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Abstract
The present study approaches the capability of Cephalosporium strain NCIM 1251 to degrade pre-treated polystyrene films. 
Polystyrene was initially treated with UV for the introduction of oxygen molecules in pure polystyrene samples. UV treat-
ment inserts aliphatic ketones functional group in polystyrene whereas it created C–C stretching after chemical treatment in 
UV-treated polystyrene as analyzed by Fourier-transform infrared spectroscopy (FTIR). The gravimetric study confirmed a 
decline in the weight of the pre-treated polystyrene by 20.62 ± 1.47% after 8 weeks of the incubation period. pH, total dis-
solved solids (TDS), and conductivity of mineral salt media were correlated with the extent of biodegradation. Treatment with 
UV and acid increased the thermal stability of pure polystyrene, whereas thermal stability decreased in pre-treated polysty-
rene after incubation with Cephalosporium strain NCIM 1251 as studied by Thermogravimetric analysis (TGA). Scanning 
Electron Microscopy (SEM) analysis observed revisions in the morphology and surface patterns in pre-treated polystyrene 
after inoculation with Cephalosporium strain NCIM 1251. The observed findings suggest that the Cephalosporium strain 
NCIM 1251 could be efficient for the decomposition of pre-treated polystyrene.
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Introduction

Accumulation of non-biodegradable plastics has become a 
serious problem to the environment over the past few dec-
ades. Every year, approximately 9.46 million tones of plastic 
waste are generated in India (Central Pollution control board 
2017). Indiscriminate usage of plastics, rampant littering, 
and lack of effective waste disposal systems are the prime 
reasons for this plastic waste accumulation. Among the non-
biodegradable plastics, polystyrene (PS) is extremely recal-
citrant to biodegradation. Polystyrene is a high molecular 
weight thermoplastic synthesized through polymerization 
of styrene monomers (Guillet et al. 1974). Properties such 
as light weight, good thermal and electric insulation, chemi-
cal inertness, resistance to degradation, durability, ease of 
production, and inexpensive made polystyrene an extremely 

versatile material (Robertson 2013). Major applications of 
polystyrene include food packaging, packaging foams, elec-
tronic parts, laboratory ware, containers, and utensils for 
domestic use.

Further, polystyrene samples are used for disposable 
plates, cups, trays, packaging materials, food wrappers, and 
containers. The process of recovering and recycling this pol-
ystyrene waste is very tedious and also expensive (Ali and 
Ghaffar 2017). Moreover, recycled plastics are more recalci-
trant to biodegradation than virgin plastics, due to the addi-
tion of several antioxidants, stabilizers and flame retardants 
while recycling (Central Pollution control board 2013). Land 
filling is also a futile method for treating polystyrene waste, 
because these materials persist under the soil for decades, 
without undergoing any significant degradation. Also, land 
filling makes the soil infertile. Incineration of polystyrene 
waste can be used as a last resort, as it solves the land pollu-
tion problem but on the other hand, it leads to more dreadful 
air pollution. Burning of polystyrene discharges several toxic 
gasses such as styrene, carbon monoxide, carbon dioxide 
that can endanger several plants and animal lives. Styrene 
and its derivatives can damage the liver, central nervous sys-
tem, and can also cause neurological impairment (Mooney 
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et al. 2006). Remediation of the increasing plastic waste, 
upholding environmental sustainability has become the 
greatest priority for researchers. Investigations show that 
the bioremediation can be a reliable method as it does not 
lead to any other environmental issues directly or indirectly, 
unlike the abovementioned methods (Gu 2003; Pathak and 
Navneet 2017). Apart from the environmental issues, deg-
radation studies of polymers are also important in under-
standing the stability and integrity of the plastic products 
(Restrepo-florez et al. 2014).

In the process of bioremediation, microorganisms such 
as bacteria and fungi break down the plastic waste into sim-
pler molecules and use them as a substrate for their growth 
and metabolism (Bhardwaj et al. 2013; Zheng et al. 2005). 
Polystyrene is degradable in the natural environment, but 
the process is extremely slow and arduous (Tian et  al. 
2017). Approximately, 0.5% degradation of polystyrene 
by mixed microbial consortium after a treatment period of 
11 weeks was reported by Kaplan et al. (1979). Otake et al. 
(1995) reported negligible biodegradation in a polystyrene 
sheet when the sheets were buried under soil for 32 years. 
Properties such as high molecular weight, hydrophobicity, 
lack of bio susceptible groups, a complex macromolecular 
structure-made polystyrene recalcitrant to biodegradation 
(Schlemmer et al. 2009; Krueger et al. 2017). The process 
of biodegradation is initiated by the secretion of extracel-
lular and intracellular enzymes, followed by colonization 
of the plastic surface by the microorganisms. But, in the 
case of polystyrene, the enzymes are not capable enough 
to degrade the large hydrophobic polymer chains and also 
the microbes are incapable of colonizing the surface due to 
the lack of necessary surface properties. Researchers found 
that the treatment methods such as UV irradiation and acid 
treatment are capable of modifying the surface and bulk 
characteristics of polystyrene. These treatment methods alter 
the molecular weight distribution, induce cross-linking of 
the polymer chains, cause bond scissions in the polymer 
matrix, introduce polar functional groups such as C=O, OH, 
 NO2, etc. and also improve the adhesiveness, wettability, and 
hydrophilicity of the polymer surface (David et al. 1978; 
Onyiriuka 1993; Hace et al. 1996; Zhang et al. 2000). But 
the influence of these characteristic property changes on 
biodegradation of polystyrene was not investigated to date.

Investigations of Brown et al. (1974) showed that the 
Cephalosporium species (sp.) were capable of assimilating 
mixed plastic waste, including polystyrene for their metabo-
lism. More Recently, Chaudhary and Vijayakumar (2020a) 
extensively analyzed the biodegradation of pure polystyrene 
by Cephalosporium strain NCIM 1251 and reported a weight 
loss of 2.17 + 0.16%. Biodegradation of UV-irradiated and 
acid-treated polystyrene in the presence of Cephalosporium 
strain NCIM 1251 is not reported elsewhere. In this present 
study, the synergistic effect of UV and nitric acid treatment 

on the degradation of polystyrene using Cephalosporium 
strain NCIM 1251 is studied. After these pre-treatments, the 
polystyrene films are incubated with Cephalosporium strain 
NCIM 1251 for 8 weeks and the extent of biodegradation 
was analyzed.

Materials and methods

Preparation of polystyrene films

In the present study, the polystyrene foam was first trans-
formed into films, through the solvent casting method, to 
facilitate the experimental analyses at different phases of 
research. Polystyrene foams were dissolved in the benzene 
solvent and the mixture was transferred to a petri dish, where 
the mixture was allowed to dry at room temperature for 24 h. 
After 24 h of natural drying, the petri dish was kept in a 
vacuum oven at 70 °C for 8 h to ensure complete evapora-
tion of the benzene solvent. After 8 h, a dry thin film of 
polystyrene was obtained.

Pre‑treatments of polystyrene films

The synthesized polystyrene films were cut into 4 × 4 cm 
sized strips. These strips were washed with distilled water 
and disinfected with 99.9% ethanol and these films were 
left to dry in a vacuum oven. After drying, the polystyrene 
films were exposed to UV irradiation (15 W and 50 Hz) for 
7 days in the laminar air-flow chamber. After UV treatment, 
these films were subjected to acid treatment, with a 69% 
nitric acid solution. The UV-treated polystyrene films were 
immersed in a beaker containing 69% nitric acid solution 
and left undisturbed for 7 days. After combined treatments, 
these films were washed with distilled water and ethanol and 
were kept in a vacuum oven for drying purposes.

Source of biodegrading culture

National Collection of Industrial Microorganism (NCIM), 
NCL, Pune, India provided the microbial culture of Cepha-
losporium strain NCIM 1251. The microbial culture was 
conserved regularly on potato dextrose agar (PDA) at a con-
stant temperature of 28 °C and was kept at 4 °C.

In vitro biodegradation study

The Biodegradation of pre-treated Polystyrene was carried 
out in a laboratory-made mineral salt medium. The mineral 
salt medium was prepared by dissolving 0.001 gm  FeSO4, 
0.002 gm  CaCl2.2H2O, 0.02 gm  MgSO4.7H2O, 0.04 gm 
 KH2PO4, 0.1 gm NaCl, 0.2 gm  (NH4)2SO4, 0.5 gm  K2HPO4 
in one-liter water. 100 ml of this mineral salt medium is 
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taken in a 250-ml conical flask and a pre-treated polymer 
film was immersed in it. After that, Cephalosporium strain 
NCIM 1251 were inoculated into the conical flask (positive 
control). Negative control was also made, which consists of 
only pre-treated polystyrene and mineral salt medium, for 
comparative study. Now the conical flasks were incubated in 
an incubator shaker at 28 °C at a rotating speed of 120 rpm 
for 8 weeks.

Analysis of biodegradation

Weight reduction measurement

The initial weights of pre-treated polystyrene samples were 
0.1469, 0.1321, and 0.1452 g, respectively in each flask 
before the degradation study. After the degradation period 
of 8 weeks, the pre-treated polymer samples were weighed 
again. The variation in the weights of samples in both posi-
tive and negative controls was calculated using the Eq. (1).

where,  PSi is the weight of pre-treated polystyrene sample 
before degradation,  PSf is the weight of pre-treated polysty-
rene sample after the degradation period of 8 weeks.

Analysis of pH, TDS, conductivity

Variations in the properties such as pH, Total dissolved 
solids (TDS), and conductivity of the mineral salt medium 
during the incubation period were monitored carefully, to 
analyze the extent of the biodegradation process. The pH, 
TDS, and conductivity of the mineral salt medium were 
measured at a regular interval of degradation period. 10 ml 
of the mineral salt medium was taken from the conical flask 
and processed with the WENSER LMMP-30 apparatus to 
measure the pH, TDS, and conductivity. The results were 
measured in triplets with a standard deviation value.

Characterization of polystyrene films

Changes in several characteristic properties of the polysty-
rene samples were analyzed after each pre-treatment method. 
Structural modifications in the polymer chains, such as the 
introduction of functional groups, bond scissions, varia-
tions in chain length, the formation of new chemical bonds, 
were examined using Fourier transform infrared spectros-
copy (FTIR). The FTIR analysis was performed using a 
Shimadzu FTIR-8400 apparatus in the frequency range of 
400–4000  cm−1. The morphological changes were observed 
using Scanning Electron Microscopy (SEM, ZEISS, EVO 
18). Thermogravimetric analysis (TGA) was used to study 

(1)% weight reduction =

(

PSi − PSf
)

PSi
× 100,

the variations in the thermal stability of the polystyrene sam-
ples by using Shimadzu, TGA—50 apparatus.

Results and discussion

Weight loss measurement

The most basic method to determine the degradation of 
polymers is weight loss measurement. Microorganisms 
begin the process of degradation by adhering to the sur-
face of polymers. Subsequently, they secrete different types 
of acids, proteins, and enzymes that disturb the molecular 
arrangement in the polymers, which causes the break down 
of polymer chains and ultimately gives rise to weight deple-
tion. A weight depletion of 20.62 ± 1.47% was evaluated 
when pre-treated polystyrene samples were kept under the 
exposure of Cephalosporium strain NCIM 1251 for 8 weeks. 
Chaudhary and Vijayakumar (2020a) reported a weight loss 
of 2.17 ± 0.16% for pure polystyrene films when samples 
were treated with Cephalosporium strain NCIM 1251. Thus, 
the synergistic effect of UV and acid helped to increase the 
degradation of polystyrene samples. The weight loss of pre-
treated polymer samples interprets the drop in the carbon 
content through the consumption of polymer samples by 
the microorganisms (Chaudhary and Vijayakumar 2020b). 
There was no weight loss observed in the polymer samples 
when the degradation study was carried out in the absence 
of microorganisms. Consumption of polymer samples in 
the form of carbon by the microorganisms reveals the usage 
of polymer samples to perform their metabolic exercises. 
Similar results based on weight loss measurements had been 
reported by Ali and Ghaffar (2017), and Syranidou et al. 
(2017).

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

The alterations in the values of pH, TDS, and conductiv-
ity of mineral salt media due to the presence of microor-
ganisms are shown in Table 1. Change in pH value alters 
the metabolic activity of microorganisms because the cell 
numbers increase in favorable pH conditions. Initially, the 
value of pH is 7.01 ± 0.01, which decreases to 5.13 ± 0.07 
and 3.75 ± 0.09 in pre-treated polystyrene sample after 
an incubation period of 4 and 8 weeks respectively in 
the presence of Cephalosporium strain NCIM 1251. The 
microbial degradation of pre-treated polystyrene decreased 
the pH of mineral salt media toward acidity. The altera-
tions in pH confirmed that the microorganisms secreted 
acids and enzymes during the degradation period (Gu 
2003). Awasthi et al. (2017) reported similar observa-
tions where the value of pH decreases in the presence of 
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microorganisms. Cephalosporium species is highly active 
in the pH range of 3.0–8.5 in the presence of mineral salt 
media (Kita and Heights 1957; Stasinopoulos and Seviour 
1989). The initial value of TDS is 0.575 ± 0.024 ppm 
and the value increased to 12.33 ± 0.72  ppm and 
26.53 ± 0.15  ppm when pre-treated polystyrene was 
exposed to the microorganisms for a period of 4 and 8 
weeks, respectively. This increase in the value of TDS 
is due to the secretions of acids, bio-surfactant, and 
enzymes from the microorganisms (Gu 2003; Mukherjee 
et al. 2016). Similar to TDS, the conductivity of nutrient 
media also increases, as shown in Table 1 after degrada-
tion of pre-treated polystyrene. Cassidy et al. (2001) had 
observed similar increase in the TDS and conductivity 
values after inoculation with microorganisms. There were 
no significant variations in pH, TDS, and conductivity of 
mineral salt media observed when the degradation study 
was carried out in the negative control (Table 1). All these 
variations in pH, TDS, and conductivity of the mineral 
salt medium confirm the ability of Cephalosporium strain 
NCIM 1251 to degrade pre-treated polystyrene.

Fourier transform infrared spectroscopy (FTIR)

The major characteristic peaks at 3026, 2920, 2850, 1598, 
1492, and 752 wavenumbers are seen in the pure polysty-
rene samples (Fig. 1a). The peaks at 3026 and 1598  cm−1 
represent aromatic C–H stretching and C=C vinyl group, 
respectively. Characteristics peaks at 2920 and 2850  cm−1 
are related to  CH2 asymmetric stretching and  CH2 symmet-
ric stretching respectively. The peak at 1492  cm−1 is due to 
deformational vibrations of benzene ring whereas the peak 
at 752  cm−1 suggests deformational vibrations of substituted 
benzene derivative (Ali and Ghaffar 2017; Pushpadass et al. 
2010; Nikolic et al. 2014; Sarmiento et al. 2016; Chaudhary 
and Vijayakumar 2020c). Formation of an intense sharp 
peak at 1716  cm−1 appeared after UV treatment which cor-
responds to aliphatic ketones (Fig. 1b). The formation of 
this peak suggests the introduction of oxygen molecules into 
the polystyrene matrix (Bui et al. 2015). A similar peak at 
1720  cm−1 was observed by Davidson et al. (2005) after 
UV-ozone treatment. This functional group was introduced 
by the reaction of polystyrene samples with continuous 
UV bombardment that increases the hydrophilicity of the 

Table 1  pH, TDS, and 
conductivity values of mineral 
salt media

Positive control Negative control

Weeks pH TDS (ppm) Conductivity (µS) pH TDS (ppm) Conductivity (µS)

0 7.01 ± 0.01 0.575 ± 0.024 0.559 ± 0.007 7.01 ± 0.01 0.575 ± 0.024 0.559 ± 0.007
4 5.13 ± 0.07 12.33 ± 0.72 24.06 ± 1.53 7.00 ± 0.01 0.577 ± 0.023 0.563 ± 0.009
8 3.75 ± 0.09 26.53 ± 0.15 53.60 ± 0.70 6.99 ± 0.02 0.581 ± 0.025 0.568 ± 0.007

Fig. 1  FTIR spectrum of 
a pure polystyrene b UV-
treated polystyrene c UV- and 
chemical-treated Polystyrene 
(d) Pre-treated Polystyrene after 
8 weeks of incubation with 
Cephalosporium strain NCIM 
1251
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polystyrene (Yusilawati et al. 2011). Further, the intensity 
of peak at 3741  cm−1 increased after UV treatment. The 
synergistic effect of UV and acid treatment resulted in the 
formation of new peaks at 3608  cm−1 and 1647  cm−1 in the 
pre-treated polystyrene sample (Fig. 1c). Peaks at 3608  cm−1 
and 1647  cm−1 mark the presence of O–H stretching and 
C–C stretching respectively (Umamaheswari and Margandan 
2013; Margandan and Umamaheswari 2019). The acid treat-
ment has also resulted in the disappearance of a sharp peak 
at 1716  cm−1. Peaks at 1346  cm−1 and 3323  cm−1 are identi-
fied in pre-treated polystyrene samples after the exposure of 
Cephalosporium strain NCIM 1251 for 8 weeks (Fig. 1d). 
Peaks at 1346  cm−1 and 3323  cm−1 correspond to symmetric 
stretching of aromatic NO of nitro groups and O–H bond 
stretching of hydroxyls, respectively (Hace et al. 1996; Page 
et al. 1998; Arifin et al. 2016). Formation of new peaks after 
treatment with microorganisms suggests the utilization of 
the pre-treated polystyrene samples by the Cephalosporium 
strain NCIM 1251.

Thermogravimetric analysis (TGA)—derivative 
thermogravimetry (DTG)

The reduction in the weight of polystyrene in the tempera-
ture range of 215–450 °C is related to the backbone thermal 
decomposition of polystyrene samples (Ali and Ghaffar 
2017). Absolute degradation of the polystyrene samples was 
observed between 450 and 600 °C (Fig. 2). Similar observa-
tions were reported by Zhao et al. (2018) for the degrada-
tion of polystyrene samples. TGA analysis revealed a weight 
reduction of 95% at 419 °C for polystyrene samples. The 
onset of decomposition temperature increased to 433 °C for 
UV-treated polystyrene samples. The increase in the decom-
position temperature retards the process of depropagation 

and unzipping in the polymers (Li et al. 2009). Further, the 
rise in the onset of decomposition temperature up to 435 °C 
is observed after nitric acid treatment for UV-treated poly-
styrene samples. TGA analysis interprets the deviation of 
decomposition temperature of polystyrene to the higher 
side after treatment with UV and chemical. This result sug-
gests an increase in the stability of polystyrene samples after 
exposure to UV and chemical. Formation of a highly thermal 
stable polymer demonstrated as a consequence of several 
chain scissions and cleavages along with rearrangements in 
chemical bonds in the polymer. The onset of decomposition 
temperature reduced to 424 °C for pre-treated polystyrene 
samples after exposure to microorganisms. This decrease in 
decomposition temperature suggests a reduction in the ther-
mal stability of pre-treated polystyrene samples. A decrease 
in thermal stability reveals the modifications in polymer 
chain length, molecular weight, and crystallinity (Sudha-
kar et al. 2008). Jeyakumar et al. (2013) showed identical 
remarks for polypropylenes samples after fungal treatment. 
Thus, the decrease in thermal stability verified the consump-
tion of pre-treated PS samples by Cephalosporium strain 
NCIM 1251.

Derivative Thermogravimetry (DTG) graph displays 
a sharp peak at 376.46 °C for virgin polystyrene samples 
(Fig. 3). DTG graph for the polystyrene samples shifted to 
403.68 °C and 404.64 °C after UV and acid treatment. Fur-
ther, the temperature reduced to 383.85 °C after 8 weeks 
of exposure with Cephalosporium strain NCIM 1251. This 
decrease in temperature interpreted as a decrease in ther-
mal stability due to the combined UV, acid, and microbial 
treatment. The secretion of enzymes by the microorganisms 
causes cleavage of bonds which resulted in the drop of ther-
mal stability of the pre-treated polystyrene sample. A similar 
decrease in the thermal stability in low-density polyethyl-
ene (LDPE) samples after exposure to microorganisms was 
reported by Soni et al. (2009).

Scanning electron microscopy (SEM)

Polystyrene films have a clear, homogeneous, and con-
tinuous surface as detected by SEM (Fig. 4a). The clear 
and smooth surface of the polystyrene films indicates the 
complete evaporation of the organic solvent used during 
the solvent casting process (Dhanaraju et al. 2010). Several 
modifications in the morphology of the polystyrene films 
were observed after UV and chemical treatment. Exposure 
to UV irradiation had completely modified the surface tex-
ture of the polystyrene films. The smooth and continuous 
polystyrene film surface was transformed into a rugged 
and crumbled surface after subjecting to UV irradiation 
(Fig. 4b). Similar surface modifications were reported 
by Yusilawati et al. (2011) after UV-ozone treatment of Fig. 2  TGA of a pure polystyrene b UV-treated polystyrene c UV- 

and chemical-treated polystyrene d pre-treated polystyrene after 
microbial treatment
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polystyrene. Several micro-cracks, protrusions, and holes 
also developed on the polymer surface. UV treatment 
causes bond scissions, generates free radicals, fragments 
the polymer chains, and introduces polar functional groups 
which ultimately led to the formation of these surface 
irregularities (Teare et al. 2001). Further, on subjecting to 
nitric acid treatment, these micro-cracks developed into 
large cracks and grooves, suggesting more degradation 
due to the combined effect of UV and chemical treatment 
(Fig. 4c). An increase in the surface ruggedness, size, and 
the number of holes was also observed after the chemi-
cal treatment. Treatment of pre-treated polystyrene with 
Cephalosporium strain NCIM 1251 showed the formation 
of deeper cavities, holes, cracks, pits, and grooves, sug-
gesting the capability of Cephalosporium strain NCIM 
1251 to consume pre-treated polystyrene, in the form of 
carbon, for their proper functioning of metabolic activi-
ties (Fig. 4d, e). The hollow cavities and craters formed 
at few locations on the surface indicate the penetration of 
the fungal hyphae and colonization of the polymer surface. 
The ruptured and eroded polymer surface further depicts 
the assimilation of polystyrene samples by the microorgan-
isms. Similar kind of changes in the texture of polystyrene 
samples was analyzed when treated with microbial cul-
tures (Syranidou et al. 2017; Sekhar et al. 2016). Thus, the 
findings confirmed the ability of Cephalosporium strain 
NCIM 1251 to consume pre-treated polystyrene samples.

Conclusion

The present study discussed the synergistic effect of UV 
and chemical treatment on polystyrene and decomposition 
of pre-treated polystyrene in the microbial environment 
for 8 weeks, which helped to enhance the decomposition 
rate of the polystyrene. Based on weight loss analysis, a 
maximum of 20.62 ± 1.47% loss in weight was obtained. 
Higher decomposition was achieved after the combined 
effect of UV and chemical treatment on polystyrene. The 
decomposition of pre-treated polystyrene films by the 
Cephalosporium strain NCIM 1251 is also interpreted in 
terms of pH, TDS, and conductivity of mineral salt media. 
Appearances of nitro and hydroxyl groups after treatment 
with Cephalosporium strain NCIM 1251 were analyzed by 
FTIR. Microbial treatment decreased the thermal stability 
of the pre-treated polystyrene was studied by TGA. SEM 
analysis showed alterations in the morphology of pre-
treated polystyrene. Thus, the synergistic effects of UV, 
chemical, and microorganisms may be helpful to eliminate 
the polystyrene wastes piled up in the environment.

Fig. 3  DTG of a pure polysty-
rene b UV-treated polystyrene 
c UV- and chemical-treated 
polystyrene d pre-treated 
polystyrene after treatment with 
fungal culture
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Fig. 4  SEM images of a pure polystyrene b UV-treated polystyrene c UV- and chemical-treated polystyrene d, e pre-treated polystyrene after 
fungal treatment
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