to produce better quality bio-oil. 
Ouazzani et al. [19] developed a pyrolysis model, to study the effi
ciency of the co-pyrolysis process of OP and automotive PP-based plastic 
waste. Results indicated that the co-pyrolysis of OP and plastics 
enhanced quantity and quality of products compared to straight plastic 
pyrolysis. Parascanu et al. [20] performed a life cycle assessment of the 
olive pomace valorization by means of a pyrolysis system. The findings 
indicated that the pyrolysis system serves as an eco-friendly tool for 
valorizing olive pomace, utilizing energy-efficient equipment while also 
recycling water and air. 

To gain a better understanding of the co-pyrolysis reaction mecha
nism, evaluating kinetic and thermodynamic parameters, besides syn
ergistic effects is essential. Therefore, the aim of the current study was to 
analyze the co-pyrolysis of OP and major thermoplastics (HDPE, PS, 
PVC, PETG, PE and PP) thus improving the pyrolysis of OP, while 
simultaneously employing plastic waste. The co-pyrolysis behavior and 
the extent of the synergistic effect was examined. To determine kinetic 
parameters, three model-free kinetic methods, namely Starink, 
Kissinger-Akahira-Sunose (KAS) and Ozawa-Flynn-Wall (OFW) were 
seleccted. Based on the extent of synergistic effects and activation en
ergy, the most suitable blend sample for co-pyrolysis was identified. 
Also, to identify the reaction mechanism for the thermal degradation of 
each sample, the master plot method was used. To the best of our 
knowledge, this study represents the first attempt to examine the kinetic 
and thermodynamic analysis, as well as the reaction mechanism, of the 
co-pyrolysis of OP and plastics waste. These data will allow finding out 
appropriate reaction temperatures for pyrolysis experiments, laying the 
theoretical basis for scaling-up. 

2. Materials and methods 

2.1. Materials and sample preparation 

The OP used in this research was sourced from oil mills located in the 
southern area of Córdoba, Spain. To remove its initial moisture content, 
OP was lyophilized 48h and further, pulverized and sieved into a fine 
powder below 200 μm. Plastic wastes, such as HDPE, PP, PS, PETG and 
PVC, were provided by the Andalusian Plastics Technology Center 
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(Andaltec, Jaen, Spain). Thermoplastic samples were similarly con
verted into a powdered form and screened through a sieve; only frac
tions measuring less than 200 μm were used for the analysis. The 
resulting powdered biomass and thermoplastic samples were mixed in a 
1:1 ratio by weight to provide the blends. 

The particle size of the samples was chosen to be below 200 μm to 
prevent heat and mass transfer effects within the biomass particles. 
Moreover, when both biomass and plastics possess similar particle sizes, 
they can be mixed more evenly, leading to an increased contact surface 
[21]. 

Sample physicochemical characterization was performed through 
proximate (moisture, volatile matter, ash and fixed carbon), ultimate 
(carbon, hydrogen, nitrogen, sulphur and oxygen) and compositional 
(hemicellulose, cellulose and lignin) analysis. Moisture (M), ash and 
volatile matter (VM) contents were determined in accordance with EN 
14774, EN 14775, ASTM D5630-01, EN 15148 and ASTM D2832-92 
standards, respectively. The chlorine content was determined using X- 
ray fluorescence transmission electron microscope JEOL JEM 1400. 
Fixed carbon (FC) content was calculated by subtracting the moisture 
content, ash content and volatile matter, according to ASTM D3173. 

Sample ultimate analysis was conducted in the Leco series 928 
elemental macroanalyzer (LECO Corporation, St. Joseph, Michigan, US). 
Oxygen content (O) was determined by difference with all values on a 
dry basis. 

Biomass compositional analysis was conducted according to NREL/ 
TP-510-42618. Additionally, sample high heating value (HHV) was 
measured according to EN 18125 standard. An IKA calorimeter bomb 
C200 from Staufen, Germany was used. To ensure result reproducibility, 
analyses were conducted in triplicate; experimental errors were at ± 3 % 
of the mean values (Table 1). 

2.2. Thermogravimetric analysis 

Pyrolysis and co-pyrolysis tests were performed using a TGA DSC 3+
(Mettler Toledo, Barcelona, Spain). Approximately, 25 mg of each 
sample was pyrolyzed under 50 mL min− 1 N2 flow from room temper
ature to 800 ◦C [6]. 

Tests were run out at four different heating rates (5, 10, 20 and 
40 ◦C/min). Heating rates were selected to analyze pyrolysis kinetics 
under both slow and intermediate heating conditions. From a funda
mental perspective, slow heating rates are favored for precise kinetics 
measurements. Conversely, industrial applications need high heating 
rates to enhance biofuel quality and economic viability [22]. However, 
excessively high heating rates can lead to thermal lag and abrupt results, 
particularly in thermal degradation observed via TGA. 

For each test, a blank run using an empty pan to correct for the effects 
of buoyancy was carried out. Each pyrolysis trial was conducted in 
triplicate to assess result consistency, yielding deviations below 1 % for 
all instances. The mean TGA results were used to determine pyrolysis 
kinetic parameters. 

TG and derived thermogravimetric (DTG) curves were continuously 
recorded as a function of both time and temperature. Then, the curves 

were studied and analyzed. The thermal behavior, kinetic parameters 
through various model-free methods and the characteristic indices, 
namely initial pyrolysis temperature (Ti), pyrolysis-peak temperature 
(Tp), burnout temperature (Tb) and pyrolysis characteristic index (S), 
were determined. 

Ti is the temperature at which the rate of weight loss reaches 1 % per 
min after the initial weight loss attributed to moisture content. Tb is the 
temperature at which the degradation rate reaches 1 % per min at the 
end of the DTG curve. Tp is the temperature associated with the highest 
rate of weight loss and provides information about the reactivity of the 
material as fuel. High values of Ti indicate thermal stability, while high 
values of Tb mean high difficulty in achieving complete conversion. 

To better evaluate the thermal properties of the materials, the py
rolysis characteristic index (S) was calculated according to Equation (1). 
DTG mean (%/min) denotes the average conversion rate between Ti (K) 
and Tb (K), determined using Equation (2) [23]. High S reflects good 
volatile release performance, together with an easy feedstock decom
position. In Equation (2), αTb and αTi represent the fractions (%) of the 
material that undergo degradation at Tb and Ti temperatures, respec
tively. Variable β (◦C/min) represents the heating rate. 

S=
DTGmaxDTGmean

T2
i Tb

(1)  

DTGmean =
αTb − αTi

Tb − Ti
β

(2)  

2.3. Kinetic analysis 

Thermal decomposition processes of the heterogeneous solid state 
begin with a devolatilization in the initial stage and involve the libera
tion of volatiles, which includes light gases and condensable com
pounds, during the progressive heating of solid material. This release of 
volatiles is a consequence of the thermal breakdown of the chemical 
bonds within the natural polymers found in the material, such as 
hemicellulose, cellulose, and lignin. 

To streamline pyrolysis process, the “single step” simplified 
approach postulates that devolatilization occurs in a single unified re
action. It is based on ICTAC kinetics committee recommendations for 
analysis of multi-step kinetics [24] using Equation (3) [25]: 

g(α)=
∫ α

0

dα
f(α)=

A
β

∫ T

T0

e
−

(

Ea/RT

)

dT (3)  

where g(α) represents the integral form of the reaction mechanism, with 
the initial condition of α equal to 0 at temperature T0. β represents the 
constant heating rate, defined as the derivative of reation temperature 
with respect to reation time, dT/dt (T and t, in K and min, respectively). 
α represents the conversion degree during reaction (%) and f(α), the 
reaction mechanism. F(α) describes how the reaction rate depends on 
the reaction extent. A is the pre-exponential factor, expressed in s− 1. The 
apparent activation energy is denoted by Ea, measured in kJ/mol. R is 

Table 1 
Physico-chemical characterization of thermoplastics and olive pomace biomass.  

Sample Proximate analysis (%, m/m) Ultimate analysis (%, m/m) Calorific value (MJ/kg) Compositional analysis (%, m/m) 

M VM Ash FC C H N S O Cl H/C HHV Cellulose Hemicellulose Lignin 

PP 0.20 99.45 0.31 0.04 84.23 15.11 – 0.06 0.29 – 0.18 46.14 – – – 
PS 0.02 99.45 0.19 0.34 91.23 8.35 – 0.05 0.18 – 0.09 40.89 – – – 
HDPE 0.04 98.73 0.17 1.06 83.68 15.68 0.20 0.15 0.29 – 0.19 46.08 – – – 
PVC 0.07 95.3 0.0 3.80 42.56 2.65 – 0.33 0.48 53.98 0.06 18.81 – – – 
PETG 0.39 79.30 0.62 19.69 80.59 13.40 0.50 0.05 5.46 – 0.08 25.39 – – – 
OP 6.87 67.12 7.64 18.37 48.22 8.05 1.48 0.66 41.59 – 0.17 19.84 23.30 10.70 27.50 

PP: Polypropylene; PS: Polystyrene; HDPE: High density polypropylene; PVC: Polyvinyl chloride; PETG: Poly (ethylene terephthalate) glycol; OP: Olive pomace; HHV: 
High heating value. 
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the gas constant, which is equal to 8.314 J/mol K. 
Table SI 1 (supplementary material) displays the most prevalent 

reaction models for the decomposition of solid materials, presented in 
both the differential form, f(α) and the integral form, g(α). 

In this study, to evaluate the kinetic parameters, model-free iso- 
conversional methods, including Starink, KAS and OFW, were used. The 
OFW method [26,27] (Equation (4)) is based on the application of Doyle 
approximation [28] to Eq. (3): 

ln (β) = ln
(

AEa

Rg(α)

)

− 5.331 − 1.052
Ea

RT
(4) 

For a specific degree of conversion, Ea is provided by the slope of the 
straight line, derived from the plot of natural logarithm of the heating 
rate against 1/T. There, T is the reaction temperature at which the 
specified conversion degree is achieved (K). KAS method is based on the 
numerical approximation of Murray and White [16], as shown in 
Equation (5): 

ln
(

β
T2

)

= ln
(

AR
Eαg(α)

)

−
Ea

RT
(5)  

When plotting ln(β/T2) versus the reciprocal of temperature, 1/T, a 
linear relationship, with a slope equal to -Ea/R, is observed. This enables 
the determination of Ea. Starink method is a combination of KAS and 
FWO methods, using a slope of − 1.0008Ea/RT, as shown in Equation 
(6): 

ln
(

β
T1.92

)

= − 1.0008 (6)  

2.3.1. Assessment of pre-exponential factors through the energy 
compensation effects (ECE) method 

Iso-conversional methods are effective for precise activation energy 
values. However, they often lack pre-exponential factor and reaction 
mechanism information in solid-state reactions. ECE method, however, 
accurately estimates the pre-exponential factor for single-step reactions. 
Iso-conversional methods are effective in providing precise values for 
activation energy. Although, they typically do not yield the pre- 
exponential factor or the reaction mechanism for solid-state reactions. 
ECE method, on the other hand, offers a means to accurately estimate 
the pre-exponential factor for single-step reactions [16]. By applying 
logarithmic transformations to the differential form of non-isothermal 
rate law, Equation (7) remains as follows: 

dα
dT

=
A
β

e
−

(
Ea
RT

)

f(α) (7) 

A new expression (Equation (8)) is derived, where i corresponds to a 
mechanism function listed in Table SI 1 (supplementary material). 

ln
(

βdα/dT
fi(α)

)

= ln Ai −
Ea,i

RT
(8) 

Plotting the natural logarithm of [β(dα/dT)/fi(α)] against the 
reciprocal of T allows calculation of lnAi and Ea,i for a given mechanism. 
A compensation effect is observed when a strong linear relationship 
between ln Ai and Ea,i under a single heating rate is found. Equation (9) 
relates lnAi to Ea,i; values of a and b are determined through linear 
fitting: 

ln Ai = aEa,i + b (9) 

Starink method, chosen for its accuracy among iso-conversional in
tegral methods, provides activation energies for the compensation for
mula in Equation (9). 

2.3.2. Prediction of reaction mechanism through the master-plot method 
The reaction mechanism, f(α), was determined using the master-plot 

method. Typically, decomposition reactions are quite sluggish at room 
temperatures. Consequently, the lower limit of the integral on the right 
side of Equation (3), T0, can be approximated to zero [29]. The inte
grated form of Equation (3) can then be expressed as Equation (10): 

g(α)=AEa

βR
ρ(u) (10)  

where p(u) represents the integral form of temperature and is defined as 
shown in Equation (11): 

p(u)=
∫ u

∞
−

(
e− u

u2

)

du (11)  

Where u is defined as Ea/RT. The function p(u) does not have an exact 
analytical solution and as a result, it is solved using numerical approx
imation methods. Doyle approximation [30] is often applied to provide 
sufficiently reliable results and can be expressed as shown in Equation 
(12): 

p(u)=0.0048e− 1.0516u (12) 

Considering an a-value of 0.5 as a reference, Equation (10) yields the 
following result shown in Equation (13): 

g(0.5)=
AEa

βR
ρ(u0.5) (13) 

The ratio of Equations (10) and (13) leads to Equation (14): 

g(α)
g(0.5)

=
p(u)

p(u0.5)
(14) 

Equation (14) suggests that, for a specific α, the experimental value 
of p(u)/p(u0.5) and the theoretically calculated one of g(α)/g(0.5) are 
equivalent when an appropriate kinetic model, f(α), is used. The 15 most 
common reaction mechanisms are shown in Table S1.1 (Supplementary 
material). 

This integral master-plot method is a valuable tool for determining 
the reaction kinetic models of decomposition reactions. It allows 
assessing kinetics of these reactions by comparing experimental data to 
theoretical ones. This may help elucidating the underlying chemical 
processes and reaction mechanisms. 

2.3.3. Thermodynamic parameters 
This study aimed to analyze how thermodynamic parameters change 

along co-pyrolysis at different conversions. The change in enthalpy (ΔH) 
between initial reactants and final products indicates that the activated 
complex required extra energy to convert into the desired product. The 
change in entropy (ΔS) characterizes the organization and arrangement 
of molecules within system. A lower value of entropy indicates a more 
stable system with a more. Change in Gibb free energy (ΔG) shows the 
availability of energy within the system, including system energy and 
energy supplied from external sources during pyrolysis and co-pyrolysis 
process. In agreement with the principles of activated complex theory, 
the determination of the transition-state entropy is linked to the pre- 
exponential factor (Eq. (15)). 

ΔS=Rln
Ah

eχkBTp
(15)  

where, e is Neper number, χ is transmission factor (assumed as unity for 
mononuclear reactions), kB is Boltzmann constant (J/K), h is Planck 
constant (J s) and Tp is average peak temperature observed from DTG 
curves at different heating rates. 

Transition state theory has been primarily formulated to elucidate 
the kinetics of monomolecular and bimolecular reactions, occurring 
within the gaseous phase. Given the intricate network of radical re
actions inherent to tar pyrolysis, activation entropy derived from tran
sition state theory ought to be interpreted as an apparent parameter. 
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This is primarily useful for assessing the heterogeneity of tar. The 
adoption of this methodology is justifiable upon consideration of solid 
specific surface (SBET), molecular unit length during decomposition (L) 
and solid density (ρ), as outlined in Eq. (16). 

ΔS=Rln
Ah

SBETLρeχkBTp
(16) 

For plastic materials, SBET and ρ were measured by a surface analyzer 
and a pycnometer, while L is the length of C–C bond (1.54*10− 10 m). 
SBET, L and ρ values of OP were assumed from Ref. [31] (Table SI 2). 
Then, enthalpy changes (ΔH) and Gibbs free energy (ΔG) can be 
determined by applying Eqs. 17 and 18. 

ΔH=Ea − RTp (17)  

ΔG=ΔH − TpΔS (18)  

2.4. Synergistic effects 

To examine the interactions between materials during co-pyrolysis, 
the additive model was selected. Experimental and calculated values 
were compared, assuming the absence of interactions between materials 
[32,33]. Equations (19) and (20) were applied to calculate the deviation 
ΔM between experimental and calculated TG blend values. 

Mcalculated =X1M1 + X2M1 (19)  

ΔM=Mexperimental− Mcalculated (20)  

where, X1 and X2 are the mass fractions of biomass and plastics, while 
M1 and M2 are their corresponding mass values in TG curves of indi
vidual materials. Mexperimental and Mcalculated are the corresponding mass 
values of experimental and calculated TG curves. 

3. Results and discussion 

3.1. Material characterization 

To determine their suitability in the process of pyrolysis, physico
chemical characteristics of the raw materials were analyzed (Table 1). 
OP moisture content was below 10 % (w/w), making it viable for use in 
pyrolysis. As may be seen, OP also contains N and S due to biopolymer 
composition, i.e. cellulose (23.3 %), hemicellulose (10.70 %) and lignin 
(27.5 %). Thermoplastics have different compositions, PP, PS and HDPE 
depicting the highest carbon content (84.23 %, 91.23 %, 70.59 % and 
70.58 %, respectively). On the other hand, plastic PETG has a compo
sition rich in carbon (70.58 %) and a significant amount of oxygen 
(23.76 %) due to the glycerol used in its fabrication. Finally, PVC pre
sents a similar carbon content to that of OP but with less hydrogen or 
oxygen due to the presence of Cl (54.88 %), which plays an important 
role in the synthesis reaction. C/H ratio may be an indicator of the py
rolysis process. In this sense, materials rich in carbon and hydrogen 
produce a higher amount of volatile substances, which enrich the igni
tion. In this work, two different kinds of thermoplastic ratios were used. 
The first set shows a higher C/H value, ranging from 0.18 (PP) to 0.19 
(HDPE), with over 80 % volatile matter. The second set has ratios 
ranging from 0.06 (PVC) to 0.09 (PS), with a wider variety of volatile 
content, ranging from 0.3 % for PVC to 99.45 % for PS. The different C/ 
H ratios will allow a better understanding of synergistic and antagonistic 
effects, besides improving pyrolysis processes. Finally, the ash content 
was determined to evaluate the potential for slag and fouling issues, 
mainly by relating to biomass thermal degradation. Thermoplastic 
showed values below 1 %, while biomass presented a value of 7.64 %. 

In contrast to plastic waste, OP biomass presented reduced levels of 
volatiles, hydrogen and heating value, though elevated ash and oxygen 
content. A high volatile matter content offers an advantage during 
thermal degradation, facilitating vapor formation and subsequent 

conversion into liquid bio-oil. Due to its intricate composition, lignin is 
perceived as a constraining element in the thermochemical trans
formation of biomass. This suggests that agricultural biomass with lower 
lignin content may be more conducive to thermal degradation and the 
increased presence of cellulose and hemicellulose in biomass makes it a 
suitable raw material for co-pyrolysis processes [34]. 

3.2. Thermal degradation analysis 

The pyrolysis behavior of the raw thermoplastic materials, OP 
biomass and their blends were studied through TGA and DTG curves, as 
shown in Fig. 1. 

As previously reported for individual thermoplastic materials, sam
ple thermograms exhibit a similar inverted S-shape, further confirming 
the reliability and consistency of products [35–38], . Results obtained 
are also in accordance with the degree of crystallinity and thermal sta
bility of these polymers. In this sense, HDPE appears as the most ther
mostable material, due to its highly regular molecular structure and the 
density of cross-bonds. As depicted in Fig. 1, pyrolysis Ti for the 
decomposition of PVC is considerably lower than that of other plastics. 
This lower stability is suggested to stem from the existence of thermally 
vulnerable structural segments or defects within the polymer chains. 
Although, the exact cause of PVC’s thermal instability remains a topic of 
ongoing debate, it is widely acknowledged that internal allylic and 
tertiary chloride segments play a leading role [37]. 

PP, PS, HDPE and PETG show almost the same trend. It was noted 
that the degradation of plastics took place within a narrow temperature 
range. This suggests a rapid breakdown of polymer chains through a 
one-step mechanism. In contrast, the pyrolysis of PVC exhibits a 
distinctive two-stage process. The primary mass loss for PVC occurs 
within the temperature range of approximately 250–390 ◦C, depending 
on the material and the presence of stabilizers and additives. During this 
initial stage, representing a weight loss of approx. 65 %, the primary 
reaction involves the dehydrochlorination of the polymer, resulting in 
the formation of HCl PVC and various volatiles [6]. These volatiles 
predominantly consist of HCl, with minor quantities of benzene, toluene 
and other hydrocarbons. Subsequently, chlorine is nearly entirely 
removed during this stage, implying that at low temperatures, most 
chlorine can be extracted from PVC. The second stage, spanning from 
390 to 550 ◦C, corresponds to the cracking and decomposition of de-HCl 
PVC. 

It is important to note that for PP, PS and HDPE, complete pyrolysis 
(100 % weight loss) was observed in all tests, which indicates the high 
purity of the polymer samples, with negligible ash content (as seen in 
Table 1). For PETG, PVC and OP, a carbonaceous residue of about 10 % 
(m/m) for PVC and PETG, and 20 % (m/m) for OP remains at the end of 
the main pyrolysis stage. 

DTG curves of the OP samples exhibit three distinct regions, known 
as water evaporation, active and passive regions. The evaporation phase 
starts from room temperature and extends to about 140 ◦C at low 
heating rates. During this phase, sample water evaporates. The active 
region spans approximately 130–480 ◦C for low heating rates and up to 
540 ◦C for higher heating rates. This range is a crucial stage in the py
rolysis process, where devolatilization occurs. In this region, most vol
atile components are generated, as may be observed by overlapping 
peaks in the DTG curves. In the process of thermal degradation of olive 
residue, the lower-temperature peak primarily corresponds to the 
decomposition of hemicellulose, while the higher-temperature peak 
primarily is related to the decomposition of cellulose. The peak corre
sponding to lignin tends to overlap with the other two peaks, as lignin 
decomposes slowly over a broad temperature range (160–500 ◦C) 
resulting in a gradual and gently sloping baseline. That means that due 
to its higher thermal stability, lignin initiates its decomposition at lower 
temperatures, like those at which hemicellulose begins to decompose 
[39]. However, its thermal decomposition range extends to higher 
temperatures, across the range of both active and passive zones, 
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corresponding to the decomposition of heavier volatiles. 
According to the literature, thermal degradation of OP biomass and 

plastic mixtures takes place in two main stages [36]. Lignin, due to its 
higher thermal stability, triggers decomposition at lower temperatures 
than hemicellulose, extending to higher ones. Hemicellulose and cellu
lose predominantly decompose in the initial phase (150–400 ◦C), 
influenced by plastic melting. The subsequent stage (350–530 ◦C) entails 
the degradation of residual biomass and plastics. Blends exhibit 
extended primary degradation due to lignin influence, resulting in 
temperature variations compared to pure materials. As can be seen in 
Fig. 1, plastics in blends degrade at higher temperatures compared to 
their pure materials and notably elevate their maximum temperature by 
4–20 ◦C. Whereas, olive residue degrades like pure residues, being its 
temperature variation less pronounced, ranging from one to 10 ◦C.This 
observations highlight the intricate and complex interactions and tem
perature range involved in the thermal degradation of biomass-plastic 
blends. 

3.2.1. Effect of heating rate 
Understanding the degradation mechanisms of plastic waste through 

the influence of the heating rate on the DTG curves and the character
istic pyrolysis parameters may facilitate the improvement of pyrolytic 
reactor design and, ultimately, lead to the reduction of plastic waste and 
its recycling in value-added materials. 

Figure SI 1 (supplementary material) shows TGA and DTG profiles at 
different heating rates for each sample. In general, it can be observed 
that all the curves shift towards higher temperatures as the heating rate 
increases. This indicates that the increase of temperature rate influences 
the onset of different pyrolysis stages, resulting in this shift. According to 
this, a faster heating rate results in a smaller weight loss at specific 
temperatures. This leads to both an increase in the devolatilization rate 
and a delay in sample complete combustion, consequently delaying the 

pyrolysis process. Additionally, the increase in heating rate leads to a 
more pronounced change in the rate of weight loss, causing at the same 
time higher yields. Similar previous investigations carried out under 
non-isothermal conditions align with this behavior, showing that TGA 
curves shift to higher temperature zones with an increase in heating rate 
[40]. 

The low OP thermal conductivity results in a temperature gradient 
across OP particles, which causes the peaks of the DTG curves to shift. It 
is expected that at lower heating rates (5 ◦C/min), where sufficient time 
for heating is provided, a constant temperature prevails across OP par
ticles, improving heat transfer between them. However, at higher 
heating rates (10, 20 and 40 ◦C/min), a significant temperature gradient 
takes place across OP particle [23]. Another expected fact is the changes 
in secondary reactions that may occur with varying heating rates. The 
fastest decomposition rate occurs at high heating rates because of higher 
thermal energy. 

In OP pyrolysis, the amount of residue remaining at the end of the 
process increases with the rise in heating rates, from 10 to 20 ◦C/min. 
This shows that at intermediate heating rates, some compounds may 
have higher difficulty decomposing completely. High molecular weight 
compounds, consisting of large and complex molecules, may require 
more time to completely decompose. At intermediate heating rates, 
sufficient time may not be provided for these molecules to undergo 
decomposition. The same trend is found for carbonaceous materials. The 
formation of solid carbon (char) is common in pyrolysis. At intermediate 
heating rates, carbon formation is likely to be more significant, as there 
is insufficient time for complete decomposition of these materials. 

3.2.2. Pyrolysis performance indices 
The analysis of the pyrolysis characteristic parameters is illustrated 

in Fig. 2, and the corresponding values can be shown in Table 2. The 
increased heating rate caused the material to reach the required 

Fig. 1. Pyrolysis conversion (TGA curves) and conversion rate (DTG curves) of the individual materials (a) and their blends (b) at 10 ◦C/min heating rate. 
PP: Polypropylene; PS: Polystyrene; HDPE: High density polypropylene; PVC: Polyvinyl chloride; PETG: Poly (ethylene terephthalate) glycol; OP: Olive pomace; TGA: 
thermogravimetric analysis curves; DTG: Derivative thermogravimetric analysis curves. 
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temperature more quickly, which in turn caused the S, Tp and Tb to shift 
to higher values. This effect is a consequence of the development of a 
larger temperature gradient between the interior and exterior of the 
material and its associated heat transfer limitations. In addition, a higher 
heating rate slows down the decomposition process, where higher 
temperatures are less effective compared to lower ones [23]. 

Data shown in Table 2 emphasize the effect of the mixture of each 
plastic material with OP biomass on the co-pyrolysis temperatures; Ti, Tp 
and Tb show an increase with increasing heating rate. 

This upward shift in temperatures is attributed to the shorter resi
dence times experienced at higher heating rates. The limited residence 
time often results in inefficient heat transfer, both within and between 
particles. 

Comparing single materials samples with their OP biomass blends, 
blending seems to have similar influence on Ti. Though, for the blends, 
this value is drastically reduced by the influence of the Ti of the first 
stage of biomass decomposition. 

Regarding Tp and Tb, PP, PS and HDPE blends with OP seem to have 
similar influence, in contrast to PVC-OP and PETG-OP samples, that 
show less pronounced effects. The values of Tb and Tp for PP, PS and 
HDPE blends with OP are higher than for individual plastics. The plastic 
melted and located in char holes, decomposes at a relatively slow rate 
due to its poor heat conductivity, causing an increase in Tp for plastic 
decomposition, during the co-pyrolysis process. On the other hand, PVC- 
OP and PETG-OP blends show a slight reduction in their Tb and Tp values 
in comparison with their single material. 

Fig. 2 shows the comparison of the pyrolysis characteristic index (S) 
for each sample at the different employed heating rates. It can be 
observed that the higher the heating rate, the higher the value of S. 
Raising heating rates sped up the temperature rise, causing Ti and Tb to 
shift towards higher values. This could potentially improve pyrolysis 
intensity. Hence, the impact on the blends remains consistent; a reduced 
heating rate typically leads to a lower S value. At lower heating values, 
the blends show the following S value trend: PETG < PS < PP < PVC <
HDPE. However, for higher heating rates, the trend of S values for the 
blends is PVC < PETG < PS < HDPE < PP. 

3.2.3. Synergism of co-pyrolysis of waste thermoplastics and olive pomace 
The key to improve bio-oil yield and quality during co-pyrolysis is 

the synergistic effect. This mechanism may be complex, due to in
teractions between feedstocks at different mixing ratios and process 
parameters. Positive or negative synergy depends on the nature and 
correlation between feedstocks, pyrolysis time, temperature, heating 
rate, removal of volatile products, catalysts, solvents or hydrogen. 
Among them, feedstock selection is the most important. Biomass py
rolysis is usually governed by a radical mechanism involving initiation, 
propagation and termination. However, biomass and plastic copyrolysis 
mechanism is more complex due to the generation of numerous chem
ical species. Copyrolysis involve initiation, secondary radical develop
ment through depolymerization and monomer generation, hydrogen 

transfer reactions, intermolecular hydrogen transfer leading to the 
generation of dienes and kerosenes and isomerization through vinyl 
groups, followed by termination through radical recombination or 
disproportionation [41]. 

The high temperatures of co-pyrolysis of biomass and plastics facil
itate radical interactions between resulting products. This interaction 
leads to the formation of secondary radicals that trigger depolymeriza
tion reactions, hydrogen transfer, monomer generation and isomeriza
tion. Secondary reactions are pivotal after the initial pyrolysis step. 
However, their effectiveness is limited when plastics and biomass are 
pyrolyzed separately. Achieving the optimal plastic-to-biomass ratio is 
essential for enhancing positive synergies; by balancing carbon-to- 
hydrogen, carbon-to-oxygen and ash-to-volatile ratios, thereby 
reducing activation energy requirements. This balance, coupled with 
optimized physical conditions, can markedly improve product yields 
like bio-oil, biochar or gas. Thus, it enhances overall process efficiency 
and product quality from co-pyrolysis [42,43].The potential contribu
tion of hydrogen from plastics during co-pyrolysis may explain the 
higher yield of desirable products, such as oil and gas [43]. 

The thermal profiles of Δ M curves of each blend at variable tem
peratures are showed in Fig. 3. A positive △M value means that 
observed residual mass of the mixture, the experimental data, is greater 
than the calculated mass obtained from the individual pyrolysis. 
Conversely, a negative △M value indicates that the observed residual 
mass is lower than the predicted value. Therefore, positive △M value 
denotes a physical hindrance in the degradation of the blends, sug
gesting negative synergistic interactions between materials. On the 
other hand, a negative △M means accelerated degradation of the 
mixtures, indicating positive synergistic chemical interactions. Fig. 3 
shows the influence of both polymer and heating rates on behavior. In 
this sense, PP + OP and PS + OP depict similar behavior. A relative 
stability up to 200 ◦C may be found. This may be attributed to encap
sulation processes, that increase volatile residence time. From 200 ◦C 
onwards, different ΔM responses to temperature ramps are evidenced. 
Considering PP-OP, negative effects appear above 200 ◦C; however, at a 
temperature ramp of 5 ◦C/min, a positive synergistic effect is found. This 
may be associated with both melting temperature (160 ◦C) and volatile 
release, that increase the degree of free radical reactions. Similarly, PS 
+ OP shows the same behavior at 20 ◦C/min ramp. This effect may be 
associated with oxygen concentration, although, for both polymers, it 
does not exceed 0.30 % (m/m). However, the synergistic effect turns 
negative from 400 to 500 ◦C, probably due to inhibition effects of free 
radical reactions. Furthermore, the H/C ratio is moderate and other 
processes, i.e. hydrogen transfer inhibition, may occur. Above 500 ◦C, 
ΔM decreases below 0 (positive synergistic effect), which may be 
attributed to both late volatile release and secondary reaction increase. 
This effect is more evident for PP than PS. For these polymers, adjusting 
OP/polymer, O/C and H/C ratios positive synergistic effects may 
increase. 

Considering HDPE-OP co-pyrolysis, a general negative synergy 

Fig. 2. Comparison of pyrolysis index for each sample of the individual materials (a) and their blends (b), at 5, 10, 20 and 40 ◦C/min. 
PP: Polypropylene; PS: Polystyrene; HDPE: High density polypropylene; PVC: Polyvinyl chloride; PETG: Poly (ethylene terephthalate) glycol; OP: Olive pomace; β: 
Heating rate; S: Pyrolysis characteristic index. 
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behavior is observed, keeping ΔM positive up to 500 ◦C. This may be due 
to the late generation of volatiles that may produce an inhibitory effect 
on the generation of free radicals. The melting temperature of HDPE is 
around 230 ◦C; therefore, this effect would partly influence encapsula
tion. Also, O/C and high H/C composition may be another influencing 
factor. Above 500 ◦C, a positive ΔM value, linked to a positive effect, is 
achieved. This may be associated with the late production of volatiles 

and, therefore, the emergence of both free radical and secondary 
degradation reactions. For this polymer, it is unclear whether a variation 
of OP/polymer or a specific temperature ramp can increase positive 
synergy. 

PVC +OP exhibits a more differentiated behavior, compared to other 
polymers. This may be due to its high melting point (260 ◦C) and Cl 
content (53.18 % (m/m)), among other factors. Above 200 ◦C, encap
sulation effect is observed. Besides, a drastic reduction of ΔM, below 
zero, is found. This may be attributed to an increase in volatiles, prob
ably due to both free radical formation and the increase in reactions 
involving C–H, C––C or C––O groups. Also, the high oxygen content of 
this polymer can play a significant role in the production of reactive 
species. However, this effect is inhibited between 350 and 400 ◦C; this 
may be attributed to the reduction of the number of reactive species, due 
to the consumption of Cl and O. Above 400 ◦C, a negative value of ΔM, 
associated with temperature degradation that generates more volatile 
elements, is found. Above 600 ◦C, though, this effect is inhibited. 

Considering PETG + OP, a negative synergistic effect takes place 
from 200 ◦C to 400 ◦C. This outcome is probably associated with 
encapsulation effects. Although, this effect differs at different tempera
ture ramps; 5 ◦C/min ramps providing faster reduction of ΔM below 
zero. Above 400 ◦C, all ramps have a positive synergistic effect, pro
ducing a peak between 400 and 500 ◦C. In this case, it is due to polymer 
oxygen concentration, derived from the preence of glycerol, which 
generates free radicals that lead to countless parallel reactions [44]. 

3.3. Kinetic analysis of co-pyrolysis process 

3.3.1. Estimation of the activation energy 
Ea is a crucial parameter that characterizes the energy barrier asso

ciated with a chemical reaction. It denotes the minimum energy 
required to initiate a reaction and is key to determine reaction rate 
reactivity and sensitivity [45,46]. A higher Ea means that more energy is 
required for the reaction to proceed at a significant rate. 

In this study, to estimate the kinetic parameters of the thermoplastics 
and their blends with OP biomass, three iso-conversional methods 
(Starink, KAS and OFW) were used. For each method, estimated Ea 
values for different α and linear correlation coefficient (R2) are listed in 
Table SI 3 (supplementary material). According to estimated data, the 
three model-free kinetic methods successfully determined Ea at different 
α, showing an excellent fit, with R2 values mostly exceeding 0.99, which 
proves the linearity of the iso-conversional curves for each method at 
each level of conversion. 

Fig. 4 reports the trend of the activation energies, obtained by 
Starink, OFW and KAS for each sample, at each value of conversion 
degree. As may be seen, the three methods show the same evolution for 
all samples. Additionally, in the supplementary information (Fig. SI 2), 
Arrhenius plots using Eq. (4) to (6) for determining Ea, utilizing the 
Starink, OFW and KAS iso-conversional methods for each sample, are 
provided. The lines fit across all conversion levels, illustrated in Fig. SI 2, 
display exceptionally high correlation coefficients, surpassing 0.995, as 
outlined in Table SI 2. It ensures that Ea values successfully fit the ac
curacy requirements. 

It was observed that, at low conversion rate, OP exhibited lower Ea 
values than thermoplastics. This suggests that OP biomass possesses 
lower thermal stability compared to plastics. This may be attributed to 
the decomposition mechanisms of its primary components, occurring at 
relatively low temperatures and short reaction times, providing a more 
efficient process. 

OP biomass Ea gradually increases from 100 kJ/mol to 266 kJ/mol, 
as the conversion extent rises from 0.1 to 0.6, due to the pyrolysis of 
hemicellulose and cellulose. Then, the Ea value decreases to 255 kJ/mol, 
as the conversion extent increases from 0.6 to 0.7 for all methods. This is 
due to the decomposition of a significant portion of lignin and residual 
cellulose. Ea, within the conversion range of 0.1 ≤ α ≤ 0.8, exhibit values 
ranging from 100 kJ/mol to 270 kJ/mol for Starink, KAS and FWO 

Table 2 
Pyrolysis parameters of thermoplastics, olive pomace biomass and their 
mixtures.  

β Ti Tb Tp DTG max DTG mean 

◦C/min ◦C ◦C ◦C %/min %/min 

PP 
5 419.95 476.23 456.52 18.41 8,66 
10 422.17 490.87 466.54 33.08 14,29 
20 422.68 506.16 476.70 58.22 23,61 
40 423.20 524.49 486.50 99.17 38,83 
PS 
5 368.05 432.08 406.79 15.21 7,44 
10 372.10 449.92 419.00 26.75 12,47 
20 376.66 470.70 430.43 45.39 20,92 
40 381.63 494.83 443.27 75.75 34,74 
HDPE 
5 428.95 487.47 466.83 21.49 8,28 
10 439.00 504.88 483.27 35.20 14,85 
20 444.77 520.53 495.44 67.86 26,13 
40 447.72 538.85 504.87 127.50 43,60 
PVC 
5 252.49 481.45 271.61 12.02 2,03 
10 252.79 509.61 285.16 16.86 3,76 
20 255.64 536.97 300.07 29.69 6,96 
40 260.75 564.48 318.86 54.89 13,01 
PETG 
5 379.60 448.94 418.10 12.84 6,49 
10 386.31 460.11 430.76 24.76 12,35 
20 395.01 479.47 449.93 53.42 22,22 
40 402.49 501.38 469.72 120.02 38,59 
OP 
5 166.26 371.28 359.36 1.83 1,58 
10 170.05 447.60 369.36 4.02 2,91 
20 171.54 495.45 307.92 7.42 4,97 
40 172.52 556.29 320.31 16.18 9,06 
PP þ OP 
5 183.2 478.225 459.51 7.16 1.48 
10 183.78 495.52 472.591 16.16 2.93 
20 186.39 512.186 484.866 34.14 5.74 
40 194.21 532.24 499.013 63.17 11.34 
PS þ OP 
5 180.36 445.79 420.758 5.53 1.62 
10 184.21 470.705 434.101 11.13 3.09 
20 185.09 501.385 447.071 22.49 5.83 
40 187.46 524.152 456.926 44.85 11.42 
HDPE þ OP 
5 181.27 492.57 475.588 10.73 1.48 
10 183.31 508.997 487.256 19.63 2.83 
20 185.65 526.693 498.44 35.83 5.40 
40 188.13 544.829 510.652 64.20 10.31 
PVC þ OP 
5 180.68 416.356 272.595 6.02 1.57 
10 182.41 488.978 285.047 11.73 2.98 
20 186.67 515.712 297.891 22.05 5.68 
40 191.4 547.052 311.694 36.98 10.69 
PETG þ OP 
5 182.43 438.264 403.538 5.55 1.53 
10 183.67 460.257 414.248 8.22 3.03 
20 185.96 490.362 426.758 20.69 5.83 
40 190.87 530.268 440.678 43.85 10.32 

PP: Polypropylene; PS: Polystyrene; HDPE: High density polypropylene; PVC: 
Polyvinyl chloride; PETG: Poly (ethylene terephthalate) glycol; OP: Olive 
pomace; TGA: thermogravimetric analysis curves; DTG: Derivative thermogra
vimetric analysis curves; β: Heating rate; DTGmax: Maximum mass loss rate; 
DTGmean Mean mass loss rate; Ti Initial pyrolysis temperature; Tp: Pyrolysis 
peak temperature at the maximum mass loss rate; Tb: burnout temperature; S: 
pyrolysis characteristic index. 
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methods, respectively. Upon reaching a conversion extent of 0.9, Ea 
decreases to 166 kJ/mol for KAS and 187 kJ/mol for Starink and FWO 
methods. The average Ea values are 187 kJ/mol for KAS and 189 kJ/mol 
for Starink and FWO methods. 

Owing to the stable structure of polymers, plastics required more 
energy than OP biomass to initiate the pyrolysis process, as indicated by 
Ea at lower conversion degrees (0.1 ≤ α ≤ 0.4) listed in Table SI 3. 
Except for PVC, the rest of the plastics (PP, PS, HDPE and PETG) showed 
relatively stable Ea values during the whole thermal decomposition 
process, which is consistent with their thermal degradation mechanism 
occurring at one-stage. Regarding PVC, the conversion values and trend 
differs strongly from the other thermoplastics, since its pyrolysis process 
includes two stages, as observed with the DTG curves. In the initial stage 
(0.2 ≤ α ≤ 0.7), Ea remains relatively constant, hovering around 120 kJ/ 
mol until the conversion degree reaches 0.7. Subsequently, in the second 
stage (0.7 ≥ α ≥ 0.9), there is a notable and abrupt rise in Ea, reaching 
values exceeding 220 kJ/mol. This corresponds to each of the two in
dependent overlapping reactions. The distribution of the average Ea for 
the raw materials follows the trend: OP < PVC < PETG < PS < HDPE <
PP. This is mainly due to bond energy analysis. 

Ea is notably affected by α and sample reaction mechanism, being a 
result of the multi-stage and complex reaction schemes characteristic of 
the co-pyrolysis process. The value of Eα at the initial stage is relatively 
small, which indicates that the decomposition of light organic 

compounds requires low energy. 
For PVC-OP blend, a notable interaction was detected during the 

initial phase of decomposition, whereas the subsequent phase (involving 
the degradation of hydrocarbons in PVC) was strongly affected. Ea re
mains near constant at a value close to 120 kJ/mol until reaction reaches 
the conversion degree of 0.7. Also, Ea sharply increases up to values 
above 220 kJ/mol, corresponding to every one of the two independent 
overlapping reactions. 

It is worth noting that co-blending biomass with PP, PS and PETG 
leads to a reduction in Ea compared to that for individual plastic py
rolysis reactions, as reported by numerous studies [37,47–49]. This 
means that the co-pyrolysis process of these blends requires lower 
temperature, less energy input and shorter reaction times, making it 
suitable for various engineering applications. It was determined that the 
average blend Ea, specifically 149.18 kJ/mol for PP-OP, 131.74 kJ/mol 
for PS-OP and 138.77 for PETG-OP, were notably lower than those of the 
individual materials, which were 309.39 kJ/mol for PP, 210.63 kJ/mol 
for PS and 185.07 kJ/mol for PETG. This fact indicates the existence of a 
favorable synergistic effect in the combinations of OP biomass and 
thermoplastics which resulted in a considerable reduction of Ea during 
the co-pyrolysis process. Burra & Gupta [50] reported a similar trend 
with the addition of biomass to plastic waste. It was observed that Ea 
values increased with conversion on account of deterioration of cellu
lose, hemicellulose and lignin present in OP and the monomers of each 

Fig. 3. Difference between measured and calculated thermogravimetric values for each sample at 5, 10, 20 and 40 ◦C/min; (a) PP + OP, (b) PS + OP, (c) HDPE + OP, 
(d) PVC + OP and (e) PETG + OP. 
PP: Polypropylene; PS: Polystyrene; HDPE: High density polypropylene; PVC: Polyvinyl chloride; PETG: Poly (ethylene terephthalate) glycol; OP: Olive pomace; △M: mass loss 
difference or deviation between experimental and calculated values. 

N. Sánchez-Ávila et al.                                                                                                                                                                                                                        



Renewable Energy 230 (2024) 120880

10

Fig. 4. Evolution of Ea obtained by Starink, OFW and KAS with conversion degree (α) for each raw material (a) PP, (c) PS, (e) HDPE, (g) PVC, (i) PETG, (k) OP, and 
the blends (b) PP-OP, (d) PS-OP, (f) HDPE-OP, (h) PVC-OP and (j) PETG-OP. 
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plastic waste (PW) in each case. For HDPE, although, as for the other 
materials studied, the greatest reduction in Ea occurs at the beginning of 
the reaction. When comparing the average values obtained for the whole 
process, HDPE-OP Ea goes up a few units. 

The error of kinetic calculations is often derived from the application 
of multiple methodologies, notably limited to a single due to a general 
lack of confidence in the obtained results, caused by the nature of 
mathematical approximations. Within the same set of congruent kinetic 
methods, an appropriate level of confidence is attainable, allowing for 
the minimization or exclusion of computational error. In this study, the 
standard deviation of the average activation energy values was 
0.27–1.78 kJ/mol, corresponding to 0.09%–1.34 % on the basis of mean 
value (Tab. SI 4). Furthermore, deviations of conversion-based Ea 
values, across a range of conversions from 0.1 to 0.9, were also deter
mined (0.12–3.91 kJ/mol, corresponding to 0.05%–6.40 % on the basis 
of mean value). Consequently, findings are deemed reliable and accu
rate, given the notably low standard deviations observed in both average 
and conversion-based Ea values. 

Fig. 4 depicts the evolution of the activation energies obtained by 
Starink, OFW and KAS with conversion degree, for each sample. The 
distribution of Ea for blends follows the trend PS-OP < PETG-OP < PP/ 
OP < PVC-OP < HDPE-OP. The iso-conversional methods demonstrated 
that the co-pyrolysis process required about 50 %, 45 % and 25 % less Ea 
for PP-OP, PS-OP and PETG-OP than pyrolysis of individual plastic 
materials. 

These estimated Ea values are in agreement with the literature 
(Table 3). Ea values vary depending on several factors, including heating 
rate and final temperature, raw material origin and experimental setup. 
As a result, Ea findings for different feedstocks should only be extrapo
lated to specific experimental conditions. 

PP: Polypropylene; PS: Polystyrene; HDPE: High density 

polypropylene; PVC: Polyvinyl chloride; PETG: Poly (ethylene tere
phthalate) glycol; OP: Olive pomace; Ea: Activation energy; α: Conver
sion degree; KAS: Kissinger–Akahira–Sunose method; FWO: 
Flynn–wall–Ozawa method. 

3.3.2. Assessment of reaction mechanism 
Generalized master-plot method was employed to ascertain the re

action mechanism of the pyrolysis of the raw materials, as well as their 
blend co-pyrolysis. The Starink method was used to calculate the 
experimental value of p(u)/p(u0.5) across conversion rates ranging from 
0.1 to 0.9. The experimental and theoretical values were compared and a 
correlation factor (R2) was determined for each model equation, 
allowing the reaction mechanism of single pyrolysis and co-pyrolysis of 
plastic and biomass mixtures to be obtained. 

Figure SI 3 summarizes the theoretical plots of g(α)/g(0.5) as a 
function of α and the experimental plots p(u)/p(u0.5), against α, for raw 
materials and their blends at each heating rate of 5, 10, 20 and 40 ◦C/ 
min. It was observed that within the range of 0.1 < α < 0.5, the 
experimental master plots substantially overlap each heating rate. 
However, in the range of 0.5 < α < 0.9, the experimental curves exhibit 
variations that align with different reaction mechanisms. The appro
priate reaction mechanisms were determined by comparing the experi
mental and theoretical curves within each interval of α. In Table 4, the 
most suitable reaction mechanisms in the ranges of 0.1 < α < 0.5 and 0.5 
< α < 0.9 are provided. 

Based on the correlation factor, it was observed that thermal 
degradation of thermoplastics, OP and their blends started with one 
mechanism model and culminated with another. Pyrolysis reaction of PP 
follows the geometrical contraction mechanism, R1, mainly in the range 
of 0.1 ≤ α < 0.5 and R3 in the range of 0.5 ≤ α < 0.9 (Fig. SI 3, sup
plementary material). HDPE shows same A2 two-dimensional 

Table 3 
Activation energy values reported in the literature from diverse plastic and biomass samples.  

Type of Feedstock Operartional conditions Model used Ea average (kJ/mol) References 

Heating rate (◦C/min) Final temperature (◦C) Inert gas 

Raw olive wastte 5, 10, 15, 20 900 N2, 20 mL/min KAS 202.06 [53] 
PS     209.4  
PVC     159.5  
Walnut shells 5, 10, 20, 40  N2, 20 mL/min STARINK 158.0 [54] 
WS/PS     200.6  
WS/PVC     191.8  
OP 15, 20, 25 500, 600, 700 N2, 500 mL/min DAEM 137.1 [55] 
Grape steam     191.17  
PW 5,10,15,20 900 N2, 60 mL/min KAS 239.76 [46] 
GS/PW     183.84  
Bamboo 10, 20, 30 40 700 N2, 60 mL/min KAS 180.9 [56] 
PP 187.1 
Cherry seed     274.6  
PVC 5, 10, 20, 40 1000 N2, 20 mL/min FRIEDMAN 151.5 [57] 
CS/PVC     170.8  
Water hyacinth     121.2  
HDPE 15, 25, 35 800 N2, 40 mL/min FWO 263.1 [58] 
WH/HDPE     206.4  
PS     209.4  
WS     158.0  
Peach Stones 5, 10, 20, 40 1000 N2, 20 mL/min STARINK 148.3 [59] 
WS/PS     224.2  
Peach Stones/PS     200.6  
PVC     200.49  
PS     204.4  
Thlaspi arvense L. seed 10, 25, 40 900 N2, 80 mL/min FWO 239 [38] 
TS/PS     223.3  
PS/PVC     200.5  
Pine wood     249.7  
PP 10, 20, 30 1000 Ar, 100 mL/min DAEM 294.6 [52] 
Pine Wood/PP     115.2  

PP: Polypropylene; PS: Polystyrene; HDPE: High density polypropylene; PVC: Polyvinyl chloride; OP: Olive pomace; Ea: Activation energy; α: Conversion degree; KAS: 
Kissinger–Akahira–Sunose method; FWO: Flynn–wall–Ozawa method; DAEM: Distributed Activation Energy Model; GS: grape steam; WS: Walnut shells; TH: Thlaspi 
arvense L. seed; WH: Water hyacinth; CS: Cherry seed. 
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nucleation mechanism throughout the course of the reaction (Table 4). 
Similarly, pyrolysis reaction of PS and PETG adhere to A2 two- 
dimensional random nucleation mechanism, within the range of 0.1 ≤
α < 0.5. In the range of 0.5 ≤ α ≤ 0.9, pyrolysis reactions of PS and PETG 
are predominantly governed by an n-order reaction mechanism, F1 and 
F11, respectively. At the same time, for PVC and OP, pyrolysis reactions 
are influenced by n-order mechanism, in the range of 0.1 ≤ α < 0.5, for 
PVC according to F6 and OP F10, and F10 for PVC and F8 for OP in the 
range of 0.5 ≤ α < 0.9. 

In the case of co-pyrolysis of thermoplastics and OP blends, due to 
increased interactions, the co-pyrolysis mechanism becomes intricate, 
and the diffusion (D2, D3), three-dimensional geometrical contraction 
(R3) and different n-order mechanism models (F2, F5, F6, F8, F9, F10, 
F11) elucidate the pyrolysis processes (Table 4 and Fig. SI 3, supple
mentary material). 

Analyzing the literature, the pyrolysis mechanisms for OP biomass 
and thermoplastics differ from those previously reported, as detailed in 
Table 4. Due to the limited existing studies that provide reaction models 
for combinations of OP biomass and plastic wastes here studied (PP, PS, 
HDPE, PVC and PETG), it is not straightforward to make direct com
parisons regarding the reaction model. Nevertheless, our findings sug
gest that introducing OP biomass into plastic wastes modifies the 
decomposition mechanism of the thermoplastic materials, as can be seen 
in Figure SI 3 (supplementary material). 

3.3.3. Pre-exponential factor from energy compensation effect 
To determinate the pre-exponential factors, ECE and the previous 

experimental data obtained for each heating rate, besides Equations (8) 
and (9), were employed. In Table SI 5 (supplementary material), it may 
be seen that Ea,i, values are associated with various theoretical mecha
nisms. Moreover, they are notably low, some of them even negative, a 
trend consistent with the literature [51]. The corresponding plots can be 
found in Figure SI 4 (supplementary material). Typically, for single-step 
reactions, ECE results in linear relationships between Ei and 
pre-exponential factors Ai, as expressed in Equation (8). Remarkably, 
high linear relationships were observed, with ln (Ai) vs. Ei (R2 > 0.99) 
obtained for all the samples, as depicted in Figure SI 4 and documented 
in Table SI 5 (supplementary material). This suggests that ECE method 
accurately estimates the pre-exponential factors for both raw and 
blended materials. Once the slope and intercept were determined, by 
using the compensation formula (Equation (9)) and Ea obtained from the 
Starink method, the pre-exponential factor at each degree of conversion 
was assessed. 

Table SI 6 (supplementary material) shows the values of the energy 
compensation effects for different samples across α and heating rates of 
5, 10, 20 and 40 ◦C/min. Comparing the fluctuations in the pre- 
exponential factor for each individual material with α, a high 

variation for OP biomass is noticed. This may be due to the complexity of 
its composition and, consequently, the intricate thermal characteristics, 
in contrast to the simpler polymeric structures of pure thermoplastics. In 
detail, starting from the initial stages of pyrolysis to the formation of the 
final products, this variation was caused by the additional energy 
required to begin the decomposition of hemicellulose and cellulose at 
the onset of pyrolysis. Once this energy barrier was surpassed, the 
degradation of OP proceeded with less energy demand. 

While for individual raw materials, the average A value calculated 
with ECE is not significantly affected by the heating rate, for blends the 
higher the heating rate the lower the A value. These A values are 
considerably higher than those obtained for all raw materials. Except for 
PP-OP, the co-pyrolysis for the blends was easier than that of the indi
vidual materials. A value of A > 109 s− 1 means that there are no changes 
during the rotation of the active complex and reagent in the pyrolysis 
reaction. Thus, a simpler reaction is determined. So, the higher the A 
values, the easier the pyrolysis [52]. 

In detail, all the obtained pre-exponential A values were higher than 
109 s− 1 in the range of α = 0.4–0.9, indicating that the final stage of 
decomposition reactions are simple complexes. Thus, more heat is 
required for higher molecular collision to be transferred, being adjacent 
to the Ea required. These results agree with Ea characteristics. For PP-OP 
and PETG-OP, A values were lower than 109 s− 1 in the range α =
0.1–0.4, and for PVC and PVC-OP for α = 0.1–0.6 and α = 0.1–0.5, 
respectively. This could be associated with a restriction in particle 
rotation of the activated complex, compared to the initial reagent, 
showing a large surface reaction. 

3.3.4. Thermodynamic parameters 
In addition to the kinetic triplets, thermodynamic parameters, 

including variations of enthalpy (ΔH), Gibbs free energy (ΔG) and en
tropy (ΔS), were determined using Ea values obtained through the 
Starink model-free method. This method was chosen due to its superior 
accuracy in calculating Ea compared to other model-free methods. These 
thermodynamic parameters play a crucial role in the design, scaling and 
optimization of pyrolysis reactors and processes [53]. Results from Eqs. 
16–18 for all heating rates to comprehensively assess their impact are 
listed in Table SI 7 (supplementary material). 

The variation of enthalpy (ΔH) reflects the energy exchange between 
reactants and products during the reaction process, where the heat is 
either absorbed or released at a constant pressure. It represents the en
ergy required to break the intricate bonds within biomass, facilitating 
the formation of new chemical bonds. When the enthalpy variation is 
characterized by small values, it suggests more favorable conditions for 
the creation of an activated complex [45]. Furthermore, the minimal 
energy gap between Ea and ΔH denotes favorable conditions for acti
vated complex generation [55]. It was observed for all materials, except 
for PS-OP. Average ΔH values were 303, 205, 227, 147 and 179 kJ/mol 
for PP, PS, HDPE, PVC and PETG, respectively; 143, 205, 233, 199 and 
133 kJ/mol for their blends with OP biomass. It is noteworthy that the 
energy barrier of the blend samples did not rise with increased heating 
rate. 

The fluctuation of Gibbs free energy reflects the overall increase of 
energy within a system during the formation of the activated complex. 
Its value serves to evaluate the spontaneity of reactions. A negative ΔG 
value indicates spontaneous activated complex formation from reagents. 
Conversely, a high positive ΔG value means low reaction spontaneity. In 
other words, reactant molecules require more energy to produce acti
vated complexes [56]. In all studied cases, ΔG values were positive. 
Thus, thermal degradation process did not occur spontaneously, 
requiring an extra energy during activated complex formation. Addi
tionally, an increase in ΔG was noted within the studied range of con
version degree (Fig. 5) with increasing heating rate. Overall, highest ΔG 
values were achieved for single materias instead of blends. This suggests 
that OP presence helps reducing PM-based pyrolysis energy consump
tion. This effect may be explained by the fact that OP boosts the number 

Table 4 
Most suitable reaction mechanism in the ranges of 0.1 < α < 0.3, 0.3 < α < 0.5, 
0.5 < α < 0.7, and 0.7 < α < 0.9 for raw and blended materials at 10 ◦C heating 
rate.  

Sample 0.1 < α < 0.3 0.3 < α < 0.5 0.5 < α < 0.7 0.7 < α < 0.9 

PP R1 R1 R3 R3 
PS A2 A2 F1 F1 
HDPE A2 A2 A2 A2 
PVC F6 F6 F10 F10 
PETG A2 A2 F11 F11 
OP F10 F10 F8 F8 
PP-OP F10 F6–F9 R3 R3 
PS-OP F11 D2 D2 D2 
HDPE-OP F5 n.d. R3 R3 
PVC-OP F5 F5 F11 F11 
PETG-OP D3 D3 D3 F2 

PP: Polypropylene; PS: Polystyrene; HDPE: High density polypropylene; PVC: 
Polyvinyl chloride; PETG: Poly (ethylene terephthalate) glycol; OP: Olive 
pomace; α: Conversion degree; n.d.: No data. 
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Fig. 5. Thermodynamic parameter variation with conversion degree for: single (a) and blended (b) materials. 
PP: Polypropylene; PS: Polystyrene; HDPE: High density polypropylene; PVC: Polyvinyl chloride; PETG: Poly (ethylene terephthalate) glycol; OP: Olive pomace; α: 
Conversion degree; Avg: Average; A: Pre-exponential factor. 
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of reactive radicals and promotes the cleavage of WP molecular chains. 
ΔS were observed to span negative and positive values for PVC and 

PP-OP, HDPE-OP, PVC-OP and PETG-OP blends, showing a significant 
positive increase at the final stage, indicating that the pyrolysis reac
tivity increases with α. It confirms the complexity of the reactions during 
their conversion into various products. This is because the dissociation 
of chemical bonds consumes energy to organize the products. Finally, 
the products become disordered due to char formation. Negative values 
of ΔS at lower conversion grades (0.1 < α < 0.5) indicate a well-defined 
alignment of molecules in the activated complex. Lower values of ΔS 
suggest low reactivity, thus indicating a need for more time in forming 

the activated complex. Whereas, significant changes in entropy means 
that the sample is far from thermodynamic equilibrium leading to higher 
reactivity. This means that the system requires less reaction time to form 
the activated complex. Thereafter, as α increases from 0.6, the increment 
of ΔS is mainly associated with further dissociation of cellulose and 
lignin present in OP and plastic polymers. It is noteworthy that ΔS of 
blends samples decreased with increased heating rate. 

As depicted in Fig. 5 and Table SI 7 (supplementary material), ΔS for 
PVC and blends previously mentioned goes from negative to positive 
values with the studied methods. 

This means higher system reactivity with conversion. For PP-OP and 

Fig. 5. (continued). 
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PETG-OP blends, ΔH and ΔS values were considerably lower than those 
showed for single materials, which means that co-pyrolysis process of 
this materials provides more reactive systems and stable end products, 
respectively. 

Considering Fernandez et al. [57] work on the thermokinetics of 
pyrogasification of biomass from the food industry, a remarkable dif
ference in the behavior of ΔS values is found. This research consistently 
reports negative ΔS values throughout the degradation process. In fact, 
this biomass was subjected to a specific polyphenol extraction process, 
potentially altering its chemical composition and the nature of volatile 
release during degradation. However, the present study, focusing on OP 
and PW mixtures, shows ΔS values changing from negative to positive 
during degradation. This contrast suggests potential variations in vola
tile compound release, associated entropy increases and reactivity dy
namics between the two types of biomass. 

The kinetic and thermodynamic analysis of the pyrolysis of PW and 
OP blends demonstrates that these materials are viable for pyrolysis 
conversion due to their energy requirements and thermodynamic suit
ability. Specifically, the analysis revealed that pyrolysis for all samples is 
an endothermic and non-spontaneous reaction. Consequently, the 
thermodynamic analysis results suggest these findings can be used to 
design and develop thermochemical conversion processes. 

4. Conclusions 

The present research demonstrates that co-pyrolysis of plastic waste 
materials (PW) with olive pomace biomass (OP) is an excellent alter
native to individual material pyrolysis. In fact, adding OP to PM leads to 
a considerable reduction in activation energy. OP is a promising source 
of renewable carbon for generating a wide range of biorefinery products. 
Besides, PW changes the original reaction model of biomass, leading to 
an increase in the pre-exponential factor. Pyrolysis characteristic index 
(S) values depends on heating rate values, thus influencing the type of 
PW that better behaved. The master plots confirm the diverse kinetic 
model for each sample as the rate-controlling mechanisms. The syner
gistic analysis shows that PETG-OP and PVC-OP provide a positive 
synergistic effect during co-pyrolysis. The thermodynamic parameters 
shows the feasibility, spontaneity and constant formation of stable 
products in the co-pyrolysis of PW with OP. Excepting PS-OP, the 
combination of materials led to a reduction in Gibbs free energy, indi
cating that OP biomass helps reducing the energy required for pyrolysis 
of plastics. Average values of enthalpy and entropy for PP-OP and PETG- 
OP decreased with co-pyrolysis, showing the best performance. In 
summary, the findings underscore the importance of comprehending the 
thermo-kinetic and thermodynamic behavior for large-scale co-pyrolysis 
in bioenergy production. Thus, this research presents a viable solution to 
reduce the enormous volumes of PW and, at the same time, generate 
new value-added products. Nevertheless, to evaluate the synergistic 
impact of varying mixing ratios, additional research is needed. 
Furthermore, particular attention should be directed towards the anal
ysis of the correlation between OP and PW physico-chemical composi
tion, besides their kinetics under higher heating rates. 
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