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Plastics are among the most-used materials globally, with thousands of different grades and a wide range of
applications. However, its end-of-life management is a common issue, despite most plastics produced today
containing highly recyclable thermoplastics. The quality of recycled plastic material should be enhanced as it
depends on several factors, such as cross-contamination, presence of additives, impurities and degradation
rate. In this study, a comparative analysis of thermochemical characteristics of virgin and recycled commonly-
used thermoplastic polymer, high-density polyethylene (HDPE), was performed to study the impact of recycling
on the material properties. The proximate and ultimate analysis, identification of functional groups and thermal
behaviour were performed to study the chemical changes in the recycled and virgin material. The results showed
that recycled HDPE started to degrade at a lower temperature than virgin HDPE, with a lower degradation rate
(92.7 wt.%) compared to virgin HDPE (99.6 wt.%) due to the presence of impurities and other factors. Calorific
values of both samples were comparable, while the degree of crystallinity was 79.8 % for virgin HDPE and
around 19 % lower for recycled HDPE samples. Significant differences between recycled and virgin material
were also obtained in terms of melting and crystallisation enthalpies.

1. Introduction

Societies' daily activities are responsible for mishandling plastics and, notably, plastic waste, which has proven
to be a very weak human trait in the last few years. Plastic pollution has become one of the pressing
environmental problems. Around 400 Mt/y of plastics are produced globally, mainly from fossil hydrocarbons
obtained from oil, natural gas and coal, and more than 50 % of the total production amounts to single-use
plastics (Chen et al., 2021). Globally, less than 10 % of all produced plastic waste is recycled, leading to an
enormous plastic waste footprint (Klemes et al., 2021). In the EU, the figure is slightly better (32.5 % recycled)
(European Parliament, 2021); however, the degree of circularity is still far from sustainable. The post-consumer
plastic waste is usually not well-managed (Evode et al., 2021), as it is usually incinerated or accumulated in
landfills and natural environments such as marine litter, posing a significant threat to the environment. High
recalcitrance of most plastics results in their long persistence in the environment and thus in the accumulation
of large amounts of plastic litter in the land and water environments (Moharir and Kumar, 2019) which slowly
degrade into macro, meso, micro and nanoplastics (Boyle and Ormeci, 2020). There are, to date, no effective
solutions for the rapidly growing production of plastic products. A major challenge is to develop waste
management strategies, such as ten common circular economy strategies (10 R’s) (Fan et al., 2021), to
efficiently transit towards the circular economy.

Large quantities of plastic products are made from thermoplastic polymers, such as polypropylene (PP), high
and low-density polyethylene (HDPE and LDPE) and others. HDPE is one of the most widely used semi-
crystalline polymers in our daily life owing to its many desirable and beneficial physical properties, such as good
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chemical resistance and mechanical strength (Xie et al., 2019). Other advantages are low price, easy
processing, and resistance to abrasion and chemicals. It is used for bottles, toys, caps, plastic bags, and various
packaging. The best advantage of this polymer is that it can be recycled several times, and consequently, it is
among the most recycled polymers globally. Recycled HDPE (R-HDPE) represents the second-largest share of
the plastic recycling market (James et al., 2019).

In one of the studies (ESE, 2018), it was found that HDPE can be recycled at least up to ten times. The study
of the impact of mechanical and thermal properties of virgin HDPE over multiple (six) recycling processes
(Vidakis et al., 2021) concluded that mechanical properties of R-HDPE polymer generally improved over the
recycling repetitions for a certain proportion of recycling. The properties of virgin and R-HDPE obtained from
milk bottles were proved to be similar (Adhikary et al., 2008), indicating that R-HDPE could be used for various
applications. As HDPE is mainly produced from oil and natural gas by polymerisation, the reuse of recycled
polymer would be a significant advantage in the circular economy. Several research studies were also
performed dealing with various aspects of plastic materials, including the analyses of the thermal behaviour of
HDPE (Mazloum et al., 2021). The effect of thermal and thermo-oxidative degradation conditions on the
chemical and thermal properties of HDPE was also studied (Cuadri and Martin-Alfonso, 2017). However, in
some other studies, a decrease in the mechanical properties was observed for R-HDPE in mixtures with virgin
HDPE (Tesfaw et al., 2022). The disadvantage of plastic recycling, including HDPE, are huge amounts of toxic
gases that are generated during the recycling process (Evode et al., 2021). Also, the market for recycled plastic
materials experiences various challenges and barriers, including economic, technical, environmental and
regulatory barriers (James et al., 2019). More intensive research on comparative analysis of recycled materials
and their properties is needed to encourage their use.

The main goal of this study was to characterise the virgin and R-HDPE and to comparatively analyse their
thermochemical properties. The HDPE quality was characterised by the determination of the following
properties: moisture content, volatile matter, ash content, fixed carbon, elemental composition, calorific value,
identification of chemical bonds/functional group by Fourier Transform Infrared (FTIR) spectroscopy and thermal
behaviour by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The comparative
analysis could shed light on the behaviour of HDPE used as new material or as a fuel in the combustion process.
As comparative analyses on virgin and recycled HDPE materials are rare, this work brings valuable insights
regarding its thermochemical properties and further use.

2. Materials and methods

This section describes the characterisation methods and analytical procedures and further the procedure for
thermal analysis of virgin and recycled HDPE samples. Two samples of polymers, virgin HDPE (uncoloured
granulate, size of 3 x 3 x4 mm) and R-HDPE (blue coloured granulate from solid plastic packaging, size of 2 x
3 x 3 mm), were obtained from the local company that produces plastic packaging, were comparatively analysed
for their thermochemical characteristics. An important limitation is that the previous uses of R-HDPE are not
known in detail, and thus their impact on the material properties cannot be determined.

First, the basic characteristics, such as ultimate and proximate analyses, including moisture content, volatiles
and ash content, were determined. A moisture analyser (Mettler Toledo HB43-S) was used to determine the
moisture in the polymer samples. Approximately 4 g of sample was weighed on an aluminium pan and dried at
105 °C until constant weight. The analyses were performed in triplicate. Experimental higher heating value
(HHVe) was determined by combustion in a bomb calorimeter. The theoretical HHVt was calculated using Eq(1)
(Channiwala and Parikh, 2002):

My

HHV (kg

) =0.3491-C+1.1783-H + 0.1005-S — 0.1034-0 — 0.0151- N — 0.0211 - Ash (1)

where C, H, N, O, S, and ash are the weight percentages of carbon, hydrogen, nitrogen, oxygen, sulfur, and
ash on a dry basis. Ash content was determined by the combustion of samples at 800 °C for 3 h. Volatile matter
content (VM) was determined by measuring the weight loss by combustion of samples at 900 °C for 7 min. The
elemental analysis was performed by PerkinElmer Analyser Series Il 2400 (C, H, N, S content). The oxygen
content was calculated by Eq(2):

0 =100 —-C—H—N— S — Ash (all in wt.%) )
The fixed carbon (FC) was calculated as (Eq(3)):
FC (wt.%) = 100 — VM - Ash (3)



1323

Chemical functional groups and chemical bonds of recycled and virgin HDPE were identified by FTIR analysis.
The spectra of the samples were recorded in the range of 400 - 4,000 cm™! using a Shimadzu IRAffinity FTIR
spectrophotometer by attenuated total reflection infrared spectroscopy (ATR) method.

Thermal analyses were performed for the two samples by using TGA and DSC techniques. The TGA study was
carried out using Mettler Toledo TGA/DSC (TGA/DSC1 STAR). Each sample (205 mg) was weighed into the
aluminium pans and analysed. Measurements were performed in an air atmosphere in the temperature range
from 30 to 600 °C with a heating rate of 10 °C/min and with simultaneous recording of the signals.

For DSC measurements, the samples were first heated from 25 °C to 280 °C to obtain a molten phase, then
cooled to 25 °C to achieve a crystallisation curve, and then reheated to 280 °C to obtain a melting curve. The
objective of the first heating step was to eliminate the heat history of the sample. Crystallisation temperature
(Te) and crystallisation enthalpy (AHc) were determined from the cooling step while melting temperature (Tm)
and melting enthalpy (AHm) were determined from the second heating sequence. All experiments were
performed in triplicate at a constant nitrogen flow of 20 mL/min and at a constant heating and cooling rate of 10
K/min. Finally, the degree of crystallinity y.(%) for each sample was calculated following Eq(4). The degree of
crystallinity of the polymer reflects the degree of structural order and strength of the polymer because, in the
crystalline phase, the intermolecular bonding is more significant.

AHyp,

Xe(%) = -100 (4)

AHm,100%
where AH,, 1909 iS the theoretical melting enthalpy for HDPE with 100 % of crystallinity, which is by (Cuadri and
Martin-Alfonso, 2017) 290 J/g.

3. Results and discussion

The results obtained from the proximate and ultimate analysis of virgin and R-HDPE samples are shown in
Table 1. The elemental analysis revealed high contents of C and H in the samples and smaller amounts of other
elements. R-HDPE had almost 3 wt.% lower C content and, on the contrary, higher N, S and O contents. The
ash content was much higher for R-HDPE (5.18 wt.%) than virgin HDPE (0.03 wt.%). The results from elemental
analysis and ash content indicate that impurities appeared in the sample during the recycling process. Similar
to this study, lower C and higher O contents were characteristic also for the coloured PE waste as compared to
virgin PE, probably due to additives or dyes that were added to the polymer (Colnik et al., 2021).

The moisture content and fixed carbon were negligible in both HDPE samples. The volatile matter content was
99.96 % in the virgin HDPE sample, while in the recycled sample, lower content was measured, 93.56 %. This
confirmed that R-HDPE requires a longer residence time to achieve complete combustion. Differences between
the samples were also noticed in the measurements of calorific values (HHVe and HHV:), where the HHV value
of the recycled material was lower than that of virgin HDPE (44.75 vs 46.46 wt.% in the case of HHVe). The
calorific value obtained in this study was comparable to the calorific value of HDPE (46.48 MJ/kg) in one of the
previous studies (Singh et al., 2019). The values show that HDPE materials possess a large amount of chemical
energy for the end-of-life phase recovered by incineration or pyrolysis. Ultimate and proximate analysis showed
significant differences among the samples, which could affect the quality of R-HDPE and its further use.

Table 1: The results of ultimate and proximate analysis of HDPE and R-HDPE samples

Parameter HDPE R-HDPE
Ultimate analysis

C (wt.%) 85.03 £0.75 82.25 +0.92
H (wt.%) 14.29£0.13 11.48 £ 0.47
N (wt.%) 0.18 £0.03 0.26 £ 0.03
S (Wt.%) 0.42 £ 0.02 0.64 £ 0.01
O (wt.%) 0.05 +0.01 0.19+£0.03
Proximate analysis

Moisture (wt.%) 0.07 £ 0.01 0.07 £0.01
Volatile matter (% of dry matter) 99.96 +0.03 93.56 + 0.08
Ash (wt.%) 0.03 £ 0.01 5.18 £0.02
Fixed carbon (wt.%) 0.01 £0.00 1.26 £ 0.05
HHVe (MJ/kg) 46.46 £ 0.74 4475 £ 1.31
HHVt (MJ/kg) 46.56 +0.22 42.17 £ 0.66
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The FTIR spectra of the HDPE and R-HDPE are further presented in Figure 1a. The spectra of both materials
showed similar peaks, although, in the case of R-HDPE, significantly lower intensities of peaks were observed,
indicating the presence of impurities and contaminants. A peak at around 1,470 cm™ is attributed to CH>
scissoring vibrations of polyethylenes, while a peak at 700 cm™' reflects C-H bend. Due to the crystallinity of
polyethylene, the peak at 700 cm™' is split, and an additional peak is seen at around 720 cm™. Peaks in the area
between 2,800 and 3,000 cm™' result from aliphatic -CHx asymmetric and symmetric stretching, as the main
component of HDPE are aliphatic hydrocarbons, alkanes and alkenes. The HDPE spectra are comparable to
those reported in previous studies (Xie et al., 2019). Figure 1(b) further shows TGA and DSC curves of HDPE
samples exposed to heating in an air atmosphere in the temperature range from 30 to 600 °C (heating rate of
10 °C/min). TGA determines mass changes related to the degradation of the material, while DSC evaluates the
effect of temperature in the variation of a material heat capacity due to structural changes of material, like phase
transition or melting (Sorolla-Rosario et al., 2022). TGA curves showed that degradation of R-HDPE started at
a lower temperature than virgin HDPE. The temperature at which R-HDPE starts to degrade was ~441°C and
that of virgin HDPE ~453°C. Similar to this study, waste polymers showed a lower degradation temperature than
virgin polymers during the degradation of waste plastics under a non-sweeping atmosphere (Singh et al., 2019).
Virgin HDPE sample in this study degraded almost completely (99.61 wt.%), while in the case of R-HDPE, the
residue of around 7.50 wt.% of initial mass was observed, as the presence of contaminants in the recycled
material leads to an increased amount of residue. The characteristics of TGA curves agree with those of HDPE
(Mazloum et al., 2021) and other polymers such as PP and LDPE (Sorolla-Rosario et al., 2022) in the literature.
From the DSC curve, the peak temperature of melting was 144.61 °C for HDPE and 140.17 °C for R-HDPE.
The differences result from the composition of materials due to impurities and additives in R-HDPE. Several
volatile compounds were identified in waste and R-HDPE in the past, such as alcohols, hydrocarbons, alkenes,
phthalates, hydrocarbons, terpenes, and diverse sources for these volatiles were proposed, namely additives,
residues, preservatives and cleaning agents (Strangl et al., 2018). The presence of additives, plasticisers, etc.,
was found to cause an early mass loss and reduction in the degradation temperature, also in the case of waste
plastics (Singh et al., 2019). Multiple recycling processes adversely affect the physical properties and leads to
a lower degradation temperature.

a) :

T (%)
Weight loss (%) <
3

DSC (mW)
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cm ——TGAHDPE - DSC HDPE

Figure 1: a) FTIR spectra and b) results of TGA and DSC measurements for HDPE and R-HDPE samples

Finally, DSC analysis was carried out to investigate the changes in crystallisation and melting temperatures in
both HDPE samples, as well as their corresponding enthalpies and crystallinity. DSC curves in the temperature
range of 25 - 280 °C are presented in Figure 2, while Table 2 shows a summary of TGA and DSC experiments,
including the crystallisation, decomposition and melting temperatures, and melting and crystallisation enthalpies
for both samples. As shown in Figure 2, the three main zones can be recognised from the curves. Table 2 shows
that crystallisation temperatures of R-HDPE and HDPE were quite similar (111.14 °C and 112.34 °C), but
crystallisation enthalpies (AHc) differed for more than 50 J/g. Similar was noticed for melting temperature and
enthalpy, as AHm of R-HDPE was lower (174.48 J/g) than that of virgin HDPE (231.42 J/g). HDPE is almost
entirely composed of linear macro-molecules without any long branching chains, and it exhibits low melt strength
(Xie et al., 2019). The degree of crystallinity y.(%) of HDPE sample was 79.80 %, while R-HDPE sample
exhibited lower value, only 60.17 %. Lower degree of crystallinity after recycling of polymers such as PP, HDPE
and LDPE was also noticed in other studies (Hadi et al., 2014). The thermal properties of tested HDPE and R-
HDPE samples are compared with the properties of polyolefins reported in other studies, including
polypropylene (PP) (Mazloum et al., 2021) and low-density polyethylene (LDPE) (Colnik et al., 2021), which are
listed for the comparison. The discussed parameters are influenced by different factors such as the degree of
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branching, the presence of impurities or additives, the particle size or the thermal history of the sample (Sorolla-
Rosario et al., 2022). Plasticisers, antioxidants, lubricants, pigments, light and heat stabilisers, and thermo-
stabilisers are the most commonly used additives (Colnik et al., 2021) with a huge impact on their properties.
The higher the content of additives and impurities in the recycled material, the lower the melting temperature.

R-HDPE Cooling
wgr1{ HOPE —

2 i

] First heating /"\\\ Second heating

1 — ~ / \\ ——

o / i

] — —_——
_1E ﬁﬁ/ \\”//
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Figure 2: DSC curves of a virgin (red) and R-HDPE (black) in the temperature range of 25 - 280°C.

Table 2: Thermal properties of HDPE and R-HDPE samples from this study compared to other polymers

Sample Tc(°C) AH:(J/g) Tm(°C) AHm(J/g) Tda(°C) x.(%) Reference
R-HDPE 111.14 193.77 132,92 174.48 441 60.17  This study

/ / 131 / / 68.2 (Hadi et al., 2014)
HDPE 112.34 25342 13450 231.42 453 79.80 This study
116.76 214.68 142.71  213.56 / / (Colnik et al., 2021)
11240 186.20 133.80 192.00 415 66.20  (Cuadri and Martin-Alfonso, 2017)
/ / 139.00 / 478 / (Sorolla-Rosario et al., 2022)
/ / 140.00  130.00 / / (Mazloum et al., 2021)
R-LDPE / / 110 / / 441 (Hadi et al., 2014)
LDPE 93.01 91.25 113.81  95.11 / / (Colnik et al., 2021)
/ / 109.00 / 463 / (Sorolla-Rosario et al., 2022)
PP / / 157.50 69.00 / / (Mazloum et al., 2021)
/ / 154.00 / 444 / (Sorolla-Rosario et al., 2022)

4. Conclusions

This study presented the results of thermochemical characterisation of virgin and recycled commonly used
thermoplastic polymer HDPE. The results showed significant differences between virgin and recycled polymer
samples in terms of characteristics, such as elemental composition, volatiles, ash content and calorific value.
FTIR analysis revealed lower peak intensities for recycled polymer. R-HDPE exhibited lower degradation
temperature than virgin HDPE, most likely due to the presence of impurities. The recycling process, according
to DSC analysis, significantly affected melting and crystallisation temperatures and enthalpies. Characterisation
of the virgin and recycled polymer provides important information that could be used for conducting Life Cycle
Assessment (LCA) and optimising the chemical recycling process. Sorting affects the presence of contaminants,
additives and impurities, both in terms of quantity and quality, and more efficient waste recycling and recovery
are crucial. Future work could include a comparative analysis of thermochemical characteristics of HDPE over
multiple recycling processes and characteristics of other thermoplastic and thermoset polymers. It could as well
evaluate plastic recycling by accounting for downgrading, sustainability and circularity considering cradle-to-
cradle designs. Finally, it could evaluate the global environmental impact of various plastic materials considering
their current and more intelligent waste management systems. The results could help make provision for more
sustainable waste management strategies and the transition to a near zero-waste lifestyle.
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