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Abstract: A challenge involving the lasting usage of organic compounds is problematic worldwide,
with scientists finding ways to solve it. This study explores the effects of repeated recycling on the
mechanical, thermal, and structural properties of organic material polypropylene (PP) crates with
and without antioxidant additives. In the laboratory, ten batches were created: virgin PP, PP made
from mechanical recycling of organic compounds and PP with Arenox A-10 as an antioxidant.
Characterisation involved tensile and impact tests, Melt Flow Index (MFI), Differential Scanning
Calorimetry (DSC), and FTIR spectroscopy. Results indicated that reprocessing increased MFI values
(6.72 to 9.01 g/10 min) due to chain scission, while antioxidant addition mitigated degradation,
preserving tensile strength (2022 MPa) and improving impact resistance (45-58 kJ/m?). Both DSC
and FTIR tests revealed that recycled PP and virgin PP have the same stability and composition. With
antioxidant treatment, organic recycled PP is effective in several industrial uses and supports cost-
efficiency for the environment and economy in many sectors such as construction, pipes and the
automotive industry.

Keywords: polypropylene; recycling; mechanical properties; antioxidants; melt flow index;
sustainable materials; cost efficiency

1. Introduction

Due to the increasing global environmental concerns and pollution, the recycling of plastic is a
vital aspect for sustainability and a green environment, which is critical for life on Earth as well as
for low-cost efficiency. Recent amount of waste plastic has raised an alarming concern, leading
scientists to work on recycling the plastic, causing issues around the globe [1,2]. The widespread use
of the plastic impacts substantially to post -consumer plastic waste, creating concerns about landfill
surplus and reserve reduction [3-7].

Polypropylene is a thermoplastic obtained from petroleum, there properties such as; flexibility,
recyclability, strength, chemical resistance and their mechanical properties along with low cost, make
it one of the best plastics and uses for the various applications that includes recyclability, packaging,
automotive and construction [7-9].

According to the latest research, the recycling of polypropylene demonstrates degraded thermal
and mechanical properties as compared to the virgin PP, due to multiple recycling processing cycles
and thermo-oxidative degradation [10-13]. Furthermore, another group of researchers have found
that repetitive recycling and reprocessing has reduced the high-performance applications due to
scission and oxidation process [14-17].
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The challenge of enhancing the performance of recycled polypropylene is a considerable
concern. Leading groups of scientists around the world have found that the incorporation of
antioxidants during the recycling process can increase the performance of recycled polypropylene by
improving the chemical and mechanical properties of the recycled plastic [18-21]. Moreover, the
degradation of plastic by recycling and reusing; can be sorted by using Antioxidants, such as Arenox
A-10, which can counteract this degradation [10,22]. It has been observed that Antioxidants,
particularly phosphites and hindered phenols, can substantially slow down degradation, preserve
the intrinsic, stabilise the polymer matrix, and improve the properties of polypropylene during
reprocessing[10,18-21]. The mechanism for enhancing the properties of recycled plastic shows that
antioxidants help uphold molecular weight distribution and crystallinity, which are crucial
parameters affecting the mechanical and thermal behaviour of recycled polypropylene with the
modifying chain scission and cross-linking phenomena.

Research suggests that the mechanical and chemical properties, cost efficiency, quality and
marketability that includes tensile strength, impact resistance, and thermal stability of recycled
polypropylene can be improved by using the suitable and selective antioxidant [9,10,19,21,23,24]. Due
to this evidence, recycled plastics are now being used in high-performance places and the unused
raw material helps keep the environment cleaner for humans and all other lives. This approach will
help globally to shift towards a more sustainable and circular economy [9,10,18,19,21,23-25]. There
are several types of antioxidants, but latest research has suggested that the natural antioxidants
obtained from spent coffee residue can efficiently stabilise recycled PP, proposing a sustainable
substitute to synthetic additives [9,10,18-21,23-26]. Recycling of polypropylene along with their
improved properties by the addition of antioxidant increases its durability, reliability and extends its
applications in various fields and impacts to the cost efficiency by reducing the dependence on virgin
raw materials [26,27]. Each benefit and area of development are in line with major environmental
goals. Therefore, recycling and re-using of the polypropylene is essential approach to overcoming the
effects and progressing a circular economy [21,28,29].

This study emphases to recycle the polypropylene crates, observe the effects of antioxidants on
the recycled plastic by evaluating the properties of virgin, mechanically recycled, and extruded PP
with and without antioxidant additives for improving its durability, reliability mechanical and
thermal properties and their applications in cost and sustainable efficiency.

The two main objectives of the study are below.

1. To observe the impact of multi-cycle reprocessing on mechanical properties of reprocessed
polypropylene.

2. To identify the role of antioxidants (Arenox A-10) in modifying and improving durability and
reliability by reducing the degradation of polypropylene.

2. Materials and Methods

2.1. Materials

Recycled PP crates, virgin PP, Arenox A-10 antioxidant.

2.2. Processing

Processing methods

Granulation:

The recycled polypropylene (PPr) was processed using dry granulation, without moisture or
heat, in a Blackfriars granulator. Pre-cleaned, dried, and cut waste polypropylene was introduced at
room temperature to form uniform granules, which were crucial for consistent feeding and melting
in subsequent processes (extrusion and injection molding).

Extrusion:

The granulated PPr was processed in a Leistritz Micro 18 co-rotating twin-screw extruder. The
process involved three zones: feeding, compression, and metering, with key settings like hopper end
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temperature (205°C), screw speed (138-142 rpm), and mixing time (5 minutes). There was a total of
three batches made as given below.

Batch B: No antioxidant

Batch C: 1 phr Arenox A-10 antioxidant

Batch D: 1.5 phr Arenox A-10 antioxidant the antioxidant was added to minimise degradation
during processing and aging.

Injection Molding;:

The molten polypropylene was moulded into standardised specimens using a Klockner
Ferromatik F 60 injection moulding machine. The process included set temperatures (205°C across
various zones) and pressures (38-69 bar), with two packing conditions tested (over-packed and
normal-packed). A total of 200 specimens were produced, with some discarded due to defects.
Process control strategies, including shot weight and cushion size monitoring, were key to
maintaining consistent quality. The shot weight and cushion size were the most crucial parameters
to maintain the basketball quality.

Sample Preparation

Ten batches (A-J) were prepared:

A: Virgin PP

B-F: Recycled/extruded PP with/without antioxidants

G-J: Recycled up to four times with 1 phr A-10

2.3. Characterisation

MFI Melt Flow Index (MFI):

The MFI measurement of the material was obtained at ASTM D1238 with 260°C temperature
and a weight of 1.19 kg. It allows scientists to determine whether the polymer melt is fluid enough
and how easy it will be to shape it into products.

Tensile/Impact Tests:

Both tensile and impact tests were carried out with a H10KS material testing machine from
Tinius Olsen. The tensile test was carried out according to ASTM D638 and the impact test was
conducted in accordance with ASTM D256. These tests assess the material’s mechanical strength,
elasticity, and resistance to impact forces.

Differential Scanning Calorimetry (DSC):

Thermal properties of the material were analysed using a DSC technique (ASTM E967), where
the heat flow and phase transitions were monitored to evaluate melting, crystallisation, and thermal
stability.

Fourier Transform Infrared Spectroscopy (FTIR):

FTIR analyses were performed using a Nicolet 380 spectrometer in the 500-4000 cm™ range at
23°C (ASTM E967). Absorption of infrared rays is used by this technique to recognise molecular
groups and their arrangements.

3. Results and Discussions

3.1. Melt Flow Index (MFI)

MEFI was employed to cheque both the reprocessing and the viscosity of the recycled items [30].
Reprocessing increased MFI (indicating reduced viscosity) from 6.72 g/10 min (virgin PP) to 9.01 g/10
min (recycled). Antioxidant addition (1-1.5 phr) stabilised MFI values (~7.72-8.56 g/10 min),
suggesting retained molecular weight (Table 1) and the comparison of all the batches is shown in
Figure 1.
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Table 1. MFI values of PP batches.

Batch MFI (g/10 min)
A (Virgin) 6.72
B (Recycled, no AO) 9.01
C (1 phr AO) 7.72

MFI/10min

1

Batch name

[
o

Melt flow Index/10 minutes
O P N W b U1 OO N 00 O

Figure 1. MFI of all batches.

3.2. Tensile Properties

Recycled PP exhibited comparable tensile strength (2022 MPa) to virgin PP (22.6 MPa) but
higher elongation (up to 287% with antioxidants), enhancing ductility (Figure 2). Antioxidants
reduced chain scission, preserving Young’'s modulus[31].
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Figure 2. Tensile strength vs. elongation for virgin and recycled PP.
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3.3. Impact Strength

Unnotched impact energy of recycled PP (45-58 k]J/m?) was lower than virgin (120.8 kJ/m?), but
antioxidants improved resilience by 20% (e.g., Batch H: 54.5 k]J/m? vs. Batch B: 45.4 kJ/m?[32] (see
Table 2 and Figure 3).

Table 2. Impact test of batches A, B and C.

Impact Test Batch A Impact Test Batch B Impact Test Batch C
Impact Impact Impact Fmpact Impact Fmpact
No strength energy strength energy (kj/m?) strength energy (kj/m?)
(kj/mol) (kj/m?) (kj/mol) (kj/mol)
1 0.489 120.8 0.099 24.450 0.489 120.800
2 0.489 120.8 0.217 53.650 0.184 45.397
3 0.489 120.8 0.204 50.430 0.207 51.131
4 0.489 120.8 0.163 40.180 0.188 46.456
5 0.489 120.8 0.114 28.250 0.182 44.855
6 0.489 120.8 0.187 46.170 0.185 45.626
7 0.489 120.8 0.204 50.430 0.238 58.427
8 0.489 120.8 0.238 58.720 0.223 54.472
9 0.489 120.8 0.199 49.120 0.237 58.271
10 0.489 120.8 0.099 24.450 0.240 58.257
Average 0.489 120.8 0.184 45.397 0.237 58.369
StdDev 0 0 0.041 10.155 0.092 22.657
Error 0 0 22.408 22.369 0.028973 7.165066

Impact results of all un notched samples
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Figure 3. Impact results of all un notched samples.

3.4. DSC and FTIR Analysis:

Thermal and Chemical Stability

Differential Scanning Calorimetry (DSC) was utilised to analyse the thermal behaviour of virgin
and recycled polypropylene (PP) samples, focusing primarily on melting temperature (Tm) and heat
of fusion (enthalpy of melting, J/g)[33].

Melting Behaviour

As presented in Table 4, the virgin polypropylene (Batch A) exhibited the highest melting point
at 166.91°C, while the recycled batches (B-]) demonstrated slightly reduced melting temperatures,
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ranging between 163.77°C to 164.89°C. The little differences suggest the sample degraded a little
during recycling. However, when compared with separately reported values for recycled PP
(~128.06-128.42°C), a significant difference of ~38.49°C was observed, implying substantial
deterioration in the crystallinity of recycled material collected from street and market waste sources.

The cause of this is chain scission, lower crystallisation and the existence of impurities or mixed
polymers[10,18,20]. It is suggested by the presence of two melting peaks on the DSC graphs that the
PP may have both isotactic and atactic structures or it could be that polyethylene contaminants went
unnoticed during sample preparation.

Table 4. DSC Summary data of all the batches.

Batch Melt Temperature C° Energy of Melting J/g
A 166.91 79.46
B 164.89 39.13
C 164.50 55.58
D 164.58 38.29
E 164.83 35.94
F 164.58 39.27
G 164.89 32.74
H 164.17 30.86
I 164.17 38.00
J 163.77 39.46
Average 164.72 42.87
Enthalpy of Melting

Enthalpy readings for the recycled materials varied from 30.86 J/g to 55.58 J/g and were much
lower than 79.46 ]/g, the reading for virgin PP samples. The reduction shows that the crystalline
nature and stability of the new material are lessened. Nevertheless, adding antioxidants increased
the enthalpy somewhat which suggests they play a role in slowing thermo-oxidative damage.

While antioxidants have very little influence on melting temperatures, they make melting easier
and therefore improve the material’s stability and resistance to heat. It supports their key purpose in
preserving polymers from disintegration and oxidation because of multiple processing stages.
Therefore, DSC revealed consistent melting points (~164-167°C) across batches, confirming thermal
stability.

3.5. FTIR Analysis: Chemical Stability:

Fourier Transform Infrared (FTIR) Spectroscopy was employed to evaluate the chemical
integrity of virgin and recycled PP samples by identifying functional groups and possible
degradation by-products [34].

Characteristic Peaks and Functional Groups

The dominant absorption peak across all samples (see Figure 4) was found at approximately
2912-2913 cm™, corresponding to symmetric and asymmetric C-H stretching in -CH, and -CHj3
groups—characteristic of polypropylene. Additionally, polypropylene can be confirmed by solid-
state NMR since it appears at 720-726 cm™ for C-C bending, 1460 cm™ for CH; bending, 2350 cm™!
and 2920 cm™ for CH and CHj stretching[35,36].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. FTIR analysis of samples of Virgin PP, Granulated and Extruded rpp w/o AO.

Absence of Degradation Indicators

No significant peak was detected between 1680-1820 cm™!, which is the region indicative of C=O
(carbonyl) stretching. So, there appears to be little or no significant chemical breakdown in the batches
that are reprocessed the most. This result contradicts the findings by [37-39], who observed
increasing carbonyl content with repeated reprocessing. Better antioxidant protection in the current
study may be the reason or the difference may be caused by changes in the processing steps[40].

Antioxidant additives appear to leave the main FTIR patterns of PP unchanged, while the effects
on the mechanical features and melting behaviour can be estimated from DSC readings displayed in
Table 4.
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Figure 5. FTIR analysis of samples of Virgin PP, Extruded rPP with AO (A10, 1IPHR, A10, 2PHR and A76 with

different amounts).
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Impurity Presence

Minor shifts in wavelengths (especially in granulated samples) could be due to contaminants or
copolymers such as polyethylene, as suggested by additional peaks or shoulder bands. It is possible
because the feedstock came from a mix of plastic waste[41,42]. Standard FTIR tests have confirmed
that PP is still the main polymer structure observed in our results.

Integrated Analysis and Conclusions

The combined results from both techniques show the overall thermal and chemical stability of
virgin and recycled polypropylene.

It is found by DSC that the melting temperatures of recycled PP are almost the same as with
virgin PP, but crystallinity is reduced, and the material’s enthalpy is significantly lowered.
Automated FTIR testing has identified polypropylene as the chemical group and demonstrated that
reprocessing does not cause oxidation or the formation of additional chemical groups. While
antioxidants do not change the FTIR spectrum, they make the material stronger against heat, as
reflected in higher melting enthalpies. The presence of dual peaks in DSC and minor spectral
variations in FTIR suggests contamination or blending with other polymers [43](e.g., PE). Overall,
polypropylene that is recycled and treated with antioxidants has promising thermal and structural
resistance, so it has potential for repeat use in tasks that need middle-level performance.

No variation in the quality of crystallinity was found between virgin and recycled batches as
seen by DSC. No major alterations were seen for functional groups based on FTIR data, proving
chemical stability. An analysis of these tests highlights moderate preservation of antioxidants.

4. Conclusions

This research confirms that using PP crates in mechanical recycling results in worsening of their
properties, mainly discovered in MFI and tensile results. Despite this, including A-10 as an
antioxidant allows a phone to be recycled up to four times without much impact on its performance.
This research allows for using recycled PP in different applications, contributing to sustainability in
the plastic field at less cost. In addition, recycled PP with 1 phr Arenox A-10is 90% as strong as virgin
PP and steadily improves ductility even during processing. Applications such as pipes, car parts and
profile pieces use recycled PP instead of having to create them from scratch, all at low cost.

Future Work: Improvements can be made by optimising antioxidant levels, trying out mixed virgin/recycled

blends and checking how the materials perform over a long period.
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