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Abstract In the present work, the potential of Ceph‑
alosporium strain in degrading the pre-treated (ultra-
violet irradiation followed by nitric acid treatment) 
low-density polyethylene and high-density polyethyl-
ene films was investigated. Our observations revealed 
a significant weight reduction of 24.53 ± 0.73% and 
18.22 ± 0.31% in pre-treated low-density polyethyl-
ene and high-density polyethylene films respectively, 
after 56 days of incubation with the Cephalosporium 
strain. Changes in the physicochemical properties 
of the mineral salt medium (MSM) were studied to 
assess the extent of biodegradation. The pH of the 
MSM decreased gradually during the incubation 
period, whereas its total dissolved solids and con-
ductivity values increased steadily. Fourier transform 
infrared spectroscopy (FTIR) indicated the formation 
of hydroxyl and C = C groups in biodegraded low-
density polyethylene films, while in the case of bio-
degraded high-density polyethylene films it indicated 
the −CH2 stretching. Furthermore, the thermogravi-
metric analysis (TGA) revealed an enhancement in 
the thermal stabilities of both the LDPE and HDPE 
films post the biodegradation. Modifications in the 
polymer surface morphologies after UV irradiation, 
chemical treatment, and biodegradation steps were 

visualized via scanning electron microscopy (SEM) 
analysis. All our observations confirm the ability of 
the Cephalosporium strain in biodegrading the pre-
treated LDPE and HDPE films.

Keywords Acid treatment · Biodegradability · 
Cephalosporium strain · Polyethylene · Ultraviolet 
irradiation

Introduction

Plastics are manmade polymers that have found 
their way into various aspects of our lives since their 
invention. By the virtue of their versatile properties, 
these synthetic polymers have earned myriad appli-
cations in the fields of transportation, construction, 
telecommunication, and medicine. A huge amount of 
non-biodegradable thermoplastics are fabricated and 
utilized every year for packaging due to their better 
properties over paper based products (Muhonja et al., 
2018). Properties such as durability, low cost, and 
lightweight are associated with the versatile applica-
tions of these plastics. Most familiar thermoplastics 
include polyvinyl chloride (PVC), polystyrene (PS), 
polypropylene (PP), and polyethylene (PE). Conse-
quently, a huge amount of non-biodegradable ther-
moplastic waste is also generated every year. The 
proportion of polyethylene in this plastic debris is 
considerably high, as it is the most readily available 
single-use plastic. Low-density polyethylene (LDPE) 
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and high-density polyethylene (HDPE) are the two 
most widely consumed polyethylene types, each hav-
ing its unique applications. HDPE is relatively more 
linear and contains less branching, rendering it with 
a higher packing density (Li et  al., 2019). HDPE is 
utilized as the crude material in the manufacturing 
of various utilities such as food containers, flexible 
pipes, waterproof fabrics, household plastic ware, 
packaging bags, and agricultural films. In India, in 
2021, approximately 12.14 million tons of plastics are 
manufactured, of which 15.73% (1.91 million tons) is 
HDPE, making it the third most manufactured plastic 
in the country (Chemical and Petrochemical Statistics 
at a Glance—2021, 2021). Due to its xenobiotic ori-
gin and recalcitrant nature, several million tons of dis-
carded polyethylene plastics are accumulated in the 
environment. These accumulated plastics are slowly 
intoxicating the marine and terrestrial ecosystems, 
endangering the lives of many aquatic and onshore 
animals. Remediation of this accumulated plastic 
waste has become crucial to restore the ecological 
balance (Sojobi & Zayed, 2022).

Three different approaches, landfilling, incin-
eration, and recycling are commonly used to elimi-
nate the accumulated waste plastics. The landfill-
ing technique suffers from restrictions such as 
the unavailability of land and decreased soil fer-
tility of the landfilled area (Singh & Pant, 2016; 
Sojobi & Owamah, 2014). On the other hand, 
the incineration technique generates toxic fumes 
which are carcinogenic that lead to air pollution 
(Sojobi et  al., 2016). Incineration of polyethylene 
releases toxic emissions such as dioxin, hydrogen 
chloride, fine particulate matter, and cadmium 
(Awasthi et al., 2017b). Lastly, the recycling tech-
nique is limited by the higher costs associated with 
the recycling of polyethylene (Farzi et  al., 2019). 
To overcome the limitations of landfilling, incin-
eration, and recycling processes, biodegradation 
is found to be a potential approach to overcome 
the plastic wastes accumulated in the environment 
(Shabani et al., 2015). Biodegradation of polymers 
occurs through three steps, biodeterioration, biof-
ragmentation, and assimilation. In the biodeterio-
ration step, microorganisms come in contact with 
polymers and during the biofragmentation step, the 
enzymes secreted by the microbes depolymerize 
the large heavy polymers into smaller and lighter 
polymers (oligomers, dimmers, and monomers). 

In the assimilation step, these smaller molecules 
infiltrate the outer semi-permeable membrane of 
microorganisms, and the microorganisms utilize 
these smaller carbon molecules as a source of 
energy (Muhonja et al., 2018).

Polyethylene is mainly considered non-biodegradable 
because of its hydrophobic nature which restrains the 
diffusion of possible reactive molecules generated by 
the microorganisms. The use of anti-oxidants during the 
manufacturing process and the high molecular weights 
of the polymer chain are a few other factors that account 
for its recalcitrant nature (Jamil et  al., 2017; Koutny 
et al., 2006). Polyethylene persists in the soil and marine 
ecosystems for several decades due to the absence of 
necessary functional groups for microbial degradation 
(Tribedi & Sil, 2013). Polyethylene sheet showed only 
partial degradation with negligible weight loss when 
buried underground for 12–32  years (Ghatge et  al., 
2020). As only a little degradation is possible in case 
of the virgin polyethylene, pre-treatments such as ultra-
violet irradiation, surfactant-induced oxidation, thermal, 
acid, gamma irradiation, etc. are necessary to accelerate 
the biodegradation (Awasthi et  al., 2017a; Chaudhary 
et al., 2021; Mukherjee et al., 2017; Sheik et al., 2015). 
These pre-treatment methods deteriorate the structural 
integrity and insert the necessary functional groups in 
the polyethylene samples thereby making them suscep-
tible to the enzymatic attack of the microbes. Further-
more, treatments such as acid and ultraviolet irradiation 
incorporate physicochemical changes in the polymer 
matrix thus transforming the polymer’s nature from 
hydrophobic to partially hydrophilic. Awasthi et  al. 
(2017a) subjected LDPE films to thermal pre-treatment 
for 10  days and achieved an enhanced biodegradation 
weight loss of 8.4 ± 3% using Rhizopus oryzae NS5 in 
1  month. Rajandas et  al. (2012) performed the FTIR-
ATR (Fourier transform infrared-attenuated total reflec-
tance) analysis to determine the biodegradation extent 
in the LDPE samples which were pre-treated with nitric 
acid for 10 days. Tribedi and Dey (2017) exposed the 
pre-treated samples of LDPE to microorganisms avail-
able in the soil and found a decrease in the terminal 
double bond and the carbonyl bond index after 28 days. 
Ojha et al. (2017a, b) also reported a similar reduction 
in the carbonyl bond index of the LDPE samples which 
were studied for biodegradation under the exposure of 
potential fungal strains for 90 days. This decrease in the 
carbonyl bond index was interpreted as the consumption 
of carbonyl residues by soil microorganisms.
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Brown et al. (1974) showed that the Cephalosporium 
strain can survive on waste plastics. Also, the capabil-
ity of the Cephalosporium strain in deteriorating nitric 
acid–treated LDPE and HDPE films were reported 
in the literature (Chaudhary & Vijayakumar, 2020a; 
Chaudhary et al., 2022). However, the biodegradation of 
ultraviolet irradiated and nitric acid–treated LDPE and 
HDPE films by Cephalosporium strain is not reported 
elsewhere. The present study was carried out to under-
stand the synergic effect of ultraviolet irradiation and 
nitric acid treatment on the biodegradation of LDPE and 
HDPE samples when exposed to the Cephalosporium 
strain. The pre-treated LDPE and HDPE films were 
incubated with Cephalosporium strain for 56 days and 
the extent of biodegradation was analyzed in detail by 
weight loss (%), FTIR, TGA, and SEM.

Materials and methods

Materials

Cephalosporium strain (NCIM 1251) was procured 
from the National Collection of Industrial Microorgan-
ism (NCIM), NCL, Pune, India. The Cephalosporium 
culture was nurtured on potato dextrose agar (PDA) at 
28 °C and was kept at 4 °C. All the required chemicals 
were purchased from Sigma-Aldrich Chemicals Pvt. 
Ltd. LDPE film of 69  µm and HDPE film of 65  µm 

thickness with densities of 0.92 and 0.95 g/cm3 respec-
tively were used for biodegradation study.

Methods

Pre‑treatments of polyethylene films

The pre-treatment and biodegradation methodology is 
shown in Fig. 1. HDPE and LDPE films were scissored into 
4 × 4-cm-sized strips. These strips were irradiated under 
ultraviolet light (15 W, 50 Hz) over 1 week in a laminar air-
flow chamber. After the UV irradiation, the films were fur-
ther separately exposed to 50 ml nitric acid (69%) solution 
for 7 days. Then, these films were rinsed and cleaned with 
deionized water and ethanol and were further dried at 60 °C 
in a vacuum oven for 6 h to eliminate the moisture. After 
this, the films were preserved in a laminar air-flow chamber 
to avoid any sort of microbial contamination.

In vitro biodegradation study

Mineral salt medium (MSM) for the incubation of the 
Cephalosporium strain with polymer films was prepared 
using a similar procedure as reported by Chaudhary and 
Vijayakumar (2020b). Positive and negative controls 
were prepared for each of the LDPE and HDPE samples, 
for a clearer examination of the biodegradation process. 
A 100 ml of MSM, pre-treated LDPE (or) HDPE, and 
Cephalosporium strain make up the positive control. On 

Fig. 1  Pre-treatment and 
biodegradation methodol-
ogy



 Environ Monit Assess (2023) 195:395

1 3

395 Page 4 of 14

Vol:. (1234567890)

the other hand, 100 ml of MSM, pre-treated LDPE (or) 
HDPE films make up the negative control. These flasks 
were then kept in a rotary shaker at 28 °C at 120 rpm for 
56 days.

Analysis of biodegradation

Adherence of microbes to the polymer film surfaces 
and the subsequent assimilation of these polymer 
molecules as a carbon source resulted in the weight 
loss in the polymer films after the incubation period 
of 56 days. This weight loss was calculated by the fol-
lowing formula,

where L1 represents the initial weight of the pre-
treated LDPE (or) HDPE films and L2 represents the 
final weight of the pre-treated LDPE (or) HDPE films 
after the microbial attack.

Variations in the characteristic polymer properties 
such as the presence of functional groups, the surface 
morphology, and the thermal stability were analyzed 
using the Fourier transform infrared spectroscopy 
(FTIR) (Shimadzu FTIR-8400), scanning electron 
microscopy (SEM) (Zeiss, EVO 18), and thermo-
gravimetric analysis (TGA) (Shimadzu TGA-50) 
respectively.

Results and discussion

Weight loss measurement

In the present study, pre-treated LDPE and HDPE sam-
ples incubated with Cephalosporium strain showed 
a weight loss of 24.53 ± 0.73% and 18.22 ± 0.31% 
respectively. It was also observed that there was no 
weight reduction in the sample inoculated without the 

%Weight reduction =

(L1 − L2)

L1

× 100 (i)

Cephalosporium strain. The earlier studies reported 
weight loss of 13% and 7.18% when nitric acid–treated 
LDPE and HDPE were incubated with Cephalosporium 
strain for 56 and 20  days respectively (Chaudhary & 
Vijayakumar, 2020a; Chaudhary et  al., 2022). From 
these observations, it is evident that the UV treatment 
and nitric acid exposure enhanced the biodegradabil-
ity of LDPE and HDPE. In another study, Awasthi et al. 
(2017b) reported a similar weight reduction of 18.4% in 
a thermally treated HDPE sample by Klebsiella pneu‑
moniae after an incubation period of 60 days. Thus, the 
weight reduction in the polyethylene samples incubated 
with the Cephalosporium strain could be solely attrib-
uted to the enzymatic attack by the fungal species.

Changes in pH, total dissolved solids (TDS), 
conductivity of MSM

The properties such as pH, TDS, and conductivity of the 
mineral salt medium were determined at regular intervals 
during the biodegradation period (Table 1). The pH value 
of MSM media gradually shifted from neutral to acidic 
side during the biodegradation studies. Also, during this 
period there was an increase in the TDS content of the 
MSM. Similar to the TDS content, there was an increase 
in the conductivity of the medium to a higher value by 
the end of 8 weeks. The changes in pH, TDS, and con-
ductivity values are due to the secretion of enzymes and 
chemical substances by the Cephalosporium strain into 
the MSM during the degradation period (Gu, 2003 and 
Chaudhary and Vijayakumar (2020b)). These property 
changes confirm that the microorganisms are active and 
responsible for the degradation of pre-treated polyethyl-
ene samples (Cassidy et al., 2001).

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectrum of the pure LDPE sample showed 
characteristic peaks at 719, 1373, 1465, 2848, and 

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

Low‑density polyethylene (LDPE) High‑density polyethylene (HDPE)

Weeks pH TDS
(ppm)

Conductivity (µS) pH TDS
(ppm)

Conductivity (µS)

0 7.01 ± 0.01 0.588 ± 0.007 0.547 ± 0.004 7.01 ± 0.01 0.575 ± 0.024 0.559 ± 0.007
4 4.69 ± 0.08 98.44 ± 0.89 48.13 ± 0.68 6.52 ± 0.26 94.83 ± 4.35 47.20 ± 2.25
8 4.10 ± 0.07 146.74 ± 2.41 73.18 ± 1.07 5.42 ± 0.15 131.63 ± 5.67 65.63 ± 2.73
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2914   cm−1 (Fig.  2a), and the assignments to these 
characteristic peaks are listed in Table  2. Continu-
ous bombardment of UV rays on LDPE films led to 
the formation of new peak at 1016   cm−1 and peak 
with low intensity at 1745   cm−1 as observed in the 
FTIR spectrum of the UV-treated LDPE sample 
(Fig. 2b). These peaks are related to the transvinylene 
-CH = CH- vibrations and the C = O stretching respec-
tively (Vasilets et  al., 2004). Furthermore, the treat-
ment of the UV-treated LDPE film with nitric acid 
showed the formation of major peaks at 1714, 1627, 
and 1048   cm−1 (Fig. 2c). These peaks are related to 
the carbonyl, -C = C-, and -CH = CH- groups respec-
tively. The formation of these peaks confirms the 

oxidation of the LDPE samples (Hasan et al., 2007). 
Later, the biological treatment of the pre-treated 
LDPE films with the Cephalosporium strain resulted 
in the formation of new peaks at 3390 and 1645  cm−1 
(Fig.  2d). The peaks at 3390 and 1645   cm−1 corre-
spond to the hydroxyl and C = C groups respectively 
(Jamil et al., 2017). Thus, the formation of new bands 
after fungal treatment indicates the changes in the 
LDPE chemical structure, and thus provides the nec-
essary evidence to confirm the capability of fungal 
culture to deteriorate pre-treated LDPE films.

Alternately, in the FTIR spectrum of the pure HDPE 
films, characteristic peaks were observed at wave num-
bers of 2912, 2846, 1463, 1371, and 721  cm−1 (Fig. 3a). 

Fig. 2  FTIR of a LDPE, b UV-treated LDPE, c UV and chemically treated LDPE, and d pre-treated LDPE after fungal treatment
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The UV pre-treatment modified the HDPE surface 
as indicated by the new peak formed at 1259   cm−1 
which represents the -C-O stretching (Fig. 3b) (Jeon & 
Kim, 2013). On further exposure to the nitric acid pre-
treatment, new peaks appeared at 1724 and 1597  cm−1 
(Fig.  3c). These peaks at 1724 and 1597   cm−1 corre-
spond to the carbonyl group (Hasan et al., 2007; Jamil 
et al., 2017; Jeon & Kim, 2013; Rajandas et al., 2012). 
Also, the shifting of characteristic peaks was observed 

Table 2  FTIR assignment of LDPE

Wavelength
(cm−1)

Assignment

2914 CH2 asymmetric stretching
2848 CH2 symmetric stretching
1465 Bending deformation
1373 Wagging deformation
719 Rocking deformation

Fig. 3  FTIR of a HDPE, b UV-treated HDPE, c UV and chemical treated HDPE, and d pre-treated HDPE after fungal treatment
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after the acid treatment. The peak at 2912  cm−1 shifted 
to 2970  cm−1 whereas the peak at 2846  cm−1 shifted to 
2864   cm−1. Hasan et al. (2007) reported a similar for-
mation of peaks in UV- and acid-treated LDPE films. 
The formation of carbonyl groups after the combined 
effect of UV and nitric acid is the prerequisite for the 

initiation of the degradation process which weakens the 
segments of polyethylene chains (Albertsson, 1978). 
Peaks at 1724 and 1597   cm−1 disappeared after treat-
ment with Cephalosporium strain and suggest the dis-
ruption of polymer chains (Fig. 3d). The disappearance 
of peaks implies that the fungal culture underwent a 

Fig. 4  TGA of a LDPE, 
b UV-treated LDPE, c UV 
and chemically treated 
LDPE, and d pre-treated 
LDPE after fungal treat-
ment

Fig. 5  TGA of a HDPE, 
b UV-treated HDPE, c UV 
and chemical treated HDPE, 
and d pre-treated HDPE 
after fungal treatment
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hydrolysis process that has distressed the carbonyl chain 
of pre-treated HDPE samples (Satlewal et  al., 2008). 
Furthermore, new peaks at 2382 and 2645   cm−1 were 
visible after fungal treatment which corresponds to 
 CH2 stretching. Similar observations were reported by 
Soni et  al. (2009) where vibrations in  CH2 stretching 
were seen between 919 to 2364  cm−1 in LDPE polymer 
after indigenous microbial treatment (Soni et al., 2009). 
Disappearance, formation, and shifting of peaks in pre-
treated HDPE samples after microbial treatment suggest 
the effective usage of microorganisms to disintegrate 
pre-treated HDPE.

Thermogravimetric analysis (TGA)

The TGA thermogram of the pure LDPE sample 
showed an onset degradation temperature of 417  °C 
(Fig.  4a). A similar single steep degradation profile 
around 400–500  °C for LDPE samples was earlier 
reported by Bhatia et  al. (2014). After subjecting to 
UV irradiation, the LDPE samples showed around 

11 °C reduction in the onset degradation temperature  
(Fig.  4b) which indicates that the thermal stability 
of the sample decreased after UV treatment. This 
decrease in thermal stability can be related to the 
chain scissions and cross-linking reactions occurred 
in the polymer matrix (Miltz & Narkis, 1976; Novotný 
et  al., 2018). On further treatment with nitric acid, 
the LDPE films had shown an increase in the onset 
degradation temperature to 441  °C (Fig.  4c). Hace 
et al. (1996) reported a similar increase in the thermal  
stability of polystyrene films post the nitric acid  
treatment. The changes in degradation temperature 
after UV and acid treatments can be attributed to the 
structural changes incorporated in the polymer matrix 
as observed in the FTIR studies. Figure 4d shows the 
onset degradation temperature at around 466  °C for 
the pre-treated LDPE film after 8 weeks of incubation 

Fig. 6  SEM images of 
a LDPE, b UV-treated 
LDPE, c UV and chemi-
cally treated LDPE, and 
d pre-treated LDPE after 
fungal treatment

Fig. 7  SEM images of a  HDPE, b  UV-treated HDPE, c  UV 
and chemically treated HDPE, and d, e pre-treated HDPE after 
fungal treatment

◂
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with the Cephalosporium strain. This increase in 
degradation temperature is due to the addition of 
functional groups in the inoculated film sample as 
evidenced by the FTIR studies. Novotný et al. (2018) 
reported similar observations when linear low-density 
polyethylene (LLDPE) samples were exposed to 
Bacillus amyloliquefaciens. Thus, this variation in 
thermal stability after microbial treatment clearly 
suggests the consumption of oligomers by the fungal 
culture.

The TGA thermogram of pure HDPE samples 
showed an onset degradation temperature of 
464  °C (Fig.  5a). The UV pre-treatment reduced 
this temperature to 450  °C indicating a decline 
in the thermal stability of the HDPE samples 
(Fig. 5b). This decrease in thermal stability can be 
assigned to the -C-O stretching as observed in the 
FTIR studies (Novotný et  al., 2018). Furthermore, 
exposure to the nitric acid treatment resulted in an 
increase in the onset degradation temperature to 
463 °C (Fig. 5c). This increase in thermal stability 
can be correlated to the deterioration of amorphous 
phases present in the UV-treated HDPE samples 
that caused homogenization in the crystalline 
part of the HDPE. Avalos-Belmontes et  al. (2009) 
reported a similar improvement in the thermal 
stability of HDPE after the digestion in nitric acid. 
After 8 weeks of incubation with the fungal culture, 
the onset degradation temperature further improved 
to 470 °C for the pre-treated HDPE (Fig. 5d). After 
treatment with nitric acid, the attacked parts of the 
HDPE dissolved in the mineral salt media which 
increased the thermal stability of samples (Novotný 
et  al., 2018). Thus, the TGA analysis confirms 
the ability of fungal culture to utilize pre-treated 
HDPE films.

Scanning electron microscopy (SEM)

The SEM images of virgin LDPE samples showed a 
smooth and homogeneous texture without any irreg-
ularities or deformations; however, tiny holes and 
cracks were observed after the bombardment with 
ultraviolet radiation (Fig.  6a, b). Changes in the sur-
face texture are due to the destruction of amorphous 
phases by the UV pre-treatment without compromis-
ing the crystalline regions of LDPE films (Vasilets 
et  al., 2004). The texture of the nitric acid–treated 
film appeared to be even more rugged when compared 

with the UV-treated film texture. (Fig.  6c). The sur-
face deterioration resulted from subjecting the LDPE 
to UV and chemical treatments is attributed to the oxi-
dation of LDPE polymeric chains. The oxidation of 
the long polymeric polyethylene chains caused several 
chain scissions and bond-breaking which eventually 
appeared as surface irregularities. Wang et al. (2009) 
reported similar observations for nitric acid–treated 
LDPE films. Furthermore, pre-treated LDPE films 
after biological treatment showed the formation of 
tiny holes, pits, and grooves (Fig.  6d). Also, there 
were several trenches on the surface of these samples 
indicating the erosion of the polymer material. The 
enzymes and proteins secreted by the Cephalosporium 
strain broke down the polymer surface into smaller 
sized carbon molecules. The microbial assimilation 
and enzymatic attack might collectively lead to this 
degradation of the pre-treated LDPE surface. Thus, 
the variations in the surface texture are interpreted 
as the consumption of pre-treated LDPE films by the 
fungal culture to regulate their metabolism.

Similar to the LDPE films, the pure HDPE films 
also are characterized by an extremely smooth, 
continuous, and homogeneous surface texture as 
observed via SEM (Fig. 7a). Treatment with UV irra-
diation has partially deteriorated the polymer surface 
(Fig. 7b). There were many micro-cracks developed 
in several regions of UV-treated HDPE samples. 
Continuous exposure to UV helps to increase the 
hydrophilicity and oxygen content of polymers by 
incorporating the -C-O groups in the polymer matrix 
(Wu et  al., 2003). These incorporated structural 
changes in the polymer matrix led to the formation of 
different types of surface irregularities on the HDPE 
surface (Teare et  al., 2001). Treatment with nitric 
acid transformed the surface texture and showed the 
formation of craters and trenches at multiple loca-
tions throughout the polymer surface (Fig.  7c). In 
addition, the surface looked highly perforated with 
many holes and pits. This is also a consequence of the 
oxidation of polymeric carbon through the insertion 
of carbonyl groups into the polymer matrix (Garaeva 
et al., 2010). There was clear evidence of surface ero-
sion after the fungal attack as shown in Fig.  7d, e. 
Adherent biomass at some locations as observed via 
SEM confirmed the colonization and microbial adhe-
sion on the pre-treated HDPE surfaces. The coarser 
surface accommodated with several pits, holes, cra-
ters, protrusions, and trenches can be interpreted as 
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an outcome of colonization and localized enzymatic 
attack by Cephalosporium strain at several locations 
on the HDPE polymer surface. Thus, the SEM analy-
sis confirmed the consumption of pre-treated HDPE 
samples by Cephalosporium strain.

Comparison of biodegradation of LDPE and HDPE

Studies reported on biodegradation of LDPE and 
HDPE by various microorganisms as reported in 
the literature are compared in Table  3. The results 
obtained from the present study on synergic effect of 
UV- and nitric acid–treated LDPE and HDPE showed 
higher weight loss efficiency as compared to the study 
on only nitric acid–treated samples. The literature 

also revealed that the extent of degradation varied 
based on the type of microorganisms and the degrada-
tion time. Thus, the observations of the present study 
confirm that the pre-treatment with UV irradiation 
and nitric acid is considerably effective pre-treatment 
for enhancing the biodegradation of LDPE and HDPE 
using Cephalosporium strain.

Conclusions

Polyethylene samples were made bio-susceptible 
by oxidation through UV irradiation and nitric acid 
treatment. These pre-treated films were incubated 
with Cephalosporium strain NCIM 1251 in a nutri-
ent medium for 8  weeks and obtained a significant 

Table 3  Comparative biodegradability of LDPE and HDPE using various organisms

Polymer studied Organism Pre‑treatment Degradation 
time (days)

Weight loss 
efficiency (%)

Reference

LDPE Rhizopus oryzae NS5 - 30 8.4 Awasthi et al. (2017a)
Penicillium chrysogenum 

NS10
Penicillium oxalicum NS4

-
-

90
90

34.35
36.6

(Ojha et al., 2017b)

Bacillus vallismortis  
bt-dsce01

- 120 75 (Skariyachan et al., 2017)

Aspergillus flavus  
Aspergillus versicolor

Fusarium solani

-
-
-

60
60
60

17
19
13

(Das et al., 2018)

Aspergillus oryzae strain 
A5

Bacillus cereus strain A5

-
-

112
112

36.4
35.72

(Muhonja et al., 2018)

Trichoderma viride RH03
Aspergillus nomius RH06

- 45
45

5.1
6.63

(Munir et al., 2018)

Thermomyces lanuginosus UV, thermal, and nitric 
acid treated

30 9.21 (Chaudhary et al., 2021)

Bacillus siamensis - 90 8.46 (Maroof et al., 2021)
Cephalosporium strain Nitric acid treated 56 13 (Chaudhary et al., 2022)
Cephalosporium strain UV and nitric acid treated 56 24.53 This work

HDPE Achromobacter  
xylosoxidans

- 150 3.64–9.38 (Kowalczyk et al., 2016)

Klebsiella pneumoniae Thermally treated 60 18.4 Awasthi et al. (2017b)
Penicillium chrysogenum 

NS10
Penicillium oxalicum NS4

-
-

90
90

55.59
55.34

(Ojha et al., 2017b)

Bacillus vallismortis  
bt-dsce01

- 120 60 (Skariyachan et al., 2017)

Cephalosporium strain Nitric acid treated 20 7.18 Chaudhary and  
Vijayakumar (2020a)

Cephalosporium strain UV and nitric acid treated 56 18.22 This work
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polymer weight reduction. Furthermore, the enhanced 
biodegradability of LDPE and HDPE films when pre-
treated with UV irradiation and nitric acid exposure 
showed the effectiveness of synergic treatment. The 
formation of new functional groups after microbial 
degradation was observed via FTIR analysis, while 
the TGA analysis showed an increase in the ther-
mal stability of pre-treated polymer samples. These 
observations confirmed the enzymatic deterioration 
and assimilation of pre-treated polymer samples. The 
SEM images after biological treatment showed dete-
riorated surfaces with several cavities, grooves, and 
eroded regions. Thus, the present study confirms that 
the synergetic effect of UV and acid treatment could 
be helpful to enhance the biological degradation of 
polyethylene samples.
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