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a b s t r a c t
Landfilling is viewed nowadays as a serious threat associated with various burdens and stressors on the
urban environment. To date, there is little information available on actual value of landfilled waste
namely plastic solid waste (PSW) resulting from mining operations. In this work, PSW reclaimed from
an active unsanitary landfill site (MAB) has been studied with the aim of determining its thermal profile
and degradation behaviour for future utilisation in thermo-chemical conversion (TCC) processes. The
materials were characterised by thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) in accordance with internationally approved test methods in a simulated pyrolytic environment. In
addition, chemical analysis using Fourier Transform Infrared Spectroscopy (FTIR) was applied to study
the nature of the materials reclaimed. The degradation kinetics of the reclaimed PSW were studied with
the aim of determining the apparent activation energy (Ea) of the pyrolytic reactions. The Ea values determined ranged from 199 to 266 kJ mol1 which is in-line with pyrolytic reactions applicable for future use
in fuel recovery units. TGA showed a clear shift in thermograms indicating a clear change in the degradation mechanism. The physico-chemical studies conducted on the materials also favours TCC treatment
over other conventional end of life options such as physical (mechanical) recycling or incineration. The
degradation mechanism was also determined from the Criado method showing that Avarami-Erofeve
was the model that best represents PSW degradation. Overall, this work points towards future intervention schemes for reclaimed municipal solid waste (MSW) and in particular PSW favouring TCC
technologies.
Ó 2020 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction
Municipal Solid Waste (MSW) landfilling is still considered to
be one of the most popular waste management (WM) options
the world over. However, reliance on this technique varies
between regions of the world on the basis of energy demand, supporting networks availability, infrastructure and compliance to
regional regulations. Within a European Union (EU) and UK context, the reliance has decreased on MSW landfilling to a great
extent within the past five years. According to recently published
reports [1,2], 46% of MSW in the EU is recycled and only 25% of different types of waste is directed to landfill sites. In addition, EU legislations have enforced the reduction on landfilling reliance across
the continent in general by encouraging sustainable waste management through implementing various Directives [3,4]. On the
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other hand, Asian countries differ in their level of sophistication
when it comes to WM technologies. In Japan, 70% of solid waste
(SW) is directed towards waste to energy (WtE) schemes which
surpasses the US and Sweden by far where 13% and 50%, respectively, is directed to the same route [5]. However, some 1.2% of
SW is landfilled in Japan which represents an extreme estimate
of the scale when compared to other parts of the Asian continent
such as Kuwait and Qatar where reliance on landfilling represents
about 100% for their WM treatment [6,7].
Plastic solid waste (PSW) represents a hefty proportion of SW
directed to landfill sites in many developing world countries representing 12% of total SW generated [8]. Discarding PSW without
materials recovery or directing it to thermal or thermo-chemical
conversion (TCC) without the aim of chemicals recovery, represents a major loss in economical terms and goes against the newly
adapted concept of ‘circular economy’. A key issue remains as to
how to valorise the waste in landfill sites and recover maximum
value out of it whilst reducing land use, environmental stressors
and lechate migration to groundwater aquifers. This results in
the concept of excavating and mining landfill sites, in an attempt
to treat landfill sites as a temporary storage location until the technology to valorise the waste is within reach [9–13].
The majority of plastics consumed on daily basis are of thermoplastic in origin which allow re-melting and processing them postreclamation [14–16]. These thermoplastics include the following
types of plastics: low density (LDPE) and high-density polyethylene (HDPE), polyethylene terephthalate (PET), polypropylene
(PP), polystyrene (PS), and polyvinyl chloride (PVC). Readers are
referred to Canopoli et al. [3] for a review on the fate of plastics
in landfill sites. The recent work of He et al. [17] has also pointed
towards PSW in landfill sites being a source of microplastics (<5
mm) after examining leachate of six Chinese sites. Canopoli et al.
[18] analysed samples from MSW landfills in the UK to report
the type and degree of degradation of the plastics. The dominant
plastic types were polyethylene (PE) and polypropylene (PP) with
samples analysed from sites >10 years having greater extent of
degradation by carbonyl index (CI) evaluation. Kamura et al. [19]
determined the contents from landfill sites. Their work showcased
the fact that rare metals were present at higher rates in when compared to naturally occurring ones. Mönkäre et al. [20] recovered
fine fractions (<10–24 mm) from landfill mining which represent
40–70 wt% of landfill contents. Their work has scaled-up anaerobic
and aerobic treatment of such materials coupled with physical
treatment to reduce associated harmful emissions. Quaghebeur
et al. [21] mined Flemish-Belgian sites and have reported that
PSW represented 25% of the total mined landfill waste. Plastics
buried at landfills have been reported to undergo a twenty years’
degradation process related to thermo-oxidative degradation and
anaerobic conditions summarised in Appendix A of this
manuscript.
Excavated PSW is expected to be of lower integrity when compared to virgin converted plastic products. Therefore, it is considered a good engineering practice to valorise this type of SW by
TCC methods (e.g. pyrolysis) which require minimal pretreatment to provide high-value products. Such methods are
known to produce light gases that simulate refinery fuel gas, tars
which comprise aliphatic and aromatic waxes and oil, and solid
pyro-char equivalent to carbon black [22–24]. To date, only few
studies have attempted to detail the characteristics of reclaimed
PSW or investigated its potential for fuel recovery. In addition, to
do so it is essential to investigate the thermal behaviour and profile
of such materials to determine its fate when introduced to TCC
processes and provide a detailed guidance for reactor design. The
first step for such studies is the determination of the thermal profile and degradation kinetics of the reclaimed PSW. Bosmans et al.
[24] have investigated the degradation kinetics of refuse derived

fuel (RDF) processed from two types of plastics reclaimed from a
mixture of municipal and industrial sources. The kinetics parameters were estimated using non-linear least squares algorithms. The
apparent activation energy (Ea) of the kinetics model developed
varied between 99 and 353 kJ mol1. Chabbra et al. [25] studied
the thermal degradation behaviour and kinetics of collected PSW
from a waste site that included a range of plastic materials (e.g.
LDPE, HDPE and PP). The degradation kinetics were investigated
by studying the fraction of plastic weight rate against degradation
time. The determined Ea values for LDPE, HDPE and PP were 232.2,
313.6 and 227.3 kJ mol1, respectively. On the other hand, Gunasee
et al. [26] observed a synergetic effect using thermogravimetric
analysis (TGA) coupled with mass spectroscopy (MS) whilst investigating PSW components. Miteva et al. [27] investigated the
degradation and kinetics of polyolefin PSW using two kinetic models, namely the Flynn–Wall–Ozawa and Kissinger–Akahira–Sunose
methods. There were no observed changes in the results obtained
by both methods. The current study aims to investigate the thermal profile and degradation kinetics of real-life reclaimed PSW
by determining the degradation behaviour of materials excavated
from an active landfill. The materials were characterized by TGA
and differential scanning calorimetry (DSC) in accordance with
internationally approved test methods in a simulated pyrolytic
environment [28–31]. The apparent activation energy (Ea) of the
degradation reaction was also determined by applying model free
and model dependent analytical kinetic models, and were compared with each other and available technical literature. To the
best of the authors knowledge, no such work of this nature has
been attempted in the past. The work in this study also aids in
future scale-up plans, in understanding the behaviour of reclaimed
PSW in TCC units and how to best approach its treatment as a
source of chemical products and fuels.
2. Materials and methods
2.1. Description of studied landfill
The materials were mined and reclaimed from the Mina Abdullah (MAB) landfill site within the southern boarders of the industrial estate in the State of Kuwait (lat. 29°190 33.2400 N; long.
47°360 41.0400 E) as depicted in Fig. S1 of the Supplementary Materials File. The landfill site operates an unsanitary landfill where
commingled MSW collected from daily kerbside schemes are
directed to the landfill site. The materials are landfilled after
weighing on dedicated bridges with no separation for recylables.
The MAB landfill was opened for operation in 1991 occupying
1.11 km2 area and is still operational. It is considered the smallest
landfill of Kuwait that deals with MSW management. It is located
some 70 km from the city and serves the suburban areas of the
country. Unsanitary landfilling is conducted in Kuwait utilizing
disposal sites and ditches without lining or segregation. The landfills are currently dedicated for MSW generated within Kuwait
which includes components reported previously by Al-Jarallah
and Aleisa [32]. For more information on quantities and daily activities and operation for MAB, readers are referred to Al-Salem et al.
[33] where quantities of waste and detailed operation of the landfill site are described.
2.2. Sampling protocol and materials acquirement
The overall sampling and analysis protocol is shown schematically in Fig. S2. The mining and reclamation of the buried SW was
conducted following internationally recognised protocols previously published and applied in research and development works
[21,34–36]. The sampling was conducted after the selection of an
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active landfill site within MAB and the mining process was executed with a cactus grab spade crane tractor vehicle [34]. The
SW was mined from a singular ditch where the MSW was buried
for six months (under 1 m of soil), and the sampling of the material
was conducted after removing the top soil (10 cm) and black
matter was noticed. The mining process was conducted on the
13th November 2018 and the granulometric distribution of the
landfill sites in Kuwait has been reported in the past [34]. The landfill site was also noted to be of a sandy texture which confirms with
previous analysis conducted on sand composition in Kuwait which
also contains a subsurface horizon of Gatch which is a caliche layer
[37,38]. Fig. 1 depicts various stage of the mining and sampling of
the SW conducted in this work.
2.3. Waste samples assessment, segregation and conditioning
The reclaimed waste (30 kg) was initially air blown and washed
using a Jet-X (JX 8070 model) high pressure washer under two bar
of water stream to ensure all dust particles were removed from the
surface of the materials. After which, the reclaimed materials were
washed using regular tap water pre and post open air drying for
three continuous days. All samples during this work were stored
in laboratory controlled conditions (22–23 °C/50% relative humidity) and kept in sealed rigid plastic containers. Weighing scales
were used to quantify the amount of the reclaimed waste. The
waste samples were segregated and categorised into six types in
accordance with accepted international waste segregation and
handling protocols for waste management [39–41]. These categories were plastics, metal & white goods, paper & cardboard,
wood, organics and miscellaneous (others). PSW composed some
20% of the total reclaimed SW and was later removed and shredded
using a three V cutting knifes Vema Company shredding machine
operated at 580 rpm speed, with a mesh size of 5–15 mm for an
approximate time of 3 min. The waste samples were yielded as
flakes with an approximate size of 4–90 mm (manually measured)
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after three shredding cycles. The PSW flakes were then cryogenically milled using a Retsch Co. Cryomill equipped with a 50 L liquid
nitrogen tank (stainless steel grinding ball size = 25 mm) with a
grinding and pre-set program as follows: Number of cycles (9),
pre-cooling time and frequency (30 s and 5 Hz), cycle time (3
min and 25 Hz) and pre-set time (1 min and 5 Hz) [34]. The material produced was of an average size of 50  50 (±8) mm as verified
by placing them under JEOL-JSM-6010 LA SEM using a voltage of
15 kV (to prevent damage of polymeric film) resulting in various
micrographs taken with a 100–10,000- fold magnification. The
sample surfaces were placed on a double sided carbon tape positioned on a metal holder then coated with a layer of platinum with
a thickness of 8–10 nm by sputtering using a JEOL-JFC-1600 sputter coater for 30 s. Fig. S3 in the Supplementary Materials File
shows the shredding unit assembly and Fig. S4 depicts the average
size obtained for the PSW after cryogenic milling. In addition,
Table S1 shows the mass of the samples reclaimed, and the percentile analysis of each waste category in this work is shown in
Table S2.
2.4. Elemental analysis, physcio-chemical properties and calorimetry
Elemental Analysis was conducted by dynamic flash combustion using a 2 ± 0.1 mg in a Thermo Flash 2000 analyser as per
ASTM D5373 [42] and ASTM D5291 [43]. Ash Content (A) was
determined using gravimetric analysis with a muffle furnace as
per ASTM D5630 [44] for plastics and ISO/DIS 1762 [45] for the
adjusted temperature of 525 ± 25 °C by testing 4 ± 0.1 g of the
reclaimed PSW. The fixed carbon (FC) content was estimated using
Eq. (1) based on the dry weight basis [46].

FCð%Þ ¼ 100%  VMð%Þ  Að%Þ

ð1Þ

where VM (%) is the volatile material calculated as the difference
between the raw material and the fixed carbon (FC) content.
The ash (A) is experimentally determined from the averaged

Fig. 1. Pictorial Analysis of Sampling Procedure Followed For Waste Reclamation Using (a) Spade Tractor to Excavate The Landfill Ditch; (b) Obtaining Black Matter Where
Waste is Buried; (c) Reclaiming The Waste, and (d) Segregating The Material Before Washing. Published with permission from. Source Al-Salem et al. [34] (Published with
permission)
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components of the weight loss thermograms obtained from thermogravimetry conducted between room temperature (RT) to
850 °C using 1 mg of sample weight (Fig. S5). The higher heating
value (HHV, MJ kg1) of the materials tested was also calculated
using three distinct methods; namely the Dulong’s, Boie and the
Institute of Gas Technology (IGT) formulas as per the following [47]:

HHV ðMJ kg1 Þ ¼ 0:336 C þ 1:418 H þ 0:094 S  0:145 O

ð2Þ

HHV ðMJ kg1 Þ ¼ 0:3515 C þ 1:1617 H þ 0:1046 S  0:1109 O
ð3Þ
HHV ðMJ kg1 Þ ¼ 0:3147 C þ 1:3221 H þ 0:1232 S
 0:1198 ðO þ NÞ  0:153A

ð4Þ

where C, H, N, S, O and A; stand for the dry weight basis content of
carbon, hydrogen, nitrogen, sulphur, oxygen and ash contents. The
identification of the PSW was performed using chemical printing
and calorimetric analysis by segregating the reclaimed waste into
six categories by colour as depicted in Fig. S6 thus: White (61 wt
%), black (11 wt%), blue (2 wt%), yellow (6 wt%), pink (2 wt%) and
others (18 wt%). Fourier-transform infrared spectroscopy (FTIR)
and differential scanning calorimetry (DSC) were used to identify
the type of polymers constituting the PSW. The infrared spectra of
different colour samples were measured using a PerkinElmer Frontier FTIR spectroscopy with an Attenuated Total Reflectance (ATR)
attachment. All Spectra were taken with a resolution of 4 cm1
and 32 scans (Fig. S7) which recorded a distinct PE band in the
region of 3000–2750 cm1. DSC thermograms-heat flow were measured by heating samples (1 mg) from 50 to 300 °C at a rate of
10 °C min1 under a constant flow of N2 (50 ml min1) using a
Mettler-Toledo DSC 3 Calorimeter (Fig. S8).

2.5. Thermogravimetric analysis and stability
Thermal degradation of the samples was investigated using a
Mettler-Toledo TGA 3+ Model coupled with StarE data acquisition/analysis software set to record the data every second under
multiple heating rates (b) (i.e. 5, 10, 15, 20 and 25 °C min1) conforming with the protocols and approved methods of the International Confederation for Thermal Analysis and Calorimetry (ICTAC)
previously published in Vyazovkin et al. [48,49] for non-isothermal
(dynamic) thermogravimetry. These were conducted to diminish
sample size influences on the weight loss and kinetic analysis. A
constant flow of nitrogen (N2, dry gas with 99.99% purity) with a
flow rate of 50 ml min1 was maintained throughout the experiments. The measurements were conducted using 1 ± 0.1 mg samples from RT to 600 °C made with at least triplicates showing high
repeatability with standard deviation (std) not exceeding 1%. The
crucibles used in all experimental runs were made of alumina with
a 70 lL size. Weight loss (%) and first derivative (DTG, % °C1) were
recorded constantly to estimate the onset (Tos), midset (Tms),
inflection point (Tif) and maximum degradation temperatures
(Tmax.) of each obtained thermogram. The TGA unit was externally
calibrated and maintained regularly before each experimental
batch using standard reference materials as per ISO 11358 [50].

3. Results and discussion
3.1. Identification of reclaimed PSW
The majority of the reclaimed PSW (>60%) were soft white plastics which are most likely to be packaging materials and carrier
bags (Fig. S6). Among the others, there were some rigid plastic
and polymeric articles as well. The absorption bands investigated
in this work were characteristic of polymeric - commercial plastic
articles with some pigments present as well (Fig. S7). PE has two
absorption bands assigned to ACH2A asymmetric and symmetric
stretching vibrations, while polypropylene (PP) has four superimposed absorption bands corresponding to asymmetric and symmetric stretching vibrations of methylene and methyl groups. All
samples in this work have typical PE doublets in the range of
1460 cm1 and 780 cm1 (Fig. S7). In the doublets, the absorption
bands with lower wavenumbers could be attributed to the amorphous fraction in the sample. On the other hand, the ones with
higher wavenumbers result from the crystalline fraction within
the polymeric matrix. The other absorption bands in the spectra
would be due to the dyes or other additives commonly present
in plastics. Therefore, it can be deduced that the reclaimed materials in this study are all of PE origin.
Thermoplastic polymers, PO plastics such as PE and PP, constitute the majority of the consumers’ demand around the world
and major share of PSW found in municipal sources [2,15,51,52].
The recent work of Canopoli et al. [18] showed that PSW made
up an average of 8% of mined SW from UK sites of less than ten
years of disposal. In addition, PE made up over 55% of the total
PSW reclaimed from landfill sites. He et al. [17] has also noted that
PE made up over 34% of the PSW found in Chinese landfill lechate.
In this work, the age of the landfill ditch and the disposed waste
was of six months. No organics fraction was present within the
reclaimed SW which can be attributed to the arid conditions of
the state of Kuwait and the fact that the landfill site was unlined
and directly buried in the ground. The past work of Al-Salem
[52] showed that LDPE and HDPE polymers represent about 80
thousand tons per annum of the total plastic conversion capacity
of Kuwait which was estimated at 350 thousand tons per annum.
These two polymers were also amongst the highest value imports
of the State. Therefore, the fact that all of the reclaimed PSW in this
work was of PE nature, goes in-line with overall consumption and
waste disposal trends in Kuwait and around the globe; does not
represent a unique or a standalone case of recently mined MSW.
The DSC thermograms obtained in this work confirm the samples reclaimed were of PE origin (Fig. S8). All samples showed a
melting point (Tm) around 126 °C with the exception of the blue
sample which had a slightly higher melting temperature of around
133 °C. In the earlier work of Al-Salem et al. [53], it was noted that
PSW of plastic film-type in Kuwait had the following composition
(by polymer type): LLDPE (46%), LDPE (51%), HDPE (1%) and PP
(2%). The fraction of PE was dominant and any other plastic materials can be considered negligible. The Tm obtained in this work
also confirm with published MSDS of most commonly used PE
resin in Kuwait [54], namely LLDPE which is also confirmed by
the fact that the majority of the reclaimed waste was of film nature
which LLDPE is used for its manufacture.

3.2. Physico-chemical characteristics and main properties
2.6. Kinetic analysis
A detailed kinetic investigation was performed in this work following the recommendations of the ICTAC aforementioned [48,49]
and are shown in Appendix B of this manuscript.

Table 1 shows the main characteristics of the reclaimed PSW in
this study and the standard deviation reported is based on the
experimental analysis conducted. The average moisture content
obtained was 0.005% which represents a very dry sample in comparison to typical components of MSW or past studies conducted
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Table 1
Summary of Elemental Analysis and Physico-Chemical Properties Conducted on Reclaimed Plastic Solid Waste.
Moisture (%)

Volatiles (%)

Ash (%)

Total Carbon (%)

Total Nitrogen (%)

Total Hydrogen (%)

Oxygen (%)

0.005 ± 0.00

95.18 ± 0.1

4.81 ± 0.1

77.90 ± 0.2

0.084 ± 0

12.96 ± 0.1

6.27 ± 0.5

on mined PSW [54–58]. Moisture in PSW is typically associated
with precipitation in landfill sites and the biological decomposition
of the organic waste fraction [58]. In addition, with the exception
of plastics encompassing a renewable-biodegradable fraction, plastics are hydrophobic materials that repel the majority of moisture
from its surrounding environment. The low moisture content was
expected in this work as the samples were attained from an unsanitary landfill site leading to the decomposition of organics very
rapidly; and the arid climatic conditions of the site which allows
summer ambient temperatures above 55 °C in a sandstone desert.
Furthermore, the reclaimed PSW in this work represents a first
layer mined SW which is also typically lower in moisture content
if perpendicular water penetration is to be taken into account
[58]. Adrados et al. [56] characterised real-life PSW samples
reclaimed from a materials recovery facility in Spain. The ash content of the samples, which contained PE by 18.7%, was 28.2% in
their work. The amount of ash represents the inorganic fraction
of the samples which is complimented by the organic fraction
(volatiles) in making up the total sum of the material. In this work,
the ash content was estimated as 4.81 ± 0.064% and the total volatiles were 95.18 ± 0.05%. The PSW landfilled in this study was relatively fresh (six months old) when the mining process to reclaim
it commenced. Therefore, the total decomposable fraction represented by the volatiles was higher than past work on reclaimed
PSW from landfill sites with an age of ten years and more [58]. This
could be attributed to the fact that fresh PSW is less prone to photo
and anaerobic degradation stressors, which yield more crystalline
zones within the polymeric matrix rendering it more hard to
vaporise with temperature. This is also complimented by the high
carbon content obtained (77.9%) which shows that the material has
not lost the majority of the organic carbon fraction bound to its
molecular structure. Readers are also referred to the raw experimental data obtained in this work depicted in Table S3. Past findings on PSW showed that carbon content could reach levels as low
as 35.23% as reported by Hashem et al. [59] showing severe degradation and integrity loss of the material.
The characteristics of the materials tested in this work, also
favours TCC treatment from a circular economy point of view over
other conventional recycling option such as physical (mechanical)
recycling or incineration. Mechanical recycling will require various
segregation efforts and the determination of the feedstock integrity
for it to be suitable and comparable to market standards. On the
other hand, incineration can’t be practical considering the feedstock preparation required to process PSW as a feedstock [18].
TCC technologies can be divided into three main categories
depending on the treatment and operating conditions. These are
pyrolysis, gasification and hydrogenation [16]. Out of the three
technologies, pyrolysis has received renewed attention nowadays
due to various reasons. These could be summarised as relatively
ease in operation (in comparison to the other two), high value product yielded at relatively moderate conditions, and easily marketable products [60]. It was also recently estimated by Fox and
Stacey [61] that the potential revenue of alkene products (potentially recovered from pyrolysis) is between $80 and $160 per tonne
of processed feedstock material. Canopoli et al. [18] used these
estimates in their work and determined that reclaimed PSW with
high PO proportions can yield a rate of return on investment of
about $805 million. Pyrolysis can also produce monomer feedstock
and chemicals that feed into the petrochemicals production chain

and close the loop when it comes to recycling and end of life treatments. This feeds also into the overall circular economy thought
process that can stimulate investors in supporting such green technologies for future studies and establishing environmentally
friendly projects.
3.3. Thermal stability of reclaimed waste
Thermogravimetry has been applied in the past to study the
degradation behaviour of various types of organic materials
[31,62–66]. It is also essential to understand the degradation
mechanism and the thermal stability under the conditions that
simulate the targeted process which can be done using TGA.
Fig. 2 shows the raw experimental data obtained for the reclaimed
PSW and subjected to pyrolysis. The temperature ranges between
350 and 500 °C demonstrated the major share of the decomposition stage for the five heating rates employed in this study. In addition, it was observed that a residual mass of 3–8 wt% was left by
the material tested and the duplication of the experimental runs
did not result in an equal amount of residue under specific b values. Nonetheless, this behaviour didn’t affect estimations of neither the maximum degradation temperature (Tmax) or the
inflection point (Tif). Therefore, smoothing the experimental curves
for further modelling exercises could be beneficial to the case at
hand similar to past efforts by Al-Salem and Khan [67]. This behaviour was also observed previously by Bach et al. [62] on reclaimed
polyvinyl chloride (PVC) industrial waste. Khedri and Elyasi [68]
pyrolysed HDPE in a thermogravimetric set-up using a b value in
the range between 40 and 55 °C min1 and reported near zero
residual mass in their work. A mixture of PSW containing 7.4 wt
% of HDPE was also studied by Mumbach et al. [46] in TGA resulting in a range of residual mass between 1 and 5 wt% depending on
the b value which was between 5 and 30 °C. Al-Salem et al. [63]
reported some 1 wt% of residual mass post TGA experiments on
virgin HDPE. The slight increased amounts of residual mass in this
work compared to previous findings reported on virgin HDPE could
be attributed to the level of degradation the waste material was
subjected to. Photo-degradation will induce the cross-linking of
the polymeric matrix and will result in a more rigid plastic material that can require higher amount of thermal energy to fully
decompose. In addition, the majority of the materials analysed in
this study where observed to be of commercial grades and product
commonly found in the plastics waste stream. It has been previously reported that commercial grade polymers will result in high
amounts of residual char post thermogravimetric studies [69]. This
is due to the elevated level of commercial additives present in such
plastic articles. The increase in the b values also led to a clear shift
in the degradation curve (Fig. 2). This also confirms that a clear
change in deterioration mechanism is attributed to the change in
heating rate which results in a clear difference in the material
response. The displacement of the TG curves could also be attributed to the thermal lag effect resulting from the increased b values
[70]. This provides insights into the materials behaviour when simulating fast pyrolysis as it was previously described by Hato et al.
[71].
Table 2 shows the temperature profile obtained for the materials tested in this work. PE typically degrades with an onset temperature in the range of 377–415 °C [63]. Virgin HDPE started to
degrade at 425 °C in the work of Khedri and Elyasi [68]. On the
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Fig. 2. Thermogravimetric Analysis (TGA) Thermograms Obtained For The Reclaimed PSW Samples.

Table 2
Temperature Degradation Profile of the Reclaimed PSW Material.
b (oC min1)

Tos (oC)

Tif (oC)

Tms (oC)

Tmax. (oC)

5
10
15
20
25

403.92
415.00
421.75
426.66
430.41

454.17
466.00
474.50
482.00
484.17

448.17
460.83
468.50
474.00
478.33

498.67
513.16
522.00
528.33
533.33

other hand, Mumbach et al. [46] showed that a mixture of plastic
waste/refuse (containing minimal HDPE content of 7.41%) exhibits
a Tos at around 250 °C. In this work, the Tos was determined using
TGA in the range of 403.92–430.41 °C with respect to the varying b
values. These findings also confirm and falls within past results on
HDPE for the start of degradation temperatures reported by previous authors [62,72]. A singular Tif was prominent in the studied
samples and showed an average value of 475 °C indicating the
temperature of maximum change in weight loss (Table 2). The
maximum degradation temperature estimated in this work also
shows a range of values between 498 and 533 °C which is considerably lower with respect to b values than previous findings on virgin HDPE used in Kuwait (500–629 °C), [63] or elsewhere (535–
565 °C), [68]; 560–600 °C, [62]. On the other hand, Tmax reported
in this work fell within the range of reclaimed PSW reported by
Mumbach et al. [46] (490–540 °C).
3.4. Estimated kinetic parameters from model free methods
The obtained thermograms were used to estimate the Ea values
from the model free methods previously described in Section 2.
The isoconversional method of Friedman was firstly used to study
the degradation reaction of the material. Isoconversional methods
are known to be independent of the degradation mechanism and
can estimate the Ea across the whole breadth of the degradation
reaction using various b values. The Friedman plot is shown in
Fig. 3 which shows high regression coefficient values (r2) gener-

ally > 0.93 indicating linearity. The value of a was chosen as 5%
to present a broader range of the dataset and extent of conversion
which results in a more accurate estimate of Ea value which was
determined to be as 261.88 ± 9 kJ mol1 [48]. Guanasee et al.
[26] estimated the Ea value of commingled SW containing a plastic
fraction using Friedman’s method to be 250 kJ mol1. Khedri and
Elyasi [68] estimated the Ea values between 134 and 185 kJ mol1
with respect to conversion rates between 0.90 and 0.05 for virgin
HDPE. On the other hand, virgin HDPE were studied by Al-Salem
et al. [63] and Aboulkas et al. [62]; and the Ea values were reported
to be 184 kJ mol1 and 247 kJ mol1, respectively.
The FWO method was also used in this work to estimate the Ea
values of the PSW degradation reaction. The FWO is one of the
most popular methods reported in literature and was previously
used to estimate the kinetic parameters namely the Ea values for
PP (127 kJ mol1), [22], HDPE (208 kJ mol1), [63], cattle manure
(126–192 kJ mol1), [65] and egg shell waste biomass
(221 kJ mol1), [30]. The FWO is also considered an isoconversional
method of an integral form that produces a mechanism independent value of Ea [30]. The FWO plot depicted in Fig. 4 shows high
linearity amongst the studied dataset population (>0.97) and the
average Ea value was estimated to be 109.89 ± 6 kJ mol1. Fig. 5
shows the variation in the obtained Ea values using both isoconversional methods of Friedman and FWO. It is essential to consider
more than one method for the kinetic parameters estimation, in
order to, attain a good understanding of the true behaviour of
the material under pyrolytic conditions. It was noted that a similar
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relationship was obtained between the conversion fraction and the
estimated value of Ea. This was also previously observed by Nisar
et al. [7] in their study. In general terms, the Friedman method
yielded a higher estimate of energy than those determined using

the FWO method. The compensation effect on the dataset studied
could also yield different results of kinetic parameters for similar
datasets as observed by Ceamanos et al. [73]. Chen et al. [65]
referred to the ICTAC recommendations in their work, where they
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have stated that if the variation between the minimum and maximum Ea values is over 30% a more complex differential method is
required for the dataset analysis [48,49]. In this work, the overall
variation between the obtained Ea values was estimated as 42%
and 73% for the Friedman and FWO methods, respectively. Therefore, both methods are rendered inadequate for the obtention of
kinetic parameters in this instance. Nonetheless, the variation of
Friedman’s method up to 40% of conversion was estimated to
27%, making it adequate for low conversion rates. This could also
be attributed to a change in mechanism of the studied waste material has on the obtained results. The large variation in the FWO
could also be explained by the expected errors in the results of
integral methods [65].
Fig. S9 shows the fitting curve of the Kissinger method
employed in this study. It is quite evident from the obtained curve
that the regression is equal to near unity which indicated high
accuracy resulting from the employment of this method. The
method is based on the assumption that the maximum point,
whether it be on the derivative or thermogram curve, of a single
step reaction is reached independently of the employed heating
rate at the same value of a [36]. Naskar et al. [74] used this method
to determine the Ea value for the degradation of PSW resulting
from carrier bags. The degradation reaction of the PSW resulted
in an Ea value of 180 kJ mol1. Rana et al. [75] determined the Ea
value of rejected PP waste, plastic films and pellets as 108, 98
and 132 kJ mol1, respectively. This work resulted in an Ea estimate
of 226 kJ mol1 with a high accuracy of the regression fit. The
ICTAC committee explicitly state in their kinetics computations
recommendations that the Kissinger method should be backed
up by other isoconversional ones [48]. The Friedman method used
in this work results in a value that is approximately similar to the
Kissinger method namely for lower conversion rates. In addition to
the high accuracy of the data fitting curve, this provides a good
reliability of this method when compared to others.

3.5. Degradation mechanism determination of plastic solid waste using
Criado’s masterplots
The method of Cridao was implemented in this work by using Z
(a)/Z(0.5) with respect to each conversion value (a), as previously
described. The aim was to compare the generated masterplots
(theoretical ones) with the experimental data produced at a b value
of 5 °C min1 as it is the slowest rate which in reality can produce
the most reliable data for mechanism determination [62]. The
models of degradation mechanism were depicted previously in
Appendix B. The plot of mastercurves are typically performed by
overlapping theoretical and experimental curves from the dataset
generated as a function of the conversion to produce the pseudo
component plots [46]. Fig. S10 shows the master and experimental
plots produced for the PSW reclaimed from the landfill site. The
experimental curve nearly overlaps and coincides with the A3
model master curve. This is a clear indication that AvaramiErofeve degradation mechanism represents the best representative
to the case at hand. The data produced also confirms that the
degradation is of a single step reaction as the curve doesn’t overlap
or simulate other curves as well as the A3 model or follows two
stage degradation curves previously shown by Xu et al. [76]. The
estimated Ea is about 109 ± 9 kJ mol1 which is in the same order
of magnitude as the FWO method.

4. Conclusion
There is little information available on the actual value and
appropriate treatment methods for landfilled waste namely plastic
solid waste (PSW) resulting from landfilling mining operations.
These operational conditions represent real life reclaimed waste
that needs to be treated in accordance with appropriate conditions
based on technical findings that can stretch to design aspects in the
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future. Furthermore, PSW also shows potential as a feedstock
material for various thermo-chemical conversion (TCC) technologies namely pyrolysis, based on previous works. In this work, the
nature of reclaimed landfill mined PSW was determined after excavating an active unsanitary landfill site in Kuwait. The PSW was
determined to be of PE in nature and its properties determined
experimentally have shown that the reclaimed waste was of high
integrity and could be used as a feedstock material for pyrolysis
units. The thermal profile of the material showed a clear shift in
the degradation thermograms in response to a change in heating
rates used in thermogravimetric analysis which indicated that
the degradation level, duration of landfilling of the material and
properties are of major impact on the obtained results. The apparent activation energy (Ea) resulting from the model free and model
dependent methods applied ranged from 199 to 266 kJ mol1
which is in-line with pyrolytic reactions applicable for future use
in fuel recovery units. In addition, the degradation mechanism of
the feedstock material was determined to be Avarami-Erofeve
which can be used for future design of units that handle similar
feedstock materials. The characteristics of the materials tested in
this work, also favours TCC treatment over other conventional
options such as physical (mechanical) recycling or incineration,
and is attractive from a circular economy perspective. It should
be noted that TCC technologies for such feedstock materials will
also utilise less resources for segregation and can result in valuable
hydrocarbon products. The work in this research could be
extended in various directions to satisfy the gaps in current knowledge. Investigations into the use of landfill recovered feedstocks
with different levels of contamination could be studied using micro
and macro techniques, such as thermogravimetry coupled with
mass spectroscopy and subjecting the feedstock to bench and pilot
scale processes to further understand the behaviour of materials in
larger scale operation. Furthermore, modelling and optimising the
operation of such process and their integration with the oil and gas
industry, may be beneficial to oil-at reducing our dependence on
virgin feedstocks. Furthermore, mathematically optimising the
operation of such process to present an integrated platform with
oil and gas industry, could be of a certain benefit to oil based
economies worldwide.
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