Advances in Materials Research, Vol. 15, No. 3 (2026) 271-281 Techno-Press
https://doi.org/10.12989/amr.2026.15.3.05

Fungal-mediated degradation of modified polypropylene
film by Aspergillus terreus and Engyodontium album:
A multi-analytical approach

Amira Farzana Samat*', Ali Abbas?, Dee Carter3, Adilah Anuar”’,
Norhidayah Abd Aziz', Khairunissa Syairah Ahmad Sohaimi’

Faculty of Chemical Engineering and Technology, Universiti Malaysia Perlis, 02100 Padang Besar,
Perlis, Malaysia
2School of Chemical and Biomolecular Engineering, Faculty of Engineering and IT,
The University of Sydney, NSW 2006, Australia
3School of Life and Environmental Sciences, Faculty of Science, The University of Sydney,
NSW, 2006, Australia

(Received April 29, 2026, Revised June 18, 2026, Accepted July 30, 2026)

Abstract. The escalating global production of synthetic petrochemical-based plastics poses severe environmental
challenges, with their resistance to degradation causing widespread accumulation in landfills and oceans. Traditional
recycling methods prove insufficient, necessitating innovative solutions. This study targets polypropylene (PP), a
widely used but has lower recycling rates compared to other commodity plastics. Employing a bio-based strategy, the
research explores the potential of Aspergillus terreus and Engyodontium album for PP degradation. Fungi, with their
enzymatic capabilities, present a promising avenue for breaking down PP. The investigation pioneers the exploration
of untested fungi for PP degradation, elucidating the degradation mechanism and end-product formation. Through
targeted microorganism selection and pre-treatment strategies, UV and heat were identified as effective enhancers of
enzymatic degradation, particularly for PP film. A. terreus and E. album fungi successfully degraded treated PP film,
confirmed through chemical, thermal, and morphological analyses. These efforts hold potential for significantly
improving PP degradation and offer insights into optimising processes, thereby contributing to a more sustainable
approach to plastic waste management and holding broader implications for addressing the degradation of other
synthetic polymers.
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1. Introduction

The ubiquity of polypropylene (PP) as a key synthetic polymer has surged in recent years,
ranking as one of the most widely produced plastics globally in 2015 [1]. Astonishingly, despite a
staggering production volume of 68 million tonnes [1], a mere 1% of PP is recycled [2],
highlighting a critical environmental challenge [3]. This disparity becomes even more pronounced
when compared to other plastics like PET and HDPE, where recycling rates surpass that of PP [3].
Pioneering efforts by companies such as Envision Plastics, St. Joseph Plastics, and PureCycle
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Technologies LLC aim to address PP recycling challenges, yet face difficulties due to limited
collection and the need for complex material classification [4]. The primary challenge lies in
boosting the rate of PP recycling while mitigating the hazards associated with improper disposal.
As PP, a popular packaging material, deteriorates in landfills for 20 to 30 years, environmental
concerns intensify, particularly given the potential presence of toxic additives like lead and
cadmium [5]. Addressing this environmental challenge necessitates innovative approaches.

Meanwhile, the escalating environmental abundance of synthetic polymers necessitates a
paradigm shift in addressing pollution threats. While reports exist on microbial-mediated degradation
of polymers, there is a notable lack of detailed characterisation and a comprehensive database for
technological development [6]. Few reports on PP degradation lack differentiation between
chemical additives and the polymer itself, contributing to a current void in knowledge regarding
defined enzymes or pathways responsible for PP degradation. The development of PP degradation
technology must navigate the intricacies of degradation kinetics, optimise process conditions, and
comprehend the interplay between biotic and abiotic degradation [7]. Additionally, understanding
the diversity of environments polluted by these polymers is crucial, necessitating advanced
molecular techniques to analyse the enzymes involved in microbial degradation.

In this project, a biological strategy harnessing the potential of fungi emerges as a promising
solution. The vegetative growth of filamentous fungi, specifically the mycelium, offers a low-
energy bio-fabrication and waste recycling avenue [8-10]. Moreover, certain fungi species can
produce enzymes capable of degrading specific polymers or utilising carbon in the polymer chain
as a carbon source. These exo-enzymes, with oxidative to hydrolytic functionality, initiate
depolymerisation, breaking down complex polymer structures into simpler units within the
microbial cell [6].

This research focuses on employing A. terreus and E. album to degrade non-recyclable PP.
Unlike previous studies that primarily reported fungal deterioration of PP without comprehensive
evaluation of the factors influencing degradation efficiency, this work investigates the effect of
physicochemical pre-treatment on fungal-mediated PP degradation and integrates morphological,
chemical and thermal analyses to elucidate the degradation processes involved.

2. Materials and methods
2.1 Polypropylene samples and pre-treatments

PP film used in this research is in biaxially oriented condition (transparent), isotactic, with a
thickness of 0.05 mm, 600 x 600 mm in size and product number GF00254944 was manufactured
by Goodfellow Corp., USA, purchased through Sigma-Aldrich® . The samples (1 cm x 1 cm) were
first disinfected by soaking them in 70% ethanol in test tubes, followed by vortexing for 2 minutes.
The samples were then blot-dried and weighed. Samples were identified as FPP (PP film), UV-
FPP (UV-treated PP film) and H-FPP (heat-treated PP film). Two different pre-treatment strategies
were employed on FPP. In the first method, FPP were subjected to UV radiation (Air Science UV-
Box™ UVB-15, 254nm wavelength) for 24 hours, placed at 5¢cm from UV light (modified from
Jeyakumar et al. [11]). Secondly, PP samples were thermally pre-treated at 200 °C for 15 minutes
(default air frying function) in an air frying oven (Smart Oven™ Air Fryer, Breville BOV860
BSS4JAN1) (modified from Arkatkar et al. [12]). Approximately 20 mg of these pre-treated PP
samples were incubated in 500 ml Erlenmeyer flasks contains 200 ml of mineral salt medium
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(MSM) and 2 ml of fungi culture (modified from Jeyakumar et al. [11]). All chemicals used were
supplied by Sigma-Aldrich® unless stated otherwise.

2.2 Computational screening using hyperchem software

2.2.1 Culture condition and inoculum preparation

The inoculum was prepared in two steps: first, A. terreus and E. album were grown in fungi
specified media Potato Dextrose Agar (PDA) for 5-7 days in a 309C incubator. Then, these fungi
were subjected to inoculation with PP samples.

2.2.2 Incubation condition of A. terreus and E. album

Fresh mycelium of the grown fungi on PDA plates was scraped off and suspended in 10 ml of
sterile water and vortexed. 2 ml of these suspension were inoculated into 500 ml Erlenmeyer flask
containing approximately 20 mg of PP samples and 200 ml of mineral salt medium [11]. The
inoculated fungi were incubated at 309C and 200 rpm in orbital shaker (Thermoline TU-400). PP
samples were withdrawn after 30, 60 and 90 days under aseptic conditions. FPP samples (pre-
treated and untreated) without the fungi served as abiotic control, while flasks with the pure
culture but without PP samples served as the biotic control. All controls were incubated the same
way as the test (PP samples and fungi) samples. All chemicals used were supplied by Sigma-
Aldrich® unless stated otherwise.

2.3 Polymer characterization

2.3.1 Gravimetric weight loss (GWL) determination

Gravimetric weight loss of residual FPP samples was determined by weighing PP samples
recovered from MSM through sterile filtration by using analytical balance with a sensitivity of
0.001g (Mettler Toledo ME204E) and repeatability of 0.1mg [12]. The fungi colonising PP
samples were removed by washing (four-step washing, with an incubation time of 2 min for each
step) with 70% ethanol and then dried in a hot air oven at 50 “C overnight [13]. The residual PP
samples weight was determined to measure the extent of degradation. The weight loss of PP
samples in percentage was determined using Eq. (1):

] wo-w
% weight loss = WO x 100 (1)

where WO is the initial weight of the polymer (g) and W is the residual weight of the PP samples
(9)-

2.3.2 Fourier transform infrared (FTIR) analysis

The changes of FPP samples with subsequent fungi incubation were analysed using FTIR-ATR
spectroscopy (Thermo Scientific Nicolet 6700) in the frequency range of 4000-450 cm™. The
analysis was conducted on FPP incubated with fungi strains and on the uninoculated PP samples
[13]. During the process of degradation, the formation or disappearances of carbonyl and methyl
groups with respect to the methylene group were monitored [14]. The carbonyl index is a measure
of the concentration of carbonyl groups and the double bond index a measure of the concentration
of PP’s double bond [15]. It was assumed that no changes would take place in the methylene
groups during the degradation process [11]. The keto carbonyl, ester carbonyl, vinyl indices for the
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polyolefins were measured from the FTIR spectra using the following formula Eq. (2, 3):

Keto carbonyl bond index = l171s/l1465 (2)

Ester carbonyl bond index = l1740/l1465 (3)

where relative intensities at 1740 cm™, 1715 cm™ and 1465 cm™ correspond to ester and keto
carbonyl, and methylene bands respectively [15, 16]. Readings were taken in duplicate.

2.3.3 Thermal analysis — Thermogravimetric analysis

FPP samples exhibited highest weight loss in each pre-treatment were further analysed for its
thermal stability. The furnace temperature of thermogravimetric analyser (TGA) (TA Instruments
Q5000) was raised from 50 °C to 600 °C at a heating rate of 15 °C min? under nitrogen
atmosphere and the ensuring weight loss was measured [11, 17].

2.3.4 Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)
analysis

The morphology of the degraded PP samples was viewed after the experimental time (30, 60
and 90 days) with the aid of SEM (Phenom XL). The samples were sputter-coated with a gold —
palladium alloy at 18 mA under an Argon (Ar) atmosphere at 150 kPa and visualised using SEM
at a maximum magnification of 3800x [18]. Parallel with the SEM-based surface morphological
analysis, the elemental composition, and chemical characteristics of the FPP were analysed. Select
rough surfaces, cracks, and crevices were targeted, initiating spot and area analyses.

2.3.5 Statistical analysis
The statistical analysis of data was conducted using analysis of variance (ANOVA) in the
GraphPad Prism 9 version 9.1.0 with the LSD post-hoc test at P-value = 0.05.

3. Results and discussion
3.1 Gravimetric weight loss (GWL) of FPP incubated with A. terreus and E. album

The changes that occurred due to microbial action were assessed qualitatively by measuring the
weight loss of FPP after inoculation with A. terreus and E. album. GWL of pre-treated FPP was
observed to be higher than the control after 30, 60 and 90 days of incubation for both A. terreus
and E. album. The result presented in Figure 1 showed that the highest weight loss of PP samples
incubated with E. album and A. terreus was observed for the heat-treated FPP where the highest
weight loss percentage was observed for FPP incubated in E. album (11.13%) and significantly
different with its control, compared to A. terreus (7.60%). The UV-treated and heat-treated FPP
samples on the other hand showed a rather similar weight loss percentage trend, where the highest
was observed after 90 days for E. album (2.60%) and 2.34% for A. terreus.

The gravimetric weight loss trend observed also depicted a different trend on UV and heat-
treated PP samples due to different effects of these pre-treatments on FPP. This finding implied the
ability of A. terreus and E. album to utilise the carbon source or excrete specific enzymes that can
degrade and putatively attack heat-treated FPP more effectively than UV-treated FPP and
consequently cause partial PP biodegradation [13]. These results suggested that heat treatment
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Figure 1. Percentage weight loss of the pre-treated and untreated FPP incubated with A. terreus at the end of
30, 60 and 90 days. FPP: PP film; WPC: without pre-treatment; UV: UV treatment; H: heat treatment. Two-
way ANOVA was conducted to determine the p-value between PP conditions incubated with A. terreus and
E. album

have the highest influence on the biodegradation of PP for both E. album and A. terreus fungi. The
degradability of E. album is possibly being contributed by the production of specific enzymes such
as laccase [16]. In the current study, A. terreus and E. album may have catalysed metabolic
reactions that contributed to the adsorption, desorption and breakdown of PP [13]. A previous
study of fungi degradation on different types of PP films conducted by Jeyakumar et al. [11]
recorded a weight loss of 18.8% in UV treated catalyst-blended PP with E. album and 9.42% with
P. chrysosporium after 12 months of incubation. In contrast to A. terreus and E. album used in the
current study, the result showed the highest weight loss in heat-treated samples, followed by UV
treatment. Degradation differs from one to another due to the possession of different PP
characteristics [13, 19, 20]. Very low weight loss percentage of FPP was observed in the control
flask (without pre-treatment), with no significant difference with UV and heat-treated control.

3.2 FTIR analysis of PP incubated with A. terreus and E. album

Exposure of PP samples to oxygen, particularly at high temperatures in the presence of UV and
chemical oxidiser, leads to its oxidation [21]. Hence, it is essential to determine the formation of
carbonyl groups as it is dependable on many factors and additives present in PP. The carbonyl
index serves as an indicator of oxidative changes in polypropylene by measuring the formation of
carbonyl groups generated during polymer chain degradation [22]. Figs. 2, 3 showed the changes
in keto and ester carbonyl respectively, as a function of time. After 60 days of incubation with
both fungi, considerable changes in FTIR indices were observed between different types fungi.
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Figure 2. Keto carbonyl index as a function of pre-treatments of PP samples. FPP: PP film; WPC: without
pre-treatment; UV: UV treatment; H: heat treatment. Data are presented after 30, 60, and 90 days of

incubation
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Figure 3. Ester carbonyl index as a function of pre-treatments of PP samples. FPP: PP film; WPC: without
pre-treatment; UV: UV treatment; H: heat treatment. Data are presented after 30, 60, and 90 days of

incubation
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Figure 4. Thermogravimetric analysis of FPP with UV (UV-) and heat (H-) treatment after 90 days of

incubation with A. terreus and E. album (values listed on the right indicated the extrapolated onset
temperature, T, of weight loss)

Current studies revealed the keto and ester carbonyl indices of heat-treated FPP to be highest in
A. terreus compared to E. album, other pre-treatments, and the WPC, H and UV controls. According
to Artham et al. [23], these changes implied the formation of new functional groups which
consequently change the surface energies of the polymers due to their polar nature. Muniyasamy et
al. [21] depicted that oxidation due to abiotic factors such as UV, heat and chemical reagents may
lead to the formation of new functional groups such as keto and esters group. The oxidation
process caused by abiotic factors is an autocatalytic process called auto-oxidation. In addition,
these functional groups reduce hydrophobicity which in turn aid in the biodegradation process
[17]. As observed in Figs. 2, 3, the carbonyl index of both keto and ester were high in most PP
samples compared to the controls, which was clearly caused by pre-treatments employed.
Biodegradation by A. terreus and E. album leads to the decrease in carbonyl index through Norrish
type 1l mechanism or the formation of ester [21]. Higher carbonyl index compared to the treated
controls perceived in other PP samples suggest that there was a lower biodegradation rate by A.
terreus and E. album.
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3.3 TGA analysis of PP incubated with A. terreus and E. album

The thermal stability of PP samples was assessed using thermogravimetric analysis (TGA),
which measures weight changes as a function of temperature during heating from 30 to 600 °C.
The graphs in Figure 4 provides insights into the degradation behaviour and structural changes of
the polymer following different treatments after 90 days with A. terreus and E. album respectively.

After 90 days of incubation with A. terreus and E. album, distinct onset weight loss was
observed in all pre-treatment strategies of FPP. The sudden drop of weight with increasing
temperature occurs between 300 to 450 °C. A significantly lower TGA extrapolated onset
temperature (T,) was observed for heat-treated FPP of both A. terreus and E. alboum compared to
UV pre-treatment strategy as the T, observed were 392 and 421 °C respectively. Moreover, the
maximum weight loss observed for heat-treated FPP and UV-treated FPP incubated in A. terreus
were 79.51% and 66.38% at a temperature of 454.89 and 456.84 °C respectively. PP samples
incubated with E. album established maximum weight loss percentage of 71.31% and 66.88% at a
temperature of 454.89 and 457.33 °C for heat-treated FPP and UV-treated FPP respectively.

In all TGA data analyses, extrapolated onset temperature was used to denote the temperature at
which the weight loss begins [24]. Lower T, value observed indicated lower thermal stability of
each FPP and MFPP samples under heat pre-treatment. A substantial shift of value from control to
Toand maximum weight loss of heat-treated PP samples indicates that the polymer has undergone
degradation where changes in the polymer chain length have occurred [11]. The results acquired
concurred with the experiment conducted by Jeyakumar et al. [11] where high TGA weight loss
was observed in UV-treated (84.2% and 86.3%) and heat-treated metal-ion PP film (MI-PP) (57%
and 79%) incubated with P. chrysosporium and E. album respectively.

3.4 SEM analysis of PP incubated with A. terreus and E. album

The severity of PP biodegradation was further validated by using SEM to observe the
morphological changes. After 90 days of incubation, the control FPP samples exhibited a smooth
surface as shown in Fig. 5a. In Fig. 5, it was observed that the heat-treated FPP demonstrated
various cracks, grooves, and irregularities on its surface. These formations were results of abiotic
pre-treatments employed on PP samples. Hence, proves that pre-treatment alters the surface
morphology while cracks observed indicating that FPP has become brittle [11].

FPP samples’ morphological structure in Fig. 5b to f that were observed with cracks and grooves
demonstrated colonisation or attachment of fungal biomass was prominent on the surface of PP
samples incubated with A. terreus (Fig. 5b, 5c) regardless of pre-treatments compared to E. album
(Fig. 5d, 5e). Jeyakumar et al. [11] described the possibility that microbial propagation was
originated from these cracks. This action is a fundamental prerequisite for the biodegradation of
PP. On the other hand, Auta et al. [13] depicted that various irregularities and pits formed on the
surface were results of microbial activity. This statement agrees with Fig. 5b to e where a relatively
smooth surface after pre-treatments with UV and heat were transformed into an extremely porous
and uneven surface. These surface changes observed in SEM micrographs denoted surface damage
to PP samples treated with A. terreus and E. album.

These outcomes suggested that A. terreus and E. album were able to grow and colonise on the
surface of PP samples, which subsequently caused surface damage. From the micrograph, it was
observed that A. terreus colonised PP surface comparatively more than E. album for FPP in all
pre-treatments. These results were in agreement with a statement made by Jeyakumar et al. [11]
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UV-FPP_E. album H-FPP_E. album

Figure 5. SEM micrographs of FPP samples; a) neat FPP, b) UV-treated FPP and c) heat-treated FPP after
90 days of incubation with A. terreus; d) UV-treated FPP and e) heat-treated FPP after 90 days of incubation
with E. album

that indicated a synergistic effect between the pre-treatments and incubation conditions. In an
abundantly cited study conducted by Auta et al. [13] on the biodegradation of PP film, SEM
analysis has confirmed that PP surface was accumulated with the isolated bacteria. Bacillus sp.
strain 27 and Rhodococcus sp. strain 36 isolated from mangrove sediments were proven to cause
PP surface damage as it became physically coarse and pitted after removal of the bacteria.
Jeyakumar et al. [11] in their research have summarised the possibility of surface degradation by
E. album to be higher than P. chrysosporium due to its extent of colonisation on UV-treated metal-
ions blended PP film.

4. Conclusions

This study systematically evaluated the effects of pre-treatment methods and fungal species on
the biodegradation of polypropylene (PP) films. Among the conditions tested, heat-treated PP
inoculated with E. album and A. terreus exhibited the highest biodegradation rates, outperforming
UV-treated counterparts. These findings were consistently supported by significant gravimetric
weight loss, reductions in carbonyl index and onset temperature, as well as pronounced alterations
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in surface morphology. Notably, heat-treated PP samples exhibited increased oxidation compared
to untreated controls, indicating enhanced susceptibility to microbial degradation. Overall, the
combined strategy of pre-treatment and targeted fungal application effectively facilitate partial
degradation and structural modification of PP. These findings provide a valuable insight into
fungal-assisted PP biodeterioration and highlight the potential of integrated pre-treatment and
microbial approaches for improving the management of persistent synthetic polymers.
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