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Abstract

Thermal pyrolysis kinetics of virgin high-density polyethylene (HDPE) was investigated. Thermal pyrolysis of HDPE was
performed using a thermogravimetric analyzer in nitrogen atmosphere under non-isothermal conditions at different heating rates 4, 7,
10 °C/min. First-order decomposition reaction was assumed, and for the kinetic analysis Kissinger-Akahira-Sunose(KAS), Flynn-
Wall-Ozawa(FWO) and Coats and Redfern(CR) method were used. The obtained values of average activation energy by the KAS
and FWO methods were equal t0137.43 and 141.52 kJ/mol respectively, these values were considered in good agreement, where the
average activation energy value obtained by CR equation methods was slightly different which equal to 153.16 kJ/mol.
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1- Introduction

Production of plastic has increased by an average of
10% every year on a global basis since 1950[1,2]. On
other hand the duration life of plastic is very small.

Almost 40% of plastic consumed has duration of life
smaller than one month. The service life of plastic
products ranges from 1 to 35 years depending on the area
of application [3]. So the increase in plastic wastes
because of the frequent use of such materials was
expected result.

At the same time, not all of these materials were
recycled or treated therefore the disposal of these wastes
has become a major environment concern [4].

As a conventional plastic material, polyethylene (PE),
with its two types; high density polyethylene (HDPE) and
low density polyethylene (LDPE) [5], continues to play
an essential part in the commodities because of its
resistance to microbial or enzymatic degradation. In
addition is a major component of plastic waste from
domestic refuse [6]. Also polyethylene it is one-third of
the global consumption of plastic [3].

The plastic wastes accumulation problems took a lot of
attention because of the importance of the issue. Many of
the solutions presented one of them is the landfilling of
plastic wastes but this is unhelpful method due to slow
degradation rates of plastic (10 to 450 years), soil
pollution by plastic additives, polluting ground water and
decreasing the landfill region [1,4].

Another solution is by using incineration method but it
is costing and it has caused environmental problems since
it generates several pollutants to the atmosphere. So to
reduce the damages and environmental impact caused by
plastic wastes materials, they must be recycled and
recovered [7].

Recycling is able to solve the problem of waste plastic.
It divided into two categories to mechanical recycling
(primary and secondary) and feedstock recycling or
chemical recycling [8]. This method involves different
techniques, including pyrolysis, hydrolysis, methanolysis,
hydrogenation, and gasification [1].

Pyrolysis method is the most beneficial among the
chemical recycling methods [1]. Pyrolysis s
thermochemical decomposition of organic materials in the
absence of oxygen. It can be carried out in the absence of
catalyst which is called thermal cracking or thermolysis
and catalytic pyrolysis in the presence of a catalyst [9].

Pyrolysis has become very promising technology for
treating the waste plastic since plastics have a high
calorific value of more than 40 MJ/kg which is similar to
those of common liquid fuels such as kerosene, gasoline,
diesel, etc. [7].

The pyrolysis products include a carbonized char (solid
residues) and a volatile fraction. A portion of the volatile
fraction can be condensed to give olefins, paraffins,
isoparaffins, naphthenics, and aromatics, while the
remaining is a non-condensable high calorific value gas
[10].

Thermal pyrolysis involves the degradation of the
plastic materials by heating them to temperature between
350 to 900 °C in the absence of oxygen to make sure that
no oxidation of the polymer takes place [9].

Thermogravimetric analysis (TGA) is the main gate to
understand the pyrolysis. TGA is a technique of thermal
analysis which measure the rate of change in the weight
and the amount of material as a function of temperature or
time under controlled atmosphere such as nitrogen, air, or
other gases [11].

TGA is considered as an excellent mean for studying
the kinetics of degradation [12].
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There are various methods to calculate the isothermal or
non-isothermal solid-state kinetic data from TGA. In
general the most common of them can be classified into
two major types: model-fitting and model-free methods
that are listed in Table 1 [10, 13].

Table 1. Non-isothermal Methods for studying solid-state
kinetics [10,13]
Model-fitting
o Differential

e Freeman-Carroll
e Coats and Redfern

Model-free

Kissinger
Flynn-Wall and Ozawa
Vyazovkin and AIC

Kissinger-Akahira-Sonuse

In the model-fitting method, different reaction models
are fitted to the experimental data then the best model
selected when giving the best statistical fit from which the
activation energy (E,) and frequency factor (A) are
calculated. However, model-fitting methods were broadly
applied due to their ability to calculate the Kkinetic
parameters directly from the results of TGA [13,14].

Model-free methods or iso-conversional methods
estimate the activation energy at specific extent of
conversion without the need for assumed reaction model
[15]. Sometimes it is called multi-curve methods because
these methods require more than one Kinetic curve to
perform the analysis and these methods need different
heating rates to calculate the activation energy [14].

Many researchers study the decomposition of different
materials by applied the models of TGA such as
degradation of polycarbonate [16], degradation of
synthesized optically active polyamides[17],
decomposition of Huadian oil shale [18], thermal
decomposition of tea waste [19], pyrolysis and
gasification kinetics of the two tropical biomass
species[20], thermal stability behavior of coconut coir,
banana pseudo stem, pineapple leaf, and sugarcane
bagasse fibers [21].

Shubbar [22] study the pyrolysis of LDPE and HDPE in
closed system batch reactor and obtained the temperature
range, from TGA, for LDPE from 380 to 507°C, while,
the temperature range for HDPE was found from 386.5 to
514°C.

Kayacan et al. [23] study the thermal decomposition
kinetics of LDPE and HDPE at 5, 10, 20 and 50 K/min
heating rates it was found that the Kkinetics of the
degradation of the LDPE and HDPE for non-isothermal
conditions can be considered as a first-order reaction and
the activation energy for raw HDPE has been calculated
between 401 and 470 kJ/mol and for the waste HDPE was
in the range of 396 to 493 kJ/mol. The activation energy
values have been found for raw LDPE between 324 and
497 kJ/mol and 271 to 333 kJ/mol for the waste LDPE.

Kumar et al. [1] study the TGA has been used for the
non-isothermal kinetic study of waste high-density
polyethylene pyrolysis under nitrogen atmosphere at
different heating rates 10, 20 and 40 °C/min.
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The activation energy values of waste HDPE have been
calculated as 207.43, 268.22 and 473.05 kJ/mol at 10, 20
and 40 °C/min heating respectively.

Abbas and Mohamed [24][25] reported TGA for high-
density  polyethylene (HDPE) and low density
polyethylene (LDPE) at the heating rate equal to 20
°C/min from surrounding temperature to 800 °C in order
to know the range of effective temperature for pyrolysis.

The decomposition of LDPE started at 349 °C and
completed at 489 °C, whereas the HDPE decomposition
started at 326 °C and completed at 495 °C.

In the present work, the kinetics of the thermal
degradation using TGA of virgin HDPE was studied
according to different models methods; Kissinger-

Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO) and
Coats and Redfern (CR). The values of activation energy
for waste HDPE have been obtained in non-isothermal
condition assuming firstorder reaction kinetic at different
heating rates.

2- Experimental
2.1. TGA procedure

The thermal decomposition behavior was studied by
TGA analyzer apparatus (type LINSEIS STA PT-1000
TGA) which shown in figure 1. Twenty milligrams of the
virgin HDPE were placed on the sample holder and
pyrolyzed in nitrogen atmosphere in each experiment.

Pyrolysis was carried out at non-isothermal conditions
with temperature range from room temperature to about
600 °C and the TGA and differential gravimetric analysis
(DTGA) data were recorded at different heating rate (H,)
(4, 7 and 10 °C/min.). The main physical properties of
virgin HDPE pellets are shown in table 2.
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Fig. 1. Thermogravimetric TGA analyzer
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Table 2. Virgin HDPE pellets physical properties

Property Value
Average particle diameter, mm 3

Density, g/cm?® 0.956 - 0.963
Deflection temperature (at 0.46 Mpa), °C 75-85
Melting point, °C 130-135
Melt flow index, g/10min 0.05-0.43

2.2. Non-Isothermal Kinetic Study Using TGA

The non-isothermal kinetics for pyrolysis is usually
written as follows:

dx

Where X is a conversion of HDPE, and is given by:
Wi-w
Wi-wf (2)

Where W, W;, and Ws represent the instantaneous, initial,
and final weights of the sample. The reaction rate constant
k is expressed in terms of the Arrhenius equation as:

-E,

RT ) 3)
And the function f(X) can be written as:
f=01-x)" 4)
Substituting Eq. (3) and (4) into Eq. (1) gives:
dx Eq
P =Aexp(—22) 1 -X)" -

For a constant heating rate H=dT/dt, Eq. (5) can be
rearranged to the following equation:

dXx

a = (&) Aexp(—5) A -0

(6)
Equation (6) represents the differential form of the non-
isothermal rate law [14][26].

The thermal analysis methods start from the general
differential kinetic Egs. (5) and (6) or the integral
forms of them as follow.

a. The KAS Method
The KAS method was based on the following equation:

n(7) =0 (756) ~ &

ag(x) 7

15

Where g(x) is the integral conversion function
(reaction model) which is reported in the literature [27].
For constant conversion a plot of left side of the above
equation against 1000/T at different heating rates is a
straight line whose slope and intercept can evaluate the
activation energy and pre-exponential factor, respectively
[28].

b. The FWO Method
The FWO method is based on the following equation:

5.331—1.0522%2
RT (8)

In(H,) =1In (R ())
Thus, for a constant conversion, a plot of natural
logarithm of heating rates, In(H,),versus 1000/T" obtained
from thermal curves recorded at different heating rates
will be a straight line whose slope (—1.052(F'a/R)) from
which the activation energy can be determined [14].

c. The CR method
Taking the logarithm of both sides of Eq. (6) gives:

—ln(l—X)] _ AR zm'] _Eq
In [ T? =In H.E RT )
If n=1

In(1-x)'-" 2RT|  Eq.
ln[ (1-n)T? ] ny Eq [1 E,l RT ifn 1 (10)

The above two Equations (9 and 10) are the CR method
the plot of left hand side of the above equations (9 and
10) on (ln[—ln( 1 —X)/Tz]) the y-axis versus 1/T.
Accordingly, the apparent activation energy (Ea) and the
apparent frequency factor (A) can be determined from
the slope and intercept of the regression line, respectively
[29,30].

3- Results and Discussion
3.1. TGA and DTGA of HDPE

The thermal stability of the polymeric materials
plays a crucial role in determining the limit of their
working temperature and the environmental
conditions for uses, which are related to their
thermal decomposition temperature and
decomposition rate. TGA applied in determination
of the study of thermal stability/degradation of waste
HDPE in various ranges of temperature [1].

The TGA and DTGA curves of the pyrolysis of
HDPE under nitrogen atmosphere obtained at three
different heating rates of 4, 7 and 10 °C/min are
shown in figures 2 and 3.
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Fig. 2. TGA of virgin HDPE at different heating rates

In the figure (2) curve the initial temperature at which
the degradation started and final temperature at which the
degradation completed for waste HDPE was 370.2 and
492.8°C, 370.9 and 463.9 °C, 381 and 510 °C at the
heating rates of 4, 7 and 10 °C/min, respectively. These
results are in good agreement with recorded degradation
temperature ranges for HDPE by AL Mustapha and

Andresen and by used A Pyris 1 Thermal Gravimetric
analyzer (TGAL), at a heating rate of 10 °C/min from 35
to 900 °C in a nitrogen gas atmosphere with a flow rate of
20 ml/min [26], also ABOULKAS and HARFI recorded
that by used the Rheometrix Scientific STA 1500 TGA
analyzer at four different heating rates (2, 10, 20 and 50
K/min) between 300 K and 1273 K [28].

The rate of mass loss is temperature dependent: the
higher the temperature, the larger the mass loss [14]due to
the fact that polymer molecules does not have enough
time to exhaust the heat with increasing heating rate,
leading to slower decomposition rate [1].

It is clearly in figure (2) that there is a shift in the
weight loss data to higher temperatures as the heating rate
increases, because the rate of heat transfer at various
heating rates is different, and the exposure time at the
higher heating rate is shorter, as well as the effect of the
kinetics of decomposition [18]. The same behavior was
realized by several previous works [31][1].

DTGA curves for waste HDPE at 4, 7 and 10 °C/min
heating rates (Figure 3) contains one peak this indicates
that there is one degradation step at different heating
rates[1].

The maximum degradation temperature (T max) 0f HDPE
takes place at 450, 410 and 405 °C at 10, 7 and 4 °C/min
heating rates respectively as shown in figure 3. The
recorded values of T.., for HDPE are in the range
between 461 and 493 °C at H, equal to 10 °C/min
[1,31,32].
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Fig. 3. DTGA of virgin HDPE at different heating rates

3.2. Conversion of HDPE and TGA kinetics analysis

The conversion versus TGA temperature of HDPE at
different heating rates is shown in figure 4. The
conversion of HDPE increased with temperature at
different heating rates. At 10, 7 and 4 °C/min the
conversion increased from 8, 22, and 35 % at 390 °C
respectively to 100% at 550 °C for all heating rate.

Conversion (X), -
© o © o = o S5 ©° ©
5oL b = Do W b

o

0 100 200 300 400 500 600
Temperature, °C

Hr= 4 °C/min. Hr=7 °C/min. Hr=10 °C/min.

Fig. 4. Conversion of virgin HDPE versus TGA
temperature at different heating rates
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The results obtained from TGA were analyzed
according to KAS, FWO and CR methods to calculate the
activation energy (E.) and pre-exponential factor (A).

The kinetic parameters obtained by KAS and FWO
methods were calculated according to equations (7) and
(8), respectively. The activation energy and
preexponential factor were calculated as a function of
conversion by using iso-conversional methods of KAS
and FWO methods for the range of conversion from 0.05
to 0.95 is considered for calculating the Kkinetic
parameters by these methods.

The iso-conversional plots of these methods are shown
in figures 5 and 6 respectively.
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Fig. 5. KAS plots of HDPE at different values of

conversion.
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Fig. 6. FWO plots of HDPE at different values of
conversion

Figure (7) was show that the activation energy depends
upon extent of conversion for both KAS and FWO
methods. In general, the calculated values of activation
energy by FWO were slightly higher but in the same order
of magnitude for those calculated by KAS.
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At the beginning of reaction, the activation energy
values have oscillated in the same scale of about 120 and
136 kJ/mole. After 65 % of HDPE converted the
activation energy values rise to its higher values (203 to
204 kJ/mol for KAS and FWO, respectively). At 90% of
HDPE conversion, the activation energy then lowering
near the end of reaction to about 151 to 155 kJ/mol for
KAS and FWO, correspondingly.
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Fig. 7. The activation energy as a function of conversion
using KAS and FWO technique

Figure 8 shows the plot of the CR method for waste
HDPE under non-isothermal conditions. In this figure, as
the entire range of In(-In(1-x)/T?) as a function of 1/T, the
data could be represented by a single straight line for all
three heating rates. Reasonable fits of data to straight lines
indicate that the assumption of first-order kinetics for
thermal decomposition of waste HDPE is acceptable. The
activation energy and pre-exponential factor values are
shown in table 3.
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Fig. 8. CR method plots of HDPE at different values of
conversion
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Table 3. Calculated kinetic parameters for HDPE by CR
method at different heating rate

H,, °C/min E,, kJ/mol A, min’?
10 175.866 3.35%10%
7 156.6191 1.46*10™
4 126.9964 4.83*10°

Activation energy increased with increase in heating
rate due to very low thermal conductivity of polymeric
material and hence the temperature maldistribution in the
waste HDPE sample will be significant at a high heating
rate [1] The average activation energy calculated by KAS,
FWO and CR arel37.43, 141.52 and153.16 kJ/mol
respectively. These differences could be due to the
approximations used for the temperature integral used in
these methods [18,33], and are in good agreement with
the reported activation energy[26,28,31,32].

4- Conclusion

The Kinetic parameters of waste HDPE decomposition
under non-isothermal conditions using TGA were
determined. Determining the Kinetic parameters also
provides information to design more effective conversion
systems and optimum decomposition regimes.

The TGA experiment showed that the degradation
temperatures for waste HDPE at which the maximum
weight losses take place were about 389.4, 398.2 and
434.1 °C at the heating rates of 4, 7 and 10 °C/min,
respectively. The main pyrolysis process occurred in the
temperature range 350 to 510 °C.

The average activation energy values of waste HDPE
have been calculated by KAS, FWO and CR method are
137.43, 141.52 and 153.16 kJ/mol respectively for first-
order decomposition reaction model.
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