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Abstract

The present investigation discusses the capacity of Cephalosporium species (sp.) and
Mucor species (sp.) to degrade polystyrene. Fourier transform infrared (FTIR) spectros-
copy, scanning electron microscopy (SEM), and thermogravimetric analysis (TGA) were
carried out to analyze the degradation of polystyrene with fungal cultures. Shifting in the
position of peaks after fungal treatment was observed by FTIR analysis. Changes in the
surface texture from smooth to the rough surface were visualized by SEM analysis. The
decrease in the thermal stability was showed by TGA when 95% weight reduction is cho-
sen as a point of comparison. Further results were interpreted in terms of various param-
eters like pH, total dissolved solid (TDS), and conductivity. The pH of mineral salt media
decreases while the value of TDS and conductivity increases after incubation with fungal
cultures. Eight-week incubation of polystyrene with Cephalosporium sp. showed a weight
loss of 2.17+0.16% and 1.81+0.13% with Mucor sp. Gas chromatography—mass spec-
trometer (GC-MS) and gel permeation chromatography analysis were carried out to deter-
mine the by-products and molecular weight of samples.
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1 Introduction

Polystyrene is an aromatic polymer synthesized from styrene monomer through the polym-
erization reaction. Low cost, lightweight, easy production, toughness, rigidity, and trans-
parency are the major properties associated with huge production and diverse applications
of polystyrene (Sheikh et al. 2013; Sowmya et al. 2015). Polystyrene is widely used as
disposal cups, packaging, and construction applications (Krueger et al. 2017). Generation
of municipal solid waste is the major problem associated with such packaging material
(Aarnio and Hamalainen 2008). Lack of proper solid waste management promotes the gen-
eration of approximately 9.46 million tons per annum of plastic wastes in India, which
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constitutes to 25940 tons per day out of which polystyrene comprises around 4.77% (Cen-
tral Pollution Control Board, India 2017).

Polystyrene is neither recyclable nor biodegradable (Tolinski 2012). Also, the cost of
recycling is higher than the manufacturing cost which restricts the recycling of plastics
(Ali and Ghaffar 2017). Therefore, a large amount of such plastics are utilized for one
time and then discarded without any recycling. Lack of functional groups, hydrophobic
nature, high molecular weight, and macromolecular nature of plastics are the main factors
that inhibit degradation of polystyrene (Krueger et al. 2017; Schlemmer et al. 2009). As a
result, plastics accumulated in the environment over a long duration causes environmental
pollution, health problems, and destruction of our ecosystem (Ho et al. 2017). Two differ-
ent approaches like landfilling and incineration are extensively used to remove the plastic
wastes. Landfilling reduces the land fertility and its availability, as plastics remain inert
for a longer period when buried under the soil. Plastic wastes are completely removed by
incineration process, but the process generates a huge amount of toxic gases that lead to
an increase in environmental pollution. Thus, there is a need of a process to degrade plas-
tics in an eco-friendly way. Biodegradation is a natural decaying process in which micro-
organisms colonize with polymer surface, and then, the enzymes secreted from microor-
ganisms convert the complex polymers into smaller molecules (oligomers, dimers, and
monomers) and finally mineralized to CO, and H,O (Gu 2003). Recalcitrant nature of
polystyrene toward microorganisms makes polystyrene degradation process very slow in
the environment (Tian et al. 2017). Still, fungi could be a feasible solution for the proper
removal of plastic wastes from the environment due to their extracellular oxidation mecha-
nisms (Kerem et al. 1999). Secretions of extracellular and intracellular enzymes from the
microorganisms are responsible for the degradation of polymers. Production of CO,, water,
and microbial biomass after degradation process would reveal the attainment of ultimate
biodegradation.

Kaplan et al. (1979) reported 0.57% degradation of polystyrene when treated with the
mixed microbial culture of activated sludge in 11 weeks. However, 1.9% weight loss was
reported for the film of polystyrene buried under agricultural soil over a period of 6 months
(Ali and Ghaffar 2017). Syranidou et al. (2017) reported a 4.7% reduction in weight loss
when polystyrene samples treated with seawater microorganisms for a period of 6 months.
Exceptionally, Yang et al. (2018) have reported the rapid biodegradation of polystyrene
foams by a gut of yellow mealworms and larvae of Tenebrio molitor Linnaeus.

Cephalosporium species (sp.) and Mucor species (sp.) have the ability to utilize plastic
materials like polyethylene and polystyrene as a source of carbon for their growth (Brown
et al. 1974). Further, Chaudhary and Vijayakumar (2018) reported the capability of Cepha-
losporium sp. to degrade polyethylene. However, the ability of Cephalosporium sp. and
Mucor sp. for the degradation of polystyrene under laboratory conditions is not reported in
the literature. Studies on the biodegradability of polystyrene in the presence of two differ-
ent pure fungi culture have been carried out in the present work.

2 Materials and methods
2.1 Preparation of polystyrene sample

Polystyrene foam was dissolved in benzene solution and poured into Petri dish. Then, the
solution was kept at room temperature for 24 h for the removal of solvent by evaporation
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process. Further, these samples were kept in an oven at 70 °C for 8 h for complete removal
of the solvent. Then, the plastic strips were cut into 4 X4 cm size and washed with ethanol
solution for further processing.

2.2 Source of biodegrading culture

Fungal culture of Cephalosporium sp. (NCIM 1251) and Mucor sp. (NCIM 881) was
obtained from the National Collection of Industrial Microorganism (NCIM), NCL, Pune,
India. Fungal cultures were preserved regularly on potato dextrose agar (PDA) at 28 "C and
were stocked at 4 "C.

2.3 Invitro degradation study

K,HPO,, (NH,) ,SO,, NaCl, KH,PO,, MgSO,.7H,0, (NH,) ,SO,, CaCl,.2H,0, FeSO,
each of 0.5, 0.2, 0.1, 0.04, 0.02, 0.002, 0.001 g/L of distilled water were taken for the prep-
aration of mineral salt media (MSM). In a 250 mL of conical flask, 100 mL of MSM was
taken along with polystyrene strip. In vitro degradation studies of polystyrene were car-
ried out in laminar air flow to make the environment clean and pathogen free with positive
(mineral salt media + polystyrene + fungus) and negative (mineral salt media + polystyrene)
controls, respectively. The flasks were then preserved in a biochemical oxygen demand
(BOD) incubator at a shaking rate of 120 rpm for eight weeks at 28 °C.

2.4 Analysis of biodegradation
2.4.1 Weight reduction measurement

Weights of the samples were measured before and after the incubation period. Reduction in
weight after the degradation was determined by using Eq. (1),

(M; - M;)

f

%weight reduction = * 100 (1)

where M, is the initial weight of polystyrene and M; is the weight of polystyrene after an
incubation period

2.4.2 Measurement of pH, TDS, and conductivity

WENSER LMMP-30 apparatus was used for the determination of pH, TDS, and conduc-
tivity of the mineral salt media. Two different electrodes were used to measure pH, TDS,
and conductivity of mineral salt media. Ten milliliters of mineral salt media was taken in
a beaker, and electrode was dipped into the test solution. The readings were noted after
attaining the equilibrium condition.

2.4.3 Fourier transform infrared (FTIR) spectroscopy

FTIR analysis for the samples was performed by using FTIR spectroscopy (Shimadzu,
FTIR-8400) in the frequency range of 400 cm™! to 4000 cm™'.
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2.4.4 Scanning Electron Microscopy (SEM)

Polystyrene samples after an incubation period of eight weeks with Cephalosporium sp.
and Mucor sp. were washed with ethanol to remove the microorganisms attached on the
surface and further washed with distilled water to clean the surface. Morphological anal-
yses were carried out using scanning electron microscopy (SEM) (ZEISS, EVO 18) for
pure polystyrene and polystyrene after inoculation with pure fungal cultures. A sample was
adhered to SEM holder stub using carbon tape and also gold sputtering was carried out
before the analysis.

2.4.5 Thermogravimetric analysis (TGA)-derivative thermogravimetry (DTG)

Thermal stability of the polystyrene samples before and after the incubation period was
analyzed by using thermogravimetric analyzer (Shimadzu, TGA-50) in the temperature
range of 25-800 °C. Samples were ignited under an inert nitrogen atmosphere (10 mL/
min) at a heating rate of 10 °C/min in order to determine the reduction in weight.

2.4.6 Gas chromatography-mass spectrometer (GC-MS)

The by-products obtained after incubation period were analyzed by using gas chromatog-
raphy—mass spectrometer (Agilent Technologies, GCMS_HSS). After incubation period,
the polystyrene strips were separated and the fungal cultures were centrifuged at 6000 rpm
for 15 min to remove the organic wastes. The compounds present in the supernatant were
analyzed using GC-MS.

2.4.7 Gel permeation chromatography (GPC)

Determination of weight-average molecular weight (Mw) and number-average molecular
weight (Mn) of polystyrene samples before and after microbial exposure over a period of
8 weeks was carried out by gel permeation chromatography (GPC) (PerkinElmer, Series
200). The polydispersity index (Mw/Mn) of the samples was calculated by using the
molecular weight data.

3 Results and discussions

The study on degradation of polystyrene by pure fungal cultures in the mineral salt media
was performed. The mean of three experiments is considered to analyze the results.

3.1 Weight loss measurement

Weight loss is the primary method to detect degradation in polymers. Microorganisms
attach to the surface of polymers and initiate the degradation process. Microorganisms
secrete enzymes and disrupt the integrity of polymers which leads to the weight loss.
A weight loss of 2.17+0.16% is observed when polystyrene samples are incubated
with Cephalosporium sp. for a period of 8 weeks, whereas 1.81+0.13% weight loss
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is observed in PS inoculated with Mucor sp. The weight loss of polystyrene films after
inoculation with fungal cultures attributes to the loss of carbon content due to the utili-
zation of polystyrene films by the microorganisms (Chaudhary and Vijayakumar 2018).
No weight loss is obtained in PS sample inoculated in the negative control flask (with-
out microorganisms). Reduction in weight of samples reveals that the Cephalosporium
sp. and Mucor sp. have the ability to degrade PS sample and utilized PS as a source of
carbon for their metabolic activities. Cephalosporium sp. is found to be more efficient
than Mucor sp. in degradation of PS as revealed by weight loss measurements. Thus, the
weight loss analysis interprets that the fungal cultures have the potential to degrade pol-
ystyrene films and confirms the potential of fungal cultures to survive on the surface of
polystyrene (Brown et al. 1974). Similar observations have been reported based on the
gravimetric analysis (Ali and Ghaffar 2017; Kaplan et al. 1979; Syranidou et al. 2017).

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

The variations observed in the values of pH, TDS, and conductivity are shown in
Table 1. The degradation of plastics depends on pH of the mineral salt media, which
is responsible for the increase in cell numbers. Initial pH of the mineral salt media is
7.01+0.01. pH of mineral salt media decreases after incubation with fungal cultures.
The value reduced to 5.91+0.05 and 5.21+0.08 after an incubation period of eight
weeks with Cephalosporium sp. and Mucor sp., respectively. Lowering in the value
of pH is resulted due to secretion of enzymes and acids from the microorganisms (Gu
2003). The changes in the value of pH confirm the ability of fungal cultures to utilize
PS as a source of carbon. Similar results were reported where the presence of microor-
ganisms decreases the pH value of mineral salt media (Awasthi et al. 2017).

The initial value of TDS and conductivity is 0.546 +0.006 ppm and 0.452+0.018
uS, respectively. The value increased to 1.615+0.045 ppm and 3.141+0.072 uS
when inoculated with Cephalosporium sp. On the other hand, the value becomes
1.465+0.091 ppm and 2.814 +0.047 uS when inoculated with Mucor sp. for a period
of eight weeks. Again, the secretions of enzymes and acids are responsible for the
increase in the value of TDS and conductivity (Gu 2003; Chaudhary and Vijayakumar
2018). Increase in the value of TDS and conductivity confirms the effectiveness of fun-
gal cultures in the degradation of polystyrene. Cassidy et al. (2001) reported similar
observations where the value of TDS and conductivity increases after inoculation with
microorganisms.

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

Weeks Cephalosporium sp. Mucor sp.
pH TDS (ppm) Conductivity (uS) pH TDS (ppm) Conductivity (uS)
0 7.01+£0.01 0.546+0.006 0.452+0.018 7.01+£0.01 0.546+0.006 0.452+0.018
6.45+0.10 1.395+0.032 2.589+0.062 6.65+0.06 1.211+0.049 2.467+0.125
8 591+0.05 1.615+0.045 3.141+0.072 521+0.08 1.465+0.091 2.814+0.047
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Fig.1 FTIR spectrum of a pure polystyrene, b polystyrene after 8 weeks of incubation with Cephalo-
sporium sp., ¢ polystyrene after 8 weeks of incubation with Mucor sp

3.3 Fourier transform infrared (FTIR) spectroscopy

The characteristic bands at 3553, 3448, 3051, 2881, 2650, 2333, 1925, 1757, 1480 and
726 wave numbers are seen in PS sample (Fig. 1a). The interpretation of characteristic
wave numbers is given in Table 2. Characteristics bands of pure PS samples are shifted
to 3635, 3429, 3032, 2902, 2644, 2330, 1905, 1766 and 746 after an incubation period
of 8 weeks with Cephalosporium sp. (Figure 1b). The FTIR spectrum of polystyrene
after 8 weeks of incubation with Mucor sp. is presented in Fig. lc. Similar shifting of
the bands is observed when PS samples are treated with Mucor sp. (Figure 1c¢). Charac-
teristics bands of pure PS samples are shifted to 3651, 3450, 3036, 2891, 2636, 2328,
1907, 1778 and 748 after an incubation period of 8 weeks with Mucor sp. (Figure lc).
Ojha et al. (2017) reported a similar shift in the peaks during degradation of a polymer
sample by the potential fungal strains. Further, some of the characteristic peaks shifted

Table 2 FTIR assignment of polystyrene

Wavelength (cm™") Assignment

3653, 3448 O-H vibration (Nikolic et al. 2014)

3051 Aromatic C-H stretching (Ali and Ghaffar 2017; Sarmiento et al. 2016)
2881 CH, symmetric stretching (Ali and Ghaffar 2017)

2650 C-H stretching (Mohan et al. 2016)

2333 Absorbed CO, (Gomez et al. 2017)

1925, 1757 Monosubstituted benzene derivate (Nikolic et al. 2014)

1480 Benzene ring (Ali and Ghaffar 2017; Pushpadass et al. 2010)

726 Substituted aromatic ring (Sarmiento et al. 2016)
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to higher values after the degradation, which is due to the weakening of bonds in the
polystyrene sample (Pushpadass et al. 2010). Shifting in peaks after microbial exposure
confirms the degradation of polystyrene samples. The decrease in the intensity of bands
is also observed for the PS samples exposed to microorganisms. The decrease in the
intensity of bands indicates that the degradation of polystyrene samples takes place due
to secretion of enzymes from the microorganisms, which leads to disintegrations of pol-
ymer samples (Shimpi et al. 2012). Syranidou et al. (2017) reported a similar decrease
in the intensity of peaks of polystyrene after treatment with a fungal culture.
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Fig.2 SEM image of a polystyrene, b polystyrene after 8 weeks of incubation in negative control, ¢ poly-
styrene after 8 weeks of incubation with Cephalosporium sp., d polystyrene after 8 weeks of incubation
with Mucor sp
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3.4 Scanning electron microscopy (SEM)

Polystyrene sample has a smooth, uniform and homogeneous surface as analyzed by SEM
(Fig. 2a). Morphological changes in the PS surface are seen for the samples after 8 weeks
of the microbial attack. Incubation of PS samples with Cephalosporium sp. and Mucor sp.
changes the surface texture and leads to the creation of cracks, erosion, and holes, which
indicate an attack on polystyrene film (Fig. 2c and d). Further, the generation of cracks,
erosion, and holes after the degradation process confirms the ability of Cephalosporium sp.
and Mucor sp. to utilize polystyrene as a source of energy in the form of carbon. No mor-
phological changes are observed when polystyrene samples were inoculated in the negative
control (without microorganisms) (Fig. 2b). Treatment of polystyrene with Mucor sp. cre-
ated less deformation than that of Cephalosporium sp. treated sample as shown in SEM
analysis. These results are in agreement with the results obtained in weight loss measure-
ment where weight loss was lower in Mucor sp. treated PS than that of Cephalosporium
sp. treated PS. Morphological changes occurred after an incubation period indicates the
extent of polymer degradation (Ali and Ghaffar 2017). Similar observations of morpho-
logical changes in polystyrene samples were reported when polystyrene samples were sub-
jected to microbial treatment (Syranidou et al. 2017; Sekhar et al. 2016). Thus, the results

showed the potential capacity of Cephalosporium sp. and Mucor sp. to degrade polystyrene
sample.

3.5 Thermogravimetric analysis (TGA)-derivative thermogravimetry (DTG)

Thermogravimetric analysis of polystyrene samples was studied under a nitrogen atmos-
phere. The weight loss occurred at the temperature range of 215-450 °C in polystyrene is
due to backbone thermal decomposition (Ali and Ghaffar 2017). All the polystyrene sam-
ples were completely decomposed in the temperature range of 450 to 600 °C (Fig. 3). Zhao
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Fig.3 TGA of a polystyrene, b polystyrene after 8 weeks of incubation with Mucor sp., ¢ polystyrene after
8 weeks of incubation with Cephalosporium sp
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et al. (2018) reported similar observations for the decomposition of polystyrene. TGA
result shows the shifting of degradation temperature of polystyrene to lower side after incu-
bation with microorganisms. This reveals that the thermal stability of PS sample decreases
after an attack with microorganisms. Jeyakumar et al. (2013) reported similar observations
in shifting of degradation temperature to a lower side for the polypropylenes treated with
fungal cultures. TGA showed a weight loss of 95% at 437 °C for pure polystyrene sample.
The onset of degradation reduced to 417 °C and 408 °C for a 95% reduction in weight
for polystyrene samples treated with Mucor sp. and Cephalosporium sp., respectively. The
decrease in the degradation temperature is related to the decrease in the thermal stability of
polystyrene samples. Reduction in thermal stability indicates the changes in crystallinity,
molecular weight, and polymer chain length (Sudhakar et al. 2008). Therefore, the reduc-
tion in thermal stability confirms the utilization of PS samples by the microorganisms.

Derivative thermogravimetry (DTG) curve shows a major peak at 422.83 °C for pure
polystyrene sample (Fig. 4). DTG curves shifted to 398.26 °C and 388.33 °C after micro-
bial treatment with Mucor sp. and Cephalosporium sp., respectively. This shifting of tem-
perature implies that the thermal stability of polystyrene sample decreases after fungal
treatment. The decrease in thermal stability of polymer occurs due to changes and breaking
of bonds caused by the enzymes secreted from microorganisms. Soni et al. (2009) reported
similar observations for the low-density polyethylene (LDPE) samples after treatment with
the microbial consortium.

3.6 Gas chromatography-mass spectrometer (GC-MS)

Supernatant samples were subjected to GC-MS analysis to analyze the by-products pro-
duced after incubation with pure fungal cultures. Figure 5a and b shows the chromatogram

(a) Polystyrene

(b) Polystyrene after incubation with Mucor sp.

(¢) Polystyrene after incubation with Cephalosporium sp.
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Fig.4 DTG of a polystyrene, b polystyrene after 8 weeks of incubation with Mucor sp., ¢ polystyrene after
8 weeks of incubation with Cephalosporium sp
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Fig.5 Chromatogram for the supernatant obtained on polystyrene degradation by a Cephalosporium spe-
cies strain and b Mucor species strain

for the supernatant obtained on polystyrene degradation by the fungal cultures Cephalo-
sporium sp. and Mucor sp., respectively. The presence of alkanes, alkenes, acids, alco-
hols, antioxidants, and aromatic hydrocarbon compounds are identified by GC-MS. The
by-products formed due to activity of fungal culture during the degradation process using
Cephalosporium sp. and Mucor sp. are shown in Tables 3 and 4, respectively. Similar by-
products such as alkanes, alkenes, acids, alcohols, antioxidants, and aromatic hydrocarbons
have been formed on the degradation of polyethylene (Muenmee et al. 2016; Shahnawaz
et al. 2016; Awasthi et al. 2017).

3.7 Gel permeation chromatography (GPC)
The weight-average molecular weight (Mw) and number-average molecular weight (Mn) of

the polystyrene sample before and after fungal treatment are shown in Table 5. Mn of the
polystyrene sample decreased by 4.69% and 4.56% after treatment with Cephalosporium
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Table 3 List of identified compounds produced after degradation of polystyrene polymer in the presence of
Cephalosporium species strain

S. no. Retention time Area % Name of the compound
(min)
1 3.803 29.32 Pyridine
2 4.276 5.97 1,3,5 Cycloheptatriene
3 6.951 100 Benzene, chloro
4 16.973 5.64 Methane, tris(methylthio)-
5 21.425 3.35 1H-Indene,2,3-dihydro-1,1,3-trimethyl-3-phenyl
6 21.99 3.29 Benzene, 1,1'-(1,1,2,2-tetramethyl-1,2-ethanediyl)bis-
7 22.329 12.25 2,4-Diphenyl-4-methyl-2(E)-pentene
8 24.954 2.16 Pentadecanoic acid, 2,6,10,14-tetramethyl-,methyl ester
9 25.403 1.59 13-Tetradece-11-yn-ol
10 25.975 24 9-Octadecanoic acid, ethyl ester
11 26.399 10.56 Octadecanoic acid, ethyl ester

Table 4 List of identified compounds produced after degradation of polystyrene polymer in the presence of
Mucor species strain

S. no. Retention time Area % Name of the compound
(min)
1 2.154 10.53 n-Hexane
2 2.634 3.6 Cyclohexane
3 3.802 31.88 Pyridine
4 4.276 9.83 1,3,5 Cycloheptatriene
5 6.95 100 Benzene, chloro
6 16.973 4.43 Methane, tris(methylthio)-
7 20.268 4.27 2,4-Diphenyl-4-methyl-1-pentene
8 20.336 1.97 Benzene, (1,1-dimethyldecyl)-
9 21.492 322 Phenol, 2,4-bis(1-methyl-1-phenylethyl)
10 22.408 1.93 1H-Indene, 2,3-dihydro-1,1,3-trimethyl-3-phenyl

Table 5 Weight-average molecular weight (Mw) and number-average molecular weight (Mn) of the poly-
styrene sample before and after microbial treatment

Samples Mn Mw Polydispersity
Polystyrene 57471.5 149,947.4 2.6088
Polystyrene + Cephalosporium sp. 54,778.4 142,503.3 2.6015
Polystyrene + Mucor sp. 54,853.2 143,514.7 2.6163

sp. and Mucor sp., respectively. Also, Mw of polystyrene samples decreased by 4.96%
and 4.29% after 8 weeks of incubation with Cephalosporium sp. and Mucor sp., respec-
tively. The decrease in the value of Mn and Mw suggests that the scissioning of polymer
chains occurred due to the impact of microorganisms and leads to the formation of shorter
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fragments. Syranidou et al. 2017 reported similar decrease in the Mn and Mw of poly-
styrene samples after treatment with marine microorganisms. Value of polydispersity is
almost constant for all the polystyrene samples which indicates the heterogeneous distribu-
tion of molecules in the polymer matrix.

4 Conclusions

The drastic increase in applications of polystyrene significantly increases the generation
of plastic wastes. Biodegradation is one of the promising approaches for degradation by
using microorganisms to overcome the plastic waste problem. The process is safe and eco-
friendly as it releases a negligible amount of green house gases. The present work deals
with the study on degradation of polystyrene by the Cephalosporium sp. and Mucor sp. in
eight weeks of duration. FTIR, SEM, and TGA studies confirmed the utilization of poly-
styrene by pure fungal cultures. These findings could be useful for the safer removal of
polystyrene in the presence of microorganisms and could be a viable solution to deal with
plastic wastes problem prevailing in the society.
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