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Abstract

Plastic pyrolysis is widely studied and implemented at lab-scale but rarely modelled
numerically. For the sake of designing efficient industrial reactors, modelling plastic pyrolysis
process at particle scale could be a prerequisite. Therefore, the aim of this work is to model
the whole plastic pyrolysis process, on particle scale, for polypropylene (PP) and high density
polyethylene (HDPE) inside a thermogravimetric analyzer coupled with differential scanning
calorimeter (TGA-DSC). First, the kinetic triplet for PP and HDPE pyrolysis, at heating rates
4-10 °C/min, are determined according to the isoconversional methods. Secondly, the kinetic
triplets are used along with the appropriate conditions to model and simulate the pyrolysis
process for PP and HDPE in TG analyzer, using finite element method. The melting sub-
process is modelled using the modified apparent heat capacity method, which resulted in a
relative error below 10% between the simulated and measured heat flow. Furthermore, the
cracking model describes perfectly PP and HDPE cracking, where the average relative error
among all calculated and experimental conversions didn’t exceed 5%. Furthermore, the heat
flow inside the TGA-DSC crucible was modelled and the average error was reduced to less

than 8% by dividing the cracking phenomena into a “latent” and an apparent process.
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1. Introduction

Nowadays, plastics became the most utilized material in daily life activities and industry.
Plastic production started in 1950s and increased enormously each year to reach nearly 360
million tons in 2018, and the rate is still increasing [1]. Post-consumer plastics turn into solid
wastes at the end of its service life, which varies between one day and more than 50 years.
Therefore, plastic wastes are generated in massive amounts every year, it reached 307 million
tons worldwide in 2015 [2]. Where olefin materials i.e. polyethylene (PE) and polypropylene
(PP) constitute 60 % of the annual plastic wastes produced worldwide. On the other hand,
three main processes are used to treat plastic waste disposal: recycling, energy recovery, and
landfilling. Whereas in Europe 2018, 29.1 million tons of plastic wastes are collected and
treated as follow; 32.5% are recycled, 42.6% are energy recovered and 24.9% are landfilled
[1]. And since plastics are non-degradable material, landfilling process is ineffective and
pollutant treatment method, that should be reduced. Thus, recycling and recovery processes
should be more employed [1]. In addition, fossil fuel reservoir diminishing dilemma is facing
the coming generations; thus the pursue for alternative green renewable energy processes is

required.

One of the efficient processes for plastic wastes management is plastic pyrolysis process: it
converts plastic wastes into a wide range of hydrocarbons via thermal degradation of the long
chain polymers at a given temperature and in absence of oxygen [3]. Plastic pyrolysis process
is widely implemented and studied experimentally in lab-scale reactors, where many research
papers investigated: pyrolysis kinetics, affecting parameters and characteristics of by-products
[3-7]. On the other hand, it is rarely modelled and studied numerically. Moreover, simulation
and numerical studies for lab-scale reactors help in upgrading and designing efficient reactors
that can be employed in the industrial sector, by optimizing the operating conditions and the

geometry of the reactor.

Bockhorn et al. [8] and Navarro et al. [9] analytically modelled pyrolysis process for plastic
particles inside a thermogravimetric analyser, using a zero-dimension model. They applied
different values for the global heat transfer coefficient depending on the type of the reactor:
100 W.m2.K ! to 1000 W.m2.K"! for fluidized-bed reactors, while a value of 10 W.m2.K! for
fixed bed reactors [9]. On the other hand, Jin et al. [10] modelled pyrolysis process for a thin
film flow for polyethylene (PE), polypropylene (PP), and polystyrene (PS) inside a vertical

falling film reactor, using the volume of fraction (VOF) model [11-13]. Furthermore, they



deduced that the apparent heat transfer coefficient for pyrolyzed plastic in the falling film
reactor is greater than that in the rotary kiln reactor: 4000 and 1000 W.m2.K™! respectively
[14]. Moreover, Csukas et al. [15] modelled plastic pyrolysis in a continuous tubular reactor
using Direct Computer Mapping (DCM) i.e. C++ algorithm with a graphical user interface,
but without mentioning the global heat transfer coefficient used. In addition, most of the
studies nominate the one-step model to describe plastic pyrolysis [16,17]. Whereas, Ding et
al. [16] modelled pyrolysis process for plastic particles inside a fluidized bed reactor using
one-step model; the results were compatible and validated with the experimental data.
Nevertheless, modelling and simulating plastic pyrolysis process based on the solution of
governing equations within the bulk of material, using finite elements approach, are still

rarely found in literature.

Furthermore, determining of the kinetics of pyrolysis is the first step required to model and
simulate any pyrolysis process. And for a thermal decomposition process, the
thermogravimetric techniques are the best way to evaluate the kinetic parameters. Several
researchers studied the thermal degradation kinetics of plastic waste at low heating rates (i.e.
below 50 °C/min), and they presumed that the pyrolysis reaction could be identified by the
nth order model, i.e. the plastic pyrolysis reaction mechanism is assumed to follow the
function: f(x) = (1 —x)", where x is the conversion and n is the power indicating the
reaction order [18-20]. Consequently, other attempts have been made to identify the reaction
model for polyethylene and polypropylene by several similar-like methods: Reduced-time-
plots method, Criado’s method, and Coats-Redfern method [4, 5, 21, 22]. Additionally, the
thermogravimetric analysis (TGA) is used along with the isoconversional methods to study
the pyrolysis kinetics for the most significant components of the municipal plastic wastes,
polyethylene and polypropylene, and to determine the activation energy and the frequency
factor [23, 24]. Therefore, in this work the Criado’s method will be used along with the TGA
data to find the best reaction models that describe the pyrolysis process for high density
polyethylene (HDPE) and polypropylene. In addition, the activation energy and the frequency
factor will be evaluated according to the literature's three standard isoconversion methods:
Friedman (FR) method, Kissinger-Akahira-Sunose method (KAS), and Flynn-Wall-Ozawa
method (FWO).

Moreover, knowing the fact that pyrolysis process includes different sub-processes; heating,
melting and cracking, it is necessary to model the melting process prior to the cracking phase.

But on the other hand, modelling and simulating melting process for plastics is rarely found in
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literature, where there is no clear model that simulates and describes the melting process for
bulk amounts of plastics. Whereas, many research papers investigate modelling and
simulating melting process for other materials, especially phase change material (PCM). A
numerical and experimental study was done by Madruga et al. [25] to investigate the melting
phenomena for tetracosane paraffin inside a cubic enclosure: it was heated from 40 °C, as an
initial temperature, to around 80 °C. The cubic enclosure was heated from the bottom by a
constant wall temperature of 80 °C. The apparent heat capacity method (AHCM) was used to
model the melting process for tetracosane paraffin, where they used a linear phase change
function to model the melting process. Moreover, the experimental and numerical results were
in a good agreement. Furthermore, Murray et al. [26] and Samara et al. [27] have modelled
the melting process for other phase change materials: octadecane and RT2S5, using the
AHCM. The phase change materials were heated by a uniform heat flux from the side of a
rectangular enclosure from the ambient temperature 27 °C to the desired temperature 40 °C
passing through the melting temperature (T = 30 °C). They used a piecewise impulse
function for the heat capacity of the materials to model the melting phenomena. On the other
hand, Salvi et al. [28] modelled the phase change process for a carboxymethyl cellulose
solution by a predefined Gaussian distribution function (§). This Gaussian function (&) was
multiplied by the material’s latent heat of melting to model the heat absorption or sink during
the phase change process: the numerical and experimental results were in good agreement
with an average coefficient of determination R?> = 0.91. As a result, the modified AHCM with
a smooth distributed Heaviside function will be used in the present work to model the melting

process for PP and HDPE prior the cracking phenomena.

Finally, as it is previously mentioned that there is a gap in modelling and simulating plastic
pyrolysis process using finite element approach. Thus, the objective of this paper is to model
and simulate the whole plastic pyrolysis process, on particle size scale, for PP and HDPE
inside a thermogravimetric analyzer coupled with differential scanning calorimeter (TGA-
DSC). This work will be, later on, a prerequisite for modelling and validating plastic pyrolysis
process in lab-scale reactors (semi-batch or continuous reactors) for the sake of upgrading and

designing efficient industrial reactors by numerical optimization.

The present work will be divided into the following steps: (1) modelling and validating
melting and heating processes for PP and HDPE inside TGA-DSC by comparing the heat
flow (absorbed energy by the material), (2) determining the pyrolysis kinetic parameters for

PP and HDPE using the TGA experimental results, and (3) using the deduced pyrolysis
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kinetic parameters to model and validate the cracking process for PP and HDPE inside TGA-
DSC via heat flow comparison. Furthermore, modelling an interesting experimental
phenomena, pre-cracking phenomena (latent cracking), which is deduced to be occurring

before and along the mass loss cracking of the material.

2. Materials and methods

2.1. TGA-DSC experiments and procedure

SETSYS Evolution instrument is used to conduct simultaneous TG-DSC analysis for PP and
HDPE pyrolysis at different heating rates. Where two aluminum crucibles (100 uL capacity),
one for reference and one to hold sample, are heated by a graphite furnace that controls the
temperature and the heating rate of the sample. Moreover, an electric microbalance measures
the mass loss of the sample over time (+ 1 ug deviation).

Four pyrolysis experiments are realised for PP and HDPE at different heating rates (4, 6, 8,
and 10 °C/min), where each experiment is replicated. First, the pyrolyzed samples (weight
varies between 16 and 19 mg) are sustained at isothermal state (25 °C) for 20 min. Second,
the sample temperature is heated up to 500 °C at different constant heating rates (4, 6, 8, and
10 °C/min). Moreover, during the process, the system is purged using nitrogen gas (N2) of 20
mL/min volumetric flow rate to prevent oxidation reaction and to carry on the by-product
gases. Furthermore, the sample temperature (°C), the mass (mg), and the heat flow (that is
absorbed by the sample material) are all recorded for further analysis, as shown in Figs. 1 and
2 below for the HDPE.

As it is noticed from the above figures, the increase of heating rate (B) slightly increases the
peak temperatures and the enthalpies for melting and cracking processes. Furthermore, the
heat flow for HDPE (Fig. 2) is almost constant between the melting and cracking (from 200 to
360 °C). Thus, the heat capacity for HDPE is constant in this region and equals to 2500
J/kg.K in contrast to PP heat capacity, which increases from 2200 to 2500 J/kg.K as
temperature rises from 200 to 300 °C. Moreover, the heat capacities for PP and HDPE
increase from 1800 to 2200 J/kg.K and from 1800 to 2500 J/kg.K, respectively, as the
temperature increases from 80 to 200 °C during the melting process. Furthermore, the melting
enthalpies AH,, and the cracking enthalpies AH_, listed in Table 1, are determined by
integrating the experimental heat flow (HF), according to the tangential method, between the
onset and offset temperatures of the corresponding processes (melting or cracking). These
values are also checked and found in literature supported by different references [10, 29-31].

2.2. Raw materials



Virgin granules of polypropylene, with 2-3 mm as particle size, and post-consumed high
density polyethylene, chopped into small flakes of dimension 4 x 2 mm, are used to conduct
the pyrolysis experiments using TG-DSC analyzer. The thermal conductivities for PP and
HDPE are assumed to increase linearly from 0.1 to 0.12 W/K.m and from 0.42 to 0.45
W/K.m, respectively, as the material changes phase from solid to molten state (25 to 200 °C).
The thermo-physical properties for these materials and for the aluminum crucible are shown
in Table 2 [10, 29-31].

2.3.General methodology adopted for simulation

First of all, the kinetic parameters for PP and HDPE pyrolysis are determined using the
experimental TGA data. Then these parameters are implemented into numerical simulation
using COMSOL Multiphysics with appropriate equations and boundary conditions to model
the pyrolysis process for PP and HDPE inside the thermogravimetric analyzer. Finally, the
calculated power absorbed by the pyrolyzed material over time is compared to the
experimental heat flow recorded by the DSC. After that, the relative error is calculated among

the experimental and simulated results by Eq. (1) for further validation.

HF exp HF sim
HF,,

Rel erroryy = * 100 1)

Where HFex, and HFsim are respectively the experimental and the simulated heat flow

absorbed by the pyrolyzed material over time during the whole pyrolysis process.

The TGA/DSC analyzer includes two aluminum crucibles; one contains the sample material
(plastic) as shown in Fig. 3-(a), and the other is empty (reference crucible). These two
crucibles are heated from the sides via radiation by, a hollow cylindrical shape, programmable
electrical furnace, where the crucibles are located in the center. In addition, the aluminum
sample crucible (100 uL volume and 4 mm diameter) with plastic material inside is drawn as
2D-axisymetric with the exact dimensions as measured from the instrument, shown in Fig. 3-
(b). COMSOL Multiphysics is used to carry out the modelling and the numerical studies,
where a linear temperature, Texp(t), depending on the experimental constant heating rate 8
(°C/min), is set as the heat boundary condition on the side wall of the sample crucible, as

shown by Fig. 3-(b).



Moreover, the solution was converged using an extremely fine mesh of element size that
doesn’t exceed 0.09 mm, where further decrease in the element size didn’t change the
solution. Whereas for the skewness and condition number mesh characteristics, the values of
minimum and average element qualities are 0.6 and 0.9, respectively, for 2000 triangular
element as shown by Fig. 3-(c). In addition, a direct solver (PARDISO algorithm: Parallel
Direct Solver) is used to solve the linearized system at each iteration set by the Newton’s
Method (Newton-Raphson Method) with an automatic damping factor, which is used to solve

the non-linear problems.

Consequently, the time stepping method follows the BDF algorithm (Backward
Differentiation Formula), which is an implicit solver that uses backward differentiation
formulas with order of accuracy varying from one (also known as the backward Euler
method) to five, whereas the maximum time step is 0.2 s. Finally, an absolute tolerance equals

to 0.0001 is used as the termination technique for the solver.

Furthermore, the heat transfer module, governed by the energy equation, is combined with
melting and cracking models to simulate the whole pyrolysis process. Finally, the molten
plastic inside the crucible is assumed to be a stationary fluid because of the small volume (2
mm radius and 2 mm height) and the high viscosity (more than 1000 Pa.s) of the molten

plastic, especially at low shear rates [32].
2.4. Pyrolysis kinetics modeling

Pyrolysis process is the sum of unknown large number of chemical reactions that occur. The
long chain molecules of plastics decompose and break randomly to form light chain
hydrocarbons or radicals. Even more, these primary by-products may further crack to form
other lighter chains or recombine to form longer ones. Therefore, plastic pyrolysis is the sum
of complex chemical reactions that can’t be modelled or tracked according to the
stoichiometric coefficients of the occurring chemical reactions. On the other hand, plastic
pyrolysis process can be modelled as single step reaction that overcomes all the complexity of
the existing reactions. Many research papers investigated and used the one step reaction to
model the pyrolysis process for PP, HDPE, and other types of plastics [18-22]. The kinetic
equation represented by Eq. (2) describes the rate of conversion dx/dt (s') of the one step
pyrolysis reaction model. Where, K(T) (s™) represents the kinetic constant of the reaction and

f(x) presents the reaction model of the whole pyrolysis reaction [33].



dx

¢ = KD f(0) 2

The conversion x (0 < x < 1) is described by Eq. (3), where m, (mg) is the initial mass, m; is
the residual mass (mg) at time t (s), and m,, is the residual mass (mg) at the end of the

process.

my —m;
X=——" €))
my—mg

Furthermore, K(T) is a function depending on temperature, and is also represented by the
Arrhenius equation, Eq. (4), where E (J/mol) is the activation energy, A is the pre-exponential
component called the frequency factor, and R is the universal gas constant (8.314 J/mol.K).

K(T) = Aexp (;—i) 4)

Moreover, f(x) is selected from the most common reaction mechanisms shown in Table 3 [4],
where g(x) is the integrated form of the reciprocal of the reaction model f(x), with respect to

the conversion dx, Eq. (5):

* dx

0 f(0) ®

gx) =

The aim here is to determine the kinetic triplet: E, A, and f (x). First of all, the reaction model
f(x) is determined by the Criado’s method, Eq. (6). Which is a graphical curve fitting method
that compares all the theoretical reaction models f(x), presented in Table 3 and normalized by

Eq. (7), with the experimental function fexperimental, EQ. (8), for each heating rate [34].

z(x)  fl)gx) _<T226> (dx/dt), (6)
2(0.5)  f(0.5)g(0.5) \T35) (dx/dt),;
P OO v
theoretical — f(0.5)9(0-5)
(T2 (dx/dp), ®)
foxperimentat = (rg) (dx/dD),

where Tos and (dx/dt )os represent the temperature and conversion rate at x = 0.5. The

purpose of dividing by 50% condition is to normalize the z(x).



Then the coefficient of determination (R?) is calculated between the experimental curves and
the theoretical curves for each heating rate (f). Finally, the models that have the highest

regression coefficient (R?) are chosen to be the best fitting reaction models.

The second step in pyrolysis kinetic study is to find the activation energy E (J/mol), so the
isoconversional concept must be introduced. The kinetic equation or so-called Friedman
equation, Eq. (2), is manipulated by applying the logarithmic function on both sides and
differentiating by 1/T at a constant conversion x to give Eq. (9) [35].

0 In(dx/dt) E

[T - R ©)

X

Thus, from interpreting Eq. (9) the isoconversional concept is illustrated, where it states that
the rate of conversion (dx/dt) at a constant conversion (x) is only function of temperature.
Therefore, the activation energy E (J/mol) is the same at each constant conversion x for
different temperatures at different heating rates. Thus different isoconversional methods are
invented to calculate the activation energy at every conversion x using the TGA experimental
results (x, dx/dt, 1/T, and B). The Friedman method, expressed by Eq. (10), is the first
differential isoconversional method, where the activation energy is determined from the slope
(-£ / R) of the linear fitting straight lines of plotting In(dx/dt) with respect to 7/7T for
different heating rates (i.e. different temperatures) at a constant conversion x. Moreover, the
coefficient of determination (R?) is calculated between the linear fitting straight lines and the

experimental data or points.

dx E
In (E) =In[Af(0)] - 7 (10)

For the sake of methods comparison, two other integral isoconversional methods will be used
to evaluate the activation energy [10-15]. The two methods are: Kissinger-Akahira-Sunose

(KAS), Eq. (11), and Flynn-Wall-Ozawa (FWO), Eq. (12).

B\ . [ AR E
In (ﬁ) =In [E gl RT (11
_[AE 7 B E (12)
Ing = In [R g(x)] 5.331 — 1.052 7—

Same methodology is followed to determine the activation energy by KAS and FWO method,

where the corresponding slopes are determined from the linear fitting straight lines for



plotting In(8/T?) or InpB with respect to 1/T for different heating rates (i.e. different

temperatures) at a constant conversion .

Finally, the third kinetic parameter A (1/s) is determined from each isoconversional equation,
Egs. (10-12), by calculating the intercept values for the fitting straight lines and by using the
deduced previous kinetic parameters E and f(x). After finding the kinetic triplet for the
pyrolysis process, the final step is to calculate the theoretical conversion (by solving the
kinetic equation Eq. (2)) and to compare the results with the experimental results for further

validation.
2.5. Apparent heat capacity method for phase change modelling

After a literature investigation, there is no specific method or equation to model plastic
melting phenomena. Whereas, there exists a well-known method that models in general the
phase change phenomena for any material, including the melting process. This method is
called the apparent heat capacity method (AHCM) and it is used to model the melting process
for many different phase change materials (PCM) [25-28]. The main concept of this method is
to gradually add the latent heat to the heat capacity of the material directly in the energy
equation during the melting or phase change process. Madruga et al. [25] used the AHCM
method to study numerically the melting process for tetracosane paraffin within a cubic
enclosure using a linear conversion function f;. Moreover, to model the heat sink during the
melting process, the derivative of f; with respect to time (df;/dt) is multiplied by the density
and the melting latent heat of the material. Egs. (13) and (14) show the conversion function f;

and the heat sink Q.

00 T<T,
(T - Ts)/(Tl - Ts): Ts <T< TL
df; (14)
Qs = pAHmE

75 (°C) and T; (°C) are respectively the temperatures of the beginning and end of melting
process. Whereas, AH,, (kJ/kg) is the latent melting heat and p (kg/m?) is the density of the

paraffin.

Salvi et al. [28] and Samara et al. [27] also implemented the apparent heat capacity method in
their work using a smoothed distributed function called the Gaussian distribution function &,

described by Eq. (15).

10



5= exp(— (T — Tp)?/(AT/2)?)
B (AT/2)V7

where T, (°C) is the phase change temperature and AT (°C) is the phase change temperature

(15)

interval. But in this method, the phase change function (conversion) cannot be displayed or
modified. In addition, simulation may take long time or diverge because of the discontinuity

that occurs by the activation of the Gaussian function.

A more advanced form of AHCM methods is the modified apparent heat capacity method
(AHCM) used and built-in COMSOL Multiphysics. In this method, there exists a continuous

smoothed Heaviside function called 6;, distributed along AT and having Tp,, as a median
temperature, that can be modified or displayed for any point in the simulated domain (molten
fluid) [36]. This function is differentiated with respect to temperature and multiplied by the
phase change enthalpy AH,. (melting) then added to the average heat capacity Cpeq Of the

material, as shown in Eqgs. (16) and (17).

Cpapp = Cpeq + C1(T) (16)

do, 17)

1
Cp,app = E (Hlpphlcp,phl + Hzpphch,phz) + AHpcﬁ

Where C;(T) is the latent heat distribution over the melting interval AT, p,, is the equivalent
density, 6; is the phase indicator for phase 1 (phl), 8, = 1 — 6, is the phase indicator for
phase 2 (ph2), ppn, is the density of phase 1, and Cppho is specific heat capacity for phase 2.

Moreover, the equivalent density and thermal conductivity are shown in Egs. (18) and Eq.

(19):
Peq = 01Ppn1 + 02Ppn2 (18)
keq = Qlkphl + szphz (19)

Therefore, the advanced AHCM that is found in COMSOL Multiphysics will be used to
model the melting phenomena for PP and HDPE inside the TGA-DSC as a sub-step of the

pyrolysis process.
2.6. Governing equations and boundary conditions for simulation

After determining the kinetic parameters for PP and HDPE pyrolysis and finding the melting
model for plastics, these models will be implemented into numerical simulation with the

appropriate governing equations and boundary conditions to model the pyrolysis process for
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PP and HDPE inside TGA-DSC. The heat conduction equation, Eq. (20), is used to model

heat transfer within the plastic sample and the aluminum crucible [32,37].

aT — —
pCy 57 =Q+V.kVT (20)

where p is the density (kg/m3), C, s the specific heat capacity (J/(kg.K)), Q is the volumetric

heat source or sink term (W/m?), V is the gradient operator (dy, 0y, 0;), k is the thermal
conductivity (W/(K.m)), and T is temperature (°C). Moreover, the melting model is coupled
with the heat conduction equation by replacing the heat capacity C,, and thermal conductivity
k in Eq. (20) with the apparent heat capacity C, 45, and the average thermal conductivity k.4
described respectively in Eqgs. (17) and (19). The solid and molten densities, for PP or HDPE,
are taken as constant average values as shown in Table 2, since the volume of the material in
the simulation doesn’t change. Additionally, to model the cracking part, the heat sink term in
Eq. (20) is replaced by Qg = pAH, dx/dt, where AH, is the cracking enthalpy given in Table
1 and dx/dt is the rate of conversion described by the kinetic equation Eq. (2). Also, to
model the mass loss during the cracking part and since the volume of plastic is fixed in our
simulation, a variable density p(T) function of temperature is used. This density p(T), shown
in Fig. 4, is determined by dividing the experimental mass of the sample over time, shown in

Fig. 1, by the fixed volume of the pyrolyzed material.

Regarding the boundary conditions, the crucible is surrounded by the electrical heater and
heated from the side wall mainly by radiation mode. In addition, the temperature of the

crucible is controlled by adjusting the heating rate for each experiment.

The crucible filled with the plastic material is modelled as 2D-axisymetric domain. In
addition, a theoretical uniform profile temperature corresponding to the experimental constant
heating rate for each experiment (4 to 10 °C/min) is taken as a heat boundary condition at the
side wall of the crucible. Therefore, the plastic material and the crucible are heated linearly by

a constant heating rate from the ambient temperature (25 °C) to 500 °C.

3. Results and discussion

3.1. Pyrolysis kinetics results for PP and HDPE

First the Criado’s method, Eq. (6), is used to determine the best fitting reaction models for PP
and HDPE that have the highest coefficient of determination R?. For example, Figs. 5 and 6

illustrate the results for PP at different heating rates. Moreover, the best reaction models, that
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are deduced, with the highest average coefficient of determination for PP and HDPE pyrolysis
are as follow: A2 (R*=0.97) and R3 (R? = 0.95) for PP and A2 (R* = 0.92) for HDPE. On the
other hand, it is commonly found in literature that the reaction models for PP and HDPE are
contracting sphere (R3) and contracting cylinder (R2), respectively, at relatively high heating
rates above (10 °C/min) [4-5]. Moreover, in some studies it is found that the reaction model
A2 represents the pyrolysis process for PP at low heating rates (below 10 °C/min) [21-22].
Furthermore, the difference in the reaction model between the deduced results (A2) and
results found in literature (R3) can be due to the low heating rates adopted in the present

work.

The second step is determining the activation energy E (J/mol) for PP and HDPE pyrolysis
according to the three isoconversional methods; FR, KAS, and FWO. Fig. 7 shows the plot of
the linear fitting of the experimental data for HDPE pyrolysis according to KAS method,
where the value of the activation energy is evaluated from the slopes of these fitting straight
lines at each conversion x. The results of the activation energy function of conversion for
HDPE pyrolysis, according to all three methods, are illustrated in Fig. 8. As it is noticed, KAS
and FWO methods gave approximately the same results with less variation function of
conversion compared to FR method. Moreover, the determined values of the activation
energies for PP and HDPE are within the ranges found in literature, 190 to 230 kJ/mol and
230 to 270 kJ/mol respectively [18-23]. Finally, the pre-exponential factor A (1/s) is
determined using the deduced activation energy and reaction model, where Table 4 below
summarizes all the deduced kinetic parameters for PP and HDPE (for heating rates from 4 to

10 °C/min).

Now the deduced average kinetic parameters are used to calculate the theoretical conversion
by solving the kinetic equation, Eq. (2). This equation is solved by an iterative method to find
the theoretical conversion x. After that, the theoretical conversions, according to the
isoconversional methods and the selected kinetic models, are plotted and compared with
experimental conversions to choose the best kinetic parameters (Table 5) based on the lowest
average relative error. As a result, the Avarami-Erofe’ve (A2) reaction model with the
activation energy and the frequency factor determined by either KAS or FWO methods are
the best kinetic parameters to model pyrolysis process for PP and HDPE at low heating rates
(below 10 °C/min). Moreover, the determined values of the activation energies for PP and
HDPE are found to be within the ranges found in literature [18-23]. On the other hand, the

deduced pre-exponential values differ from the values that are found in literature because the

13



deduced reaction models are different. Furthermore, Figs. 9 and 10 show the theoretical and
experimental conversions for PP and HDPE pyrolysis according to the best fitting deduced

kinetic parameters, where an average relative error between the results that didn’t exceed 6 %.
3.2. Modelling and validating pyrolysis process for PP and HDPE inside TGA-DSC crucible

After finding the best kinetic parameters that model the pyrolysis process, the next step is to
use these parameters in modelling and simulating PP and HDPE pyrolysis process inside
TGA-DSC. Moreover, the AHCM is used in the simulation to model the melting phase before
the pyrolysis process. All the appropriate equations, boundary conditions, and material
properties, presented in sections 2 and 3, are applied and implemented into the simulations.
As a result, Figs. 11 and 12 show the experimental and the simulated results, respectively for

conversion and heat flow, for HDPE pyrolysis inside TGA-DSC, at 8 °C/min heating rate.

First of all, it is observed that the mass cracking model (TGA) is working perfectly well as
shown in Fig. 11, where the average relative error among the simulated and experimental
conversions is below 3 %. Moreover, Fig. 12 illustrates the DSC comparison results: the heat

flow results seem to be alike, where they have the same response and trend over time.

Moreover, it is good to mention that the range of latent heat of fusion of HDPE found in
literature is between 140 and 293 kJ/kg depending on the crystallinity of PE, ranging from 48
(140 kJ/kg) till 100 % (293 kJ/kg). However for LDPE the crystallinity is below 40 % (115
kJ/kg) [38 — 41]. In addition, the melting process is said to have two phases; First phase is the
softening phase, between the start melting temperature and the onset temperature (for example
between 98 and 119 °C for HDPE), where melting appears to be very slow in this part as
shown in Fig. 13 below. However, the second part is the major part of melting which starts
from the onset temperature till the end of melting. Whereas, this part constitutes more than 90
% of the melting phenomena and energy. Moreover and because of the symmetrical shape of
the AHCM used and for the sake of simplicity, only the major part is modelled and calculated
in this study as shown in Fig. 12, where the heat flow in the softening part is constant i.e. it is
not modelled. Thus, the latent heat of fusion that is used in the simulation for HDPE is about

125 kJ/kg, which is calculated from the onset temperature as mentioned in section 2.1.

Therefore, if we add the energy of the softening part in Fig. 12 to the major latent energy of
fusion used for HDPE, the result will be about 145 kJ/kg which is in the range of values that

are found in literature.

14



Yet, a further improvement can be done to model this softening part, like by using AHCM to
model this part or by using an exponential conversion function according to the Arrhenius law
instead of the linear symmetrical conversion function used in this study. However, this is out
of the scope of this study since it focuses on the cracking part. Also, about 10 % maximum

error by modelling only the major part of the melting process is still an acceptable error.

Furthermore, the results (for HDPE and PP) are in a good agreement with the experimental
data for the melting and heating phases (before the cracking phase) with an average relative
error less than 7 %. In contrast to the cracking process, the error is relatively higher at this

phase with an average value of 20 %.

Therefore, the model is said to be compatible to describe the cracking process for PP and
HDPE that yield volatile products (TGA concept). Whereas, the DSC conception needs

further apprehending and development to enhance the heat flow results at the cracking phase.

After interpreting carefully the TGA-DSC experimental results, it is noticed that a valuable
amount of thermal energy is absorbed by the pyrolyzed material before mass loss occurs. The
TGA-DSC heat flow results show that the absorbed heat increases starting from 360 °C till
425 °C (Figure 14) with a mass loss less than 0.08 % for the HDPE, and from 300 °C till
380 °C with a mass loss less than 0.06 % for the PP. Therefore, it is deduced that the cracking
process starts before the mass loss occurs. In other words, the plastic molecules are
decomposed into heavy liquid hydrocarbons that don’t evaporate or escape the crucible. Thus
pyrolysis could be decomposed roughly into two phases; during the first one plastic degrades
into nonvolatile molecules, while during the second step, these latter are further decomposed
to yield volatile hydrocarbons. Therefore, the first phase can be called ‘latent cracking’ or
‘pre-cracking’ and that should be modelled in order to approach the real case situation and to

improve the simulated results.

By using the experimental heat flow results and the mass of the samples, the heat capacities
for PP and HDPE are calculated just before the mass loss occurs (at 380 °C and 425 °C,
respectively). Therefore, in order to model the latent cracking phenomena, the heat capacities
for PP and HDPE are assumed to increase linearly from 2500 J/kg.K (at 300 °C for PP and at
360 °C for HDPE) to 3000 J/kg.K (at 380 °C) and to 3300 J/kg.K (at 425 °C). Moreover, to
model this phenomenon during the second phase of cracking, the heat capacities are assumed

to continue increasing linearly when the mass loss starts. The total heat flow, shown in Fig.

15



15, is decomposed into; sensible heat flow due to rise in temperature, latent cracking heat

absorption, and apparent cracking heat absorption.

Fig. 16 illustrates the new results for HDPE pyrolysis after modelling the latent cracking
phenomena. It is clearly noticed that the results are much enhanced, where the average

relative error decreased to reach almost 6 %.

In addition, PP pyrolysis simulations are done using the same methodology with the
appropriate heat capacity function, illustrated previously. As a result, all the simulated results
for PP and HDPE pyrolysis processes are improved. Furthermore, the simulated results
became very well compatible with the experimental ones with an average relative error below

8 % for all the heating rates, as shown in Fig. 17.

Further, it is deduced that the total cracking enthalpies AH, for PP and HDPE, that are
obtained from the DSC measurements and listed in Table 1 (in section 2.1. TGA-DSC
experiments and procedure), are divided into two enthalpies in this model: the latent cracking
enthalpy AH,. and the apparent cracking enthalpy AH,,., where it is revealed from the results,
that the latent cracking enthalpies are almost half the value of the apparent cracking enthalpies
for all PP and HDPE pyrolysis process simulations. Table 6 shows the constant values of the
mass loss cracking enthalpies that are taken in these simulations and the deduced average
latent cracking enthalpies from the numerical studies. In addition, it is obvious that the
summation of the two preceding enthalpies is almost equal to the average total cracking

enthalpies deduced from the experimental DSC measurements, as presented in Table 6.

5. Conclusions

An intensive kinetic study is performed for PP and HDPE pyrolysis, where the kinetic
parameters for PP and HDPE are determined and compared with the results found in
literature. First, the reaction models are determined using the Criado’s method, which
revealed that the Avarami-Erofe’ve (A2) model is the best reaction mechanism to model the
pyrolysis process for PP and HDPE at low heating rates (below 10 °C/min). Moreover, the
deduced values of the activation energies for PP (E = 220 kJ/mol) and HDPE (E = 264
kJ/mol) using the three isoconversional methods, FR, KAS, and FWO, fit within the ranges
found in literature. In addition, kinetic parameters for PP and HDPE pyrolysis that gave the
lowest average relative error are: A = 4.15x10'5 (1/min) for PP, and A = 8.3x10'7 (1/min) for

HDPE. Besides, the average relative error between the theoretical conversions, according to
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the best deduced kinetic parameters, and the experimental conversion for PP and HDPE

pyrolysis at different heating rates (4 to 10 °C/min) didn’t exceeds 6 %.

Furthermore, the deduced kinetic parameters are implemented along with the appropriate
equations and boundary conditions into COMSOL Multiphysics software to model and
simulate the whole pyrolysis process for PP and HDPE inside TGA-DSC. The apparent
cracking model (TGA) worked perfectly well with an average relative error among all the
simulated and experimental conversions for PP and HDPE pyrolysis less than 5 %. Moreover,
the DSC comparison results, i.e. comparing the simulated heat flow results with the
experimental ones, are enhanced by modelling the latent cracking phenomena that is
occurring before and alongside apparent cracking. The average relative error decreased from
20 % to less than 8 % by modifying the heat capacity for PP and HDPE. Therefore it is
noticed that the latent cracking enthalpy AH;. is found to be almost half the value of the
apparent cracking enthalpy AH,,. in all of the simulation results. Finally, the modified
apparent heat capacity method (AHCM) revealed a high capability in modelling the melting
processes for PP and HDPE, with an average relative error below 10 %. In addition, this
complete modeling of plastic pyrolysis opens the way for simulating plastic pyrolysis in lab-

scale reactors.
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Fig. 1. Mass versus temperature for HDPE pyrolysis at different heating rates.
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Fig. 2. Heat flow versus temperature for HDPE melting and pyrolysis at different heating rates.
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Fig. 3: (a) Real sample crucible image of the DSC/TGA analyzer, (b) 2D-axisymetric crucible model, and (c)
Mesh display.
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Fig. 4. Density versus temperature for HDPE used to model the mass loss for 8 °C/min heating rate.
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Fig. 5. Theoretical master plots for different reaction models compared with the experimental data for PP
pyrolysis at different heating rates.
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Fig. 9. Theoretical and experimental conversions for PP pyrolysis for four heating rates (4, 6, 8, and 10 °C/min),
according to kinetic parameters (E = 220 (kJ/mol), f(x) is A2, and A = 4.15E+15 (1/min)).
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Fig. 10. Theoretical and experimental conversions for HDPE pyrolysis for four heating rates (4, 6, 8, and 10
°C/min), according to kinetic parameters (E = 264 (kJ/mol), f(x) is A2, and A = 8.3E+17 (1/min)).
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Fig. 11. Simulated and experimental conversion results for HDPE pyrolysis inside TGA-DSC, heating rate S;= 8
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Table 1

Peak temperatures and enthalpies, melting and cracking, for PP and HDPE at different heating rates.

Heating rate
(°C/min)
4
6
8
10

Peak temperature (°C)

Melting Cracking

PP HDPE | PP HDPE

153 135 431
154 137 437
1555 1385 | 440
157.5 140 444

467
475
479
483

38

Enthalpy (kJ/kg )
Melting Cracking
PP HDPE | PP HDPE
59 117 415 295
62 123 423 320
66 127 435 334
69 130 445 345




Table 2
Thermo-physical properties for different materials within temperature range of 25 - 300 °C.

Materials Thermal conductivity  Specific heat capacity  Density

k (W/K.m) Cp (J/kg.K) p (kg/m’)
PP 0.1-0.12 1800 — 2500 900
HDPE 0.42 - 0.45 1800 — 2500 950
pllTm T 35 880 3900
crucible
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Table 3

Reaction model for the most common reaction mechanism.

Mechanism f(x) gx)
First-order (F1) (1-x) —In(1 —x)
Second-order (F2) (1 —x)? 1-x)1-1
Third-order (F3) (1-x)3 [(1—x)"%—-1]/2
Power law (P2) 2x1/2 x1/2

Power law (P3) 3y 2/3 x1/3

Power law (P4) 4374 x1/4
One-dimensional diffusion (D1) 1/2(x) x?
Two-dimensional diffusion (D2) [—In(1 —x)]? [(1—x)In(1—x)] +x

Three-dimensional diffusion (D3)

Ginstling-Brounshtein (D4)
Contracting cylinder (R2)
Contracting sphere (R3)
Avarami-Erofe’ve (A2)
Avarami-Erofe’ve (A3)
Avarami-Erofe’ve (A4)

3(1 -0 /[2(1 - (1 - 0?)]
3/2[(1—x)71/3 —1]
2(1—x)'/?

3(1 —x)%/3
2(1 = x)[~In(1 — x)]*/2
3(1 — x)[=In(1 — x)]?/3
4(1 — x)[-In(1 — x)]?/*

[1- -0
1-(2x/3) — (1 —x)?/3
[1- (-0
1-(1-x)3]

In(1 — x)]*/3

[
[—In(1 — x)]*/?
[—
[—In(1 — x)]/*
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Table 4

Deduced average kinetic parameters for PP and HDPE pyrolysis

PP HDPE
A (1/min) A (1/min)
E E
Method (kJ/mol) A2 R3 (kJ/mol) A2
FR 202 8.78x10" | 3.27x10™ 238 1.87x10"
KAS & 15 15 17
FWO 220 4.15x10 1.27x10 264 8.3x10
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Table 5

Average kinetic parameters for PP and HDPE pyrolysis

PP HDPE
A (1/min) A (1/min)
Method E A2 E A2
(kJ/mol) (kJ/mol)
KAS & 15 17
FWO 220 4.15x10 264 8.3x10
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Table 6
Mass loss enthalpies and deduced latent cracking enthalpies.
AH,,, AH, AH,
PP 280 130 424
HDPE 200 100 323
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