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Abstract

Petroleum-based polymers are not susceptible to microorganisms because of its high molecular weight. Acid treatments
convert the polymers into a more oxidized form having low molecular weight. The present in-vitro degradation study focuses
on the potential of Cephalosporium species to degrade acid-treated polystyrene (PS) and low-density polyethylene (LDPE)
films. A weight loss of around 12% and 13% was achieved for PS and LDPE films respectively in eight weeks of treatment
with Cephalosporium species. Fourier transform infrared spectroscopy analysis showed the formation of hydroxyl and car-
bonyl groups in nitric acid treated PS and LDPE films, respectively. Scanning electron microscopy indicated modifications
in the surface morphology of PS and LDPE films after chemical and microbial treatment. An increase in crystallinity of
pre-treated polymer samples was observed after fungal treatment. The observations of present study confirmed the enzymatic
deterioration and assimilation of pre-treated PS and LDPE samples by the microbial species.
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Introduction

Plastic materials have become an integral part of daily life
due to its low cost, toughness, durability, and lightweight.
Petroleum-based plastics like polystyrene and polyethylene
are widely used in the food industry, agriculture, biomedi-
cal field, packaging industries, construction, and automo-
tive industries (Andrady and Neal 2009; Sanchez 2020). The
application of plastic materials in different fields also leads
to the accumulation of massive amounts of waste plastic.
India generates around 9.46 million tons of polymer wastes
yearly, which corresponds to around 25,940 tons each day,
which comprises 71.68% of polyethylene and polystyrene
(Mehta 2017). Most of the plastics (90%) are of single-use
and discarded without any proper waste management, which
pollutes the natural environment.

Three basic methods such as soil burial, incineration, and
recycling are adopted to overcome the problems of plastic
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waste accumulation in the environment. Burial of plastics in
the soil leads to reduction in the land fertility, discharge of
various pollutants, and release of greenhouse gases (Muen-
mee et al. 2016). Petroleum-based polymers such as poly-
ethylene and polystyrene have shown partial decomposition
after 32 years of soil burial (Otake et al. 1995). This may
be due to lack of oxygen in the dump yard which limits
the degradation (Massardier-Nageotte et al. 2006). Waste
plastics can be eliminated by the process of incineration,
but the incineration process generates unwanted hazardous
by-products such as carbon mono oxide, dioxins, NO, SO,
and toxic products, which imparts harm effects on the envi-
ronment (Roper and Koch 1990). In the other way to mini-
mize plastic waste, the used products are recycled to manu-
facture other products. However, the quality of the product
decreases after each recycling due to the removal of addi-
tives from the product and makes the process of recycling
inefficient. Also, the higher cost of recycling further limits
the practice of recycling (Zheng et al. 2005).

Other methods such as thermal degradation, thermo-
oxidative degradation, chemical degradation and photodeg-
radation were also adopted to degrade the plastics. These
processes are environmentally unfriendly and it reduces
plastic waste at a high cost. Therefore, it is a need to search
for an alternative technique, which is cost-effective and
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environmentally friendly. Biodegradation is an environmen-
tal friendly technique adopted in the reduction of plastic
waste. Further, microorganisms comprise more than 60% of
earth’s biomass (Fraser et al. 2000) and its capability to uti-
lize plastics as a source of carbon suggesting one prominent
technique to tackle the plastic waste disposal.

Biodegradation of polymers occurs through three steps
such as biodeterioration, biofragmentation, and assimila-
tion. In the biodeterioration step, microorganisms come in
contact with polymers and during the biofragmentation step,
the secretion of enzymes from microorganisms depolymer-
izes the polymers into fragments. In the assimilation step,
these fragments can pass through the outer semi-permeable
membrane of microorganisms, and microorganisms utilize
these smaller molecules as energy sources in the form of
carbon (Chaudhary et al. 2021). The pathway for polymer
biodegradation depends on the availability of oxygen. CO,,
H,0, and microbial biomass are end products of an aerobic
degradation process. In contrast, biomass, CO,, CH4, and
H,O0 are the major end products of the anaerobic biodegrada-
tion process (Barlaz et al. 1989).

Petroleum-based polymers are not susceptible to micro-
organisms because of its high molecular weight, hydropho-
bicity and macromolecular nature of polymers (Schlemmer
et al. 2009; Krueger et al. 2017). These polymers have shown
minimal degradation against microorganisms. Modifications
in the structure of polymers either through oxidization of
polymers or to make a biodegradable polymer composite
is necessary to facilitate fast biodegradation. Using treat-
ments with ultraviolet radiation (UV; Zahra et al. 2010),
heat (Awasthi et al. 2017) and chemicals (Rajandas et al.
2012) result in the generation of free radicals in the poly-
mers which cleave the polymer chains. These pre-treatments
convert the polymers into a more oxidized form having low
molecular weight.

Syranidou et al. (2017) and Yang et al. (2018) have
reported the biodegradation of pure polystyrene samples.
Pre-treatments with ultraviolet (UV) radiation, gamma radia-
tion, ozonation and nitric acid could be a viable approach
to improve biodegradation in polystyrene samples. Several
studies have demonstrated improved biodegradation in
polystyrene samples after ultraviolet (UV) radiation (Ojeda
et al. 2009), gamma radiation (Ali and Abdel Ghaffar 2017)
and ozonation (Tian et al. 2017) treatments. However, the
influence of nitric acid treatment on the decomposition of
polystyrene films in presence of Cephalosporium sp. has not
been reported elsewhere.

Brown et al. (1974) reported the growth of Cephalosporium
sp. in mineral salt medium (MSM) on oxidized polystyrene
and polyethylene samples. Further, the potential of Cephalo-
sporium sp. to decompose pure polystyrene and acid treated
high-density polyethylene (HDPE) films were reported by
Chaudhary and Vijayakumar (2020a) and Chaudhary and
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Vijayakumar (2020b). In the present study, acid treated poly-
styrene (PS) and acid treated low-density polyethylene (LDPE)
films are utilized for the degradation study in the presence of
pure fungal culture. Further, pre-treatments using acid treat-
ment are performed before the biodegradation study in order to
insert functional group to ease the process of biodegradation.

Experimental methods

Nitric acid treatment of polystyrene and LDPE
samples

Polystyrene (PS) films were prepared by the similar method
as reported by Chaudhary and Vijayakumar (2020a). Then
the films were dipped in nitric acid (69%) solution in a glass
beaker for 1 week. After 1 week, the samples were retrieved
from the beaker and washed several times with distilled water
and ethanol solution. Then the acid treated films were kept in
a hot air oven at 60 °C for 6 h for the removal the moistures.

Source of fungal culture

Fungal strain of Cephalosporium sp. (NCIM 1251) was
obtained from the National Collection of Industrial Microor-
ganism (NCIM), NCL, Pune, India. Cephalosporium sp. was
preserved in potato dextrose agar (PDA) at 28 °C and was
kept at 4 °C.

Biodegradation study

100 mL of MSM was kept in a conical flask along with pre-
treated polymer films. Positive (mineral salt media + pre-
treated polymer + fungus) and negative (mineral salt
media+ pre-treated polymer) controls were prepared in lami-
nar air flow chamber for the in-vitro degradation study. Then,
the flasks were kept in an incubator for 56 days at 120 rpm
and 28 °C.

Analysis of biodegradation
Weight loss measurement

Variations in the weight of pre-treated polymers were meas-
ured using Japan, BL-220H apparatus after 56 days of incu-
bation with Cephalosporium species. The loss in weight was
determined by the following formula:

Py —Py)

%Weight reduction = + 100 1)
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where P, =Initial weight of pre-treated polymer, P,=Weight
of pre-treated polymer after treatment with Cephalosporium

sp.
Measurement of pH, TDS, conductivity

WENSER LMMP-30 apparatus was utilized to determine
the pH, total dissolved solids (TDS) and conductivity of
MSM.

Characterization techniques

Fourier transform infrared spectroscopy (FTIR) analyzer
was utilized to identify the presence of functional group in
polymer samples (Shimadzu, FTIR-8400). Thermogravi-
metric analyzer (TGA) was utilized to observe the thermal
stability of the PS samples after each treatment (Shimadzu,
TGA-50). Variations in surface texture after each treatment
was analyzed through scanning electron microscopy (SEM;
ZEISS, EVO 18). X-ray diffraction (XRD; Rigaku, Miniflex)
studies were carried out to determine the changes in peaks
related to crystalline and amorphous phases.

Results and discussion
Weight loss measurement

The weight loss measurements of the pre-treated PS films
showed that the culture Cephalosporium sp. could deterio-
rate pre-treated PS films and pre-treated low-density poly-
ethylene (LDPE) films by 12.22 +0.82% and 13.15+0.44%
respectively in 56 days. The exposure of polymers to acid
treatment converts the hydrophobic nature of polymers into
hydrophilic by the addition of functional groups which ena-
bles the microorganisms to instigate the biodeterioration
process (Sheik et al. 2015). During pre-treatment process,
polymer films get oxidized by the nitric acid and subse-
quently these oxidized portions were utilized by the micro-
organisms and lead to weight loss in the polymers. Thus, the
weight loss suggests the physical breakdown of the plastics
and affirms the potential ability of Cephalosporium sp. to
deteriorate pre-treated polymer films. Similar observations
in the weight loss for LDPE and high impact polystyrene

(HIPS) treated with the microorganisms has been reported
by Sheik et al. (2015) and Mohan et al. (2016).

Measurement of pH, TDS, and conductivity
of mineral salt media

The values of pH, TDS and conductivity of the mineral salt
media (MSM) measured at different intervals of the bio-
logical treatment are recorded in Table 1. The initial pH
value of MSM was 7.01 +0.01, which reduced to 5.35+0.09
when the pre-treated PS samples were exposed to Cepha-
losporium sp. for 4 weeks of incubation and the pH value
further reduced to 4.30+0.06 after 8 weeks of fungal treat-
ment. However, a relative increase in TDS and conductivity
values was observed in pre-treated PS films. The proteins,
enzymes, and other metabolites secreted by the microbes
in the mineral salt media have caused an improvement in
the value of TDS and conductivity of MSM (Cassidy et al.
2001). The higher values of TDS and conductivity after
8 weeks of exposure to the microorganisms indicate that the
Cephalosporium sp. could able to assimilate the pre-treated
PS films. Similar observations were obtained for pre-treated
LDPE films. The pH value of MSM media in pre-treated
LDPE films which was initially at 7.01 £0.01 get reduced
to around 5.65+0.06 and 4.54 +0.19 after 4 weeks and
8 weeks of microbial treatment, respectively. This gradual
shift in the pH toward the acidic region is due to the release
of acids such as pentadecanoic acid, 2,6,10,14-tetramethyl-,
methyl ester, 9-Octadecanoic acid, ethyl ester and enzymes
by the Cephalosporium species (Gu 2003; Chaudhary and
Vijayakumar 2020a). Unlike pH, the increase in TDS content
and the conductivity of the MSM was observed. Further,
the nitric acid treatment made LDPE samples more suscep-
tible to Cephalosporium sp. and therefore it releases large
amounts of enzymes, acids, antioxidants and this result in
large value of TDS as compared to PS films.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectrum for untreated polystyrene sample shows
peaks at 3026, 2922, 2850, 1601, 1492, 1450, and 754 wave-
numbers (Fig. 1a). The peak at 3026 cm™! corresponds to
aromatic C-H stretching whereas the peak at 1601 cm™! cor-
responds to C=C vinyl group respectively (Jeyakumar et al.
2013; Ojeda et al. 2009). Characteristics transmittance peak

Table 1 .p.H, TDS, and . Polystyrene (PS) Low-density polyethylene (LDPE)
Conductivity values of mineral
salt media Weeks pH TDS (ppm) Conductivity (uS) pH TDS (ppm) Conductivity (uS)
0 7.01£0.01  0.559+0.024 0.523+0.005 7.01+£0.01 0.556+0.008 0.520+0.002
535+0.09 9.24+0.15 18.33+0.29 5.65+0.06 66.68+0.93 32.60+0.92
8 430+0.06 13.69+0.15 25.11+0.38 454+0.19 110.05+1.92 52.27+0.75
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Fig.1 FTIR of (a) Pure polystyrene (b) acid-treated polystyrene and (c) pre-treated polystyrene after

around 2920 cm™! represents CH, asymmetric stretching.
Further, peaks at 2850 (CH, symmetric stretching), 1492,
1450 (benzene ring) and 754 cm™! (substituted benzene
derivative) have also appeared in FTIR spectrum in the poly-
styrene sample (Gu 2003; Sarmiento et al. 2016). Figure 1b
shows sharp peaks at 1743 cm™" and 1155 cm™! for polysty-
rene sample treated with nitric acid. The peaks at 1743 cm™"
and 1155 cm™" are related to carbonyl group and vibrations
in the CH group, respectively. Similar observations were
reported by Hace et al. (1996) for the nitric acid treated
polystyrene sample. The peak at 3392 cm™! corresponding
to the hydroxyl group was detected after Cephalosporium
sp. exposure in acid-treated polystyrene surface (Fig. 1c).
Chaudhary and Vijayakumar (2020c) have shown a similar
formation of peaks from 3200 to 3600 cm™! in polystyrene
samples kept under soil burial for 3 months. The formation
of a new peak in pre-treated polystyrene suggests the chain
scissions, cleavage of chains, and variations in the polymer
chain length. Further, the formation of the peak is related to
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variations in macromolecular segments of the polymer that
causes the hydrolysis process in the polymers (Sheik et al.
2015). Thus, the FTIR analysis indicates the deterioration
of the pre-treated polystyrene surface by Cephalosporium
sp. fungal culture.

The characteristics transmittance bands at 2914, 2848,
1465, 1373, and 719 cm™" are visible in pure LDPE samples
(Fig. 2a). The peaks around 2914 and 2848 cm™! correspond
to CH, asymmetric stretching and CH, symmetric stretch-
ing, respectively. Sharp bands appeared around 1465, 1373,
and 719 cm™! are related to bending, wagging and rocking
deformation, respectively (Gulmine et al. 2002). The pres-
ence of a new peak at 1650 cm™! in LDPE films after nitric
acid treatment is seen which is related to the nitro group
(-ON=0) (Fig. 2b). Similar observations have been reported
by Trilla et al. (1983) for the polyethylene samples etched
with nitric acid. The presence of a sharp peak at 1714 cm™!,
corresponds to the carbonyl group is seen in the spectrum of
pre-treated LDPE films after exposure to microbial treatment
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Fig.2 FTIR of (a) Pure LDPE (b) acid treated LDPE and (c) pre-treated LDPE after microbial

(Fig. 2c). Volke-Seplveda et al. (2002) observed similar peak
at 1715 cm™! for the pre-treated LDPE polymers after incu-
bation with Aspergillus niger. Thus, the formation of peak
after biological treatment suggests that the LDPE samples
were deteriorated by Cephalosporium species.

Thermogravimetric analysis (TGA)

TGA thermogram shows the onset of degradation tempera-
ture at 370 °C for pure polystyrene film whereas the nitric
acid treatment enhances the onset degradation temperature
to 385 °C (Fig. 3a, b). This enhancement in onset degrada-
tion temperature is related to structural modifications and
crosslinking reactions in polymer films induced by nitric
acid treatment (Fig. 3b). Hace et al. (1996) reported similar
observations in the enhancement of thermal property in acid-
treated PS. The TGA analysis also showed slight change
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Fig.3 TGA of (a) Pure polystyrene (b) acid-treated polystyrene and
(c) pre-treated polystyrene after microbial treatment
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in the degradation temperature of acid-treated PS after the
fungal attack (Fig. 3c). This change in thermal stability is
due to the generation of low-molecular-weight compounds
by the enzymatic scission of the polymeric chain (Jeyakumar
et al. 2013).

Pure LDPE samples showed an onset degradation tem-
perature at 437 °C whereas etching with nitric acid increased
the onset degradation temperature to 468 °C for LDPE films
(Fig. 4a, b). The percentage of amorphous and crystalline
phases determines the degree of crystallinity in the semi-
crystalline polymers like polyethylene (Li et al. 2019). The
treatment of polyethylene with nitric acid leads to deteriora-
tion of amorphous phases and results in the higher percent-
age of crystalline phase. This increase in crystalline content
increases the onset degradation temperature as highly crys-
talline polymer exhibits a higher melting point (Avalos-Bel-
montes et al. 2009). Further, the microbial exposure reduced
the onset degradation temperature to 441 °C for pre-treated
LDPE films (Fig. 4c). The reduction in degradation tem-
perature is due to fungal actions in the void portion of LDPE
films which caused chain scission in the polymers (Satle-
wal et al. 2008). Thus, the changes observed after microbial
treatment reveals the utilization of pre-treated LDPE films
by Cephalosporium species.

Scanning electron microscopy (SEM)

SEM micrograph for pure polystyrene sample shows a
smooth, homogeneous, continuous, and compact pattern
whereas nitric acid treatment induced cracks, holes, and
rough surface patterns in polystyrene samples (Fig. 5a, b).
Variations in the surface patterns depend on the diffusion
of nitric acid into the polystyrene. Therefore, the diffusion
rate through polystyrene pores is the deciding factor that
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Fig.4 TGA of (a) Pure LDPE (b) acid treated LDPE and (c) pre-
treated LDPE after microbial treatment
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determines the extent of chemical degradation in the poly-
mer. Hace et al. (1996) have reported similar morphological
variations in nitric acid treated polystyrene samples. Cepha-
losporium sp. hyphae along with spores are visible in the
pre-treated PS samples after fungal treatment (Fig. 5c). Sim-
ilar observations were reported by Syranidou et al. (2017)
and Sekhar et al. (2016) when polystyrene samples were
exposed to microbial treatment (Sekhar et al. 2016; Syra-
nidou et al. 2017). This observation suggests the adherence
of fungal culture to the pre-treated PS films that leads to
deterioration of pre-treated PS films.

Figure 6a shows a neat and smooth texture for pure LDPE
samples. Few protuberances with tiny holes in the LDPE
samples are seen for the nitric acid treated films which
turned the surface texture into rougher as compared to the
pure LDPE samples (Fig. 6b). This indicates that the expo-
sure to nitric acid induces structural changes in the LDPE
films. Wang et al. (2009) observed similar observations in
the LDPE films after acid etching. Further, the biological
treatment of films created cracks, holes, surface deforma-
tion, grooves, hyphae penetration, and rough texture in the
acid-treated LDPE films (Fig. 6¢). Hyphae penetration is
interpreted as the attachment of fungal culture to the poly-
mer surface and utilized this surface as a carbon material for
their metabolic activities (Ojha et al. 2017). Thus, the SEM
study confirms the usage of pre-treated LDPE films by the
microorganisms.

X-ray diffraction (XRD)

A broad peak around 26 =20 is seen for pure polystyrene
sample which indicates the amorphous nature of polymer
(Fig. 7a; Al-Shabanat 2012). The intensity of the peak
increased after nitric acid treatment, which signifies an
increase in the crystallinity of sample due to the rearrange-
ments in the polymeric chains (Fig. 7b). Similar increase in
the crystallinity of LDPE films after nitric acid treatment
was reported by Wang et al. (2009). The intensity of peak
further increased after microbial treatment and implies the
utilization of amorphous component of polymer by the
microorganism (Gleadall et al. 2012). This leads to increase
in the proportions of crystalline phase in the pre-treated
polystyrene sample (Fig. 7c).

In case of LDPE, XRD spectra shows a sharp peak at
20=22.14 which corresponds to 110 reflections (Fig. 8a;
Musuc et al. 2013). This reflection represents the orthorhom-
bic crystal structure of LDPE. XRD spectra shows increase
in the intensity of peak at 260 =22.14 for nitric acid treated
LDPE samples as compared to pure sample (Fig. 8a, b).
Nitric acid treatment causes deterioration of amorphous seg-
ments of pre-treated LDPE films which developed a highly
crystalline structure (Avalos-Belmontes et al. 2009). Further,
a significant increase in the intensity of peak is seen for
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Fig.5 SEM of (a) pure polysty-
rene (b) acid-treated polystyrene
and (c) pre-treated polystyrene
after microbial treatment

EHT = 5.00kV
WD= 58mm

pre-treated LDPE films after fungal treatment (Fig. 8c). Itis
due to utilization of amorphous phases of pre-treated LDPE
films by Cephalosporium sp. and resulted in higher propor-
tions of crystalline phases in the sample (Volke-Seplveda
et al. 2002).

Conclusion

Polystyrene (PS) and low-density polyethylene (LDPE) were
reported to be non-bio degradable due to its recalcitrant
nature toward microorganisms. The present work showed a
weight reduction of 12.22+0.82% and 13.15+0.44% in the

Signal A = SES|
Mag= 500KX

EHT = 500KV

j S sglazSesie $ e
WD=0mm * b

Mdg= 500KY

pre-treated PS and pre-treated LDPE films after incubation
of eight weeks with Cephalosporium species. Decrease in
pH value and increase in TDS and conductivity value of the
mineral salt medium after microbial treatment indicated that
the Cephalosporium sp. utilizes the polymer for its meta-
bolic activities. Acid treatment resulted in formation of car-
bonyl group in PS films, whereas nitro group was formed in
LDPE films. Decrease in the thermal stability after microbial
exposure confirms the formation of low molecular weight
compounds as analyzed by TGA. Changes in the surface
textures and increase in the crystallinity has been observed
through SEM and XRD, respectively. These findings con-
firmed the capability of Cephalosporium sp. to assimilate
pre-treated PS and pre-treated LDPE films.
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Fig.6 SEM of (a) Pure LDPE
(b) acid treated LDPE and (c)
pre-treated LDPE after micro-
bial treatment
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Fig.7 XRD of (a) Pure polystyrene (b) acid-treated polystyrene and Fig.8 XRD of (a) Pure LDPE (b) acid treated LDPE and (c) pre-
(c) pre-treated polystyrene after microbial treatment treated LDPE after microbial treatment
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