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Abstract

The present study deals with capacity of Cephalosporium species to degrade high-den-
sity polyethylene (HDPE). HDPE was treated with nitric acid to make it susceptible to
microorganisms. Chemical treatment with nitric acid introduces carbonyl and nitro func-
tional groups in HDPE as confirmed by Fourier transform infrared spectroscopy analysis.
Gravimetric analysis showed a decrease in weight of the polymer by 7.18 +£0.15% after
20 days of incubation period. Reduction in the weight of polymer confirmed the ability of
Cephalosporium species to utilize HDPE for their growth. The pH of liquid culture media
was found to decrease, whereas total dissolved solids and conductivity increase with the
incubation period. Scanning electron microscopy analysis showed changes in morphol-
ogy of films inoculated with Cephalosporium species. Decrease in crystallinity observed
using X-ray diffraction studies further confirmed the degradation of pre-treated HDPE. The
observed results reveal that the Cephalosporium species could be effectively used for the
degradation of pre-treated HDPE under laboratory conditions.

Keywords Biodegradation - High-density polyethylene - Cephalosporium species - TDS -
Conductivity

1 Introduction

Plastics such as high-density polyethylene (HDPE), low-density polyethylene (LDPE),
polypropylene (PP), polystyrene (PS), polyurethane (PU) and polyethylene terephthalate
(PET) are synthetic polymers derived from petroleum-based products (Hahladakis et al.
2018). Among these polymers, polyethylene is used for wide range of applications (Devi
et al. 2015). HDPE is used in textile industry, wrapping and packing of food products,
automotive parts, laboratory equipment etc., because of its durability, light weight and easy
processability (Rivard et al. 1995; Witt et al. 2001; Arutchelvi et al. 2008). Recycling of
polyethylene (PE) is not economically viable as the cost associated with the production
of plastics is lesser than the cost associated with recycling (Tolinski 2012). Therefore, a
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large amount of such plastics are discarded after the use and thus increase the quantity of
plastic wastes in the environment (Alvarez-Barragén et al. 2016). Both the landfill disposal
of plastics and incineration release huge quantity of CO, and increase the global warm-
ing (Eriksson and Finnveden 2009). Bioremediation using biological agents such as bac-
teria, fungi and algae was reported to be the best way to reduce plastic wastes in an eco-
friendly way (Pathak and Navneet 2017). Two different approaches such as to synthesize
biodegradable plastics or to use microorganisms to biodegrade the plastic waste have been
carried out to overcome the adverse effects of plastics verges on the environment (Zheng
et al. 2005). Synthetic biodegradable polymers (polyesters, starch-based polymers etc.,) are
associated with major problems like its higher cost and durability in contrast to synthetic
polymers such as polyethylene, polypropylene, polystyrene and polyethylene terephthalate
(Leaversuch 2002; Leja and Lewandowicz 2010).

PE is non-biodegradable due to its hydrophobic character, which limits diffuseness of
water and other enzymes, acids and bio-surfactants produced by microorganisms. Use of
additives such as antioxidants, stabilizers during the production process and higher molec-
ular weight also makes the polyethylene non-biodegradable (Albertsson and Banhidi 1980;
Zheng et al. 2005; Koutny et al. 2006; Krueger et al. 2017). Otake et al. (1995) observed
partial biodegradation of polyethylene film in moist soil over a period of 32 years. Tribedi
and Sil (2013) reported that the polyethylene persists in the environment for a longer
period as it is not susceptible to microbial attack due to the absence of functional groups.
Pre-treatment using abiotic factors such as temperature, UV, chemical treatments or incor-
poration of the additives such as pro-oxidants or starch is required prior to biodegradation
process for the highly resistive materials such as polyethylene because of its hydrophobic
nature and larger molecular weight (Koutny et al. 2006). The pre-treatment process intro-
duces carbonyl or hydroxyl groups and decreases the hydrophobicity of polyethylene. Sev-
eral studies have reported the synergistic effect of UV irradiation (Zahra et al. 2010), ther-
mal treatment (Awasthi et al. 2017) or treatment with nitric acid (Rajandas et al. 2012) on
the microbial activity. Treatment with sulfuric acid and chromic acid also introduces polar
groups in LDPE (Wang et al. 2009). Microbial degradation of HDPE is highly favoured by
these pre-treatment processes (Sowmya et al. 2015). The ability of microorganisms to use
the polymer as a carbon source suggests one promising approach to overcome the plastic
waste problem.

Brown et al. (1974) reported that the fungus, Cephalosporium species (sp.), survived on
pre-treated plastic materials like polyethylene for 19 days. However, studies of the potential
use of Cephalosporium sp. in degradation of pre-treated HDPE under physiological condi-
tions are not reported elsewhere. In the present work, the biodegradability of pre-treated
HDPE films in the presence of Cephalosporium sp. has been carried out. The correlation
of total dissolved solids (TDS) and conductivity measurements of the liquid culture media
was studied to determine the extent of biodegradation.

2 Materials and methods
2.1 Pre-treatment of high-density polyethylene with nitric acid
The pre-treatment of HDPE samples was carried out by similar to the method as reported

by Rajandas et al. (2012). In the present study, high-density polyethylene (HDPE) bags
(8 um thickness) were cut into 4 X4 cm size and were immersed in 69% nitric acid solution
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for a period of 6 days. The samples were rinsed several times with distilled water to clean
the surface of plastic strips and then with 99.9% ethanol solution to make it pathogen free.
Further, these samples were rinsed with water and kept in an oven at 60 °C for 6 h.

2.2 Source of biodegrading culture

Fungal culture of Cephalosporium sp. with trade name NCIM 1251 was purchased from
the National Collection of Industrial Microorganism (NCIM), NCL, Pune, India. Fungal
culture was maintained on potato dextrose agar at 28 °C and was stored at 4 °C.

2.3 Invitro degradation study

Mineral salt media were prepared by using K,HPO,, KH,PO,, NaCl, CaCl,-2H,0,
(NH,),SO,4, MgS0,-7H,0, FeSO, each of 0.5, 0.04, 0.1, 0.002, 0.2, 0.02, 0.001 g/1 of dis-
tilled water, respectively. For the biodegradation process, 100 ml of mineral salt media was
taken in 250-ml conical flask along with pre-treated HDPE films. All experiments were
performed in the laminar airflow chamber to make the environmental condition sterile.
Experiments were carried out with positive (mineral salt media+ pre-treated HDPE + fun-
gus) and negative (treated as control sample) (mineral salt media + pre-treated HDPE) con-
trols, respectively. These flasks were incubated in a rotary shaker at 120 rpm for 20 days at
28 °C.

2.4 Analysis of biodegradation
2.4.1 Weight reduction measurement

The initial weight of pre-treated HDPE sample and the weight after 20 days of incubation
period were measured. Variations in the mass of the pre-treated HDPE films in positive and
negative controls after an incubation period represent the weight reduction. The percentage
of weight reduction is calculated by using Eq. (1),

(W, = W,)

1

% weight reduction = x 100 (1)

where W, =initial weight of pre-treated HDPE, W, =weight of pre-treated HDPE after an
incubation period.

2.4.2 Polymer reduction rate

The rate constant of pre-treated HDPE samples on the weight basis was determined by
using first-order kinetics using Eq. (2) (Auta et al. 2018),

Y WA
k= I<IHWO> 2)

where k= first-order rate constant, =incubation period (in days), W= weight of pre-treated
HDPE samples after an incubation period (in mg) and W, =initial weight of pre-treated
HDPE sample (in mg).
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The half-life of pre-treated HDPE was calculated by using the formula,

0.693

hyp == 3

2.4.3 Measurement of pH, TDS and conductivity

pH, TDS and conductivity of the liquid culture were measured by using WENSER LMMP-
30 apparatus.

2.4.4 Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was carried out for HDPE, pre-treated HDPE and pre-treated HDPE inocu-
lated with fungus samples in the frequency range of 4000-400 cm™! by using FTIR spec-
troscopy (Thermo Scientific NICOLET iS5, iD5 ATR).

2.4.5 Scanning electron microscopy (SEM)

HDPE films were washed with sodium dodecyl sulfate (SDS) solution, ethanol and dis-
tilled water after incubation with Cephalosporium sp. for 20 days. SEM analyses were
performed using scanning electron microscopy (SEM) (JEOL, JSM-6380A) at different
magnifications for pre-treated HDPE and pre-treated HDPE after inoculation with microor-
ganisms. With the help of carbon tape, the samples were sticked onto SEM holder stub and
after sputter coating of gold, scanning electron microscope analysis was carried out.

2.4.6 X-ray diffraction (XRD)

The crystallinity of polyethylene films was analyzed by using X-ray diffraction technique
(PANalytical—X ‘Pert’ Pro) under Cu Ko radiation (1.54060 A) operated at 45 kV and
40 mA with 6/6 geometry. The divergence slit was fixed to divergence slit size 0.4785°.
The XRD patterns were recorded between 10° and 100° at a scan rate of 10.336 s~! with a
step size of 0.0170 at 25 °C. The percentage of crystallinity is calculated by using Eq. (4),

area under crystalline peaks

% crystallinity = 100 4)

total area under all peaks

3 Results and discussions
The studies on degradation of pre-treated HDPE by Cephalosporium sp. in liquid culture

media were carried out and interpreted in terms of various parameters. Results were inter-
preted as an average of three experimental values along with standard deviation.

3.1 Weight loss and degradation rate constant measurement
Weight loss measurement is a simple technique to determine the biodegradation of plastics.

Approximately 7.18+0.15% of weight loss is observed after inoculation with Cephalo-
sporium sp. for 20 days (Fig. 1). The weight loss of the pre-treated HDPE films inoculated
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Fig.1 Weight reduction percentage of pre-treated HDPE film incubated with and without Cephalosporium
sp.

with Cephalosporium sp. is attributed to the reduction in carbon content due to consump-
tion of plastics. Similar observations for the HDPE degradation by Aspergillus flavus strain
with gravimetric weight loss of about 8.51+0.1% in 30 days of incubation period have
been reported by Devi et al. (2015).

The rate of HDPE degradation by fungal isolate is calculated in terms of per day by
using first-order kinetics. As k values remain approximately constant at different interval of
inoculation, the first-order model was adopted to study the kinetics of HDPE degradation
(Auta et al. 2018). The degradation rate constant of polyethylene is calculated to be 0.0036/
day. The half-life of polyethylene is also calculated, and obtained half-life of polyethylene
is approximately equal to 192.5 days. Thus, the weight loss measurement reveals that the
fungus Cephalosporium sp. has the ability to degrade pre-treated HDPE films and confirms
that Cephalosporium sp. has the ability to survive on the surface of pre-treated HDPE sam-
ple (Brown et al. 1974).

3.2 Changes in pH, TDS and conductivity of nutrient media

The change in values of pH, TDS and conductivity during the course of the experiment is
shown in Table 1. Metabolic activity of microorganisms in the media is related to changes
in the pH of liquid culture, as metabolic activity of microorganisms occurs due to bio-
degradation process. The pH of the mineral salt media was measured on a regular inter-
val of time during the experiment. Reduction in pH is observed after 20 days of incuba-
tion with Cephalosporium sp. The variation in pH confirms that the microorganisms are

Table 1 Table showing changes

in pH, TDS and conductivity of Days pH DS (ppm) Conductivity (uS)
mineral salt media 5.64+0.11 0.650+0.002 0.499 +0.007

7 530+0.14 0.681+0.005 0.546+0.027

14 4.83+0.02 0.711+0.005 0.659+0.017

20 4.81+0.03 0.731+0.007 1.424+0.113
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able to use HDPE as a source of carbon and energy for its growth (Arutchelvi et al. 2008;
Awasthi et al. 2017). The biological degradation of HDPE decreased the pH of nutrient
media toward acidity. Cephalosporium sp. has shown to be metabolically active in the pH
range of 3.0-8.5 in the presence of nutrient media (Kita and Heights 1957; Stasinopoulos
and Seviour 1989).

Total dissolved solid (TDS) of media is the sum of all the organic and inorganic sub-
stances such as salts and various nutrients present in colloidal, molecular or suspended
form. Table 1 shows the increase in TDS after 20 days of incubation. This may be due to
either secretion of exoenzymes by microorganisms or production of acid during biodeg-
radation process when inoculated with Cephalosporium sp. in nutrient media (Gu 2003;
Alvarez—Barragén et al. 2016). A similar increase in the value of TDS due to secretion
of enzymes, acids and bio-surfactant is reported by Cassidy et al. (2001) and Mukherjee
et al. (2016). Similar to TDS, the conductivity of mineral salt media also increases (Cas-
sidy et al. 2001) after biodegradation of pre-treated HDPE (Table 1), which confirms that
the fungus Cephalosporium sp. is effective in degrading pre-treated HDPE.

3.3 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectrums of HDPE sample are shown in Fig. 2a. Characteristics bands at
wave number 2913.46 cm™! (CH, asymmetric stretching), 2846.49 cm™! (CH, symmet-
ric stretching), 2357.73 cm™! (5 CH,), 1472.21 and 1461.72 cm™! (bending deformation),
1367.57 cm™' (wagging deformation), 730.33 and 718.79 cm™' (rocking deformation) are
seen for HDPE (Gulmine et al. 2002). Formation of two new functional groups is seen in
Fig. 2b at 1628.75 cm™" and 1557.62 cm™! for HDPE samples after treatment with nitric
acid. The peak at wave number 1628.75 cm™' corresponds to the carbonyl group (Rajan-
das et al. 2012) which is due to oxidation of HDPE sample (Coates 2006). The peak at
1557.62 cm™! is related to nitro group (Garaeva et al. 2010).

The peak at 2357.73 cm™' for HDPE is shifted to 2358.32 cm™' when pre-treated HDPE
is treated with Cephalosporium sp. (Fig. 2c). The shifting of peak occurs due to degrada-
tion of HDPE in the presence of microbial culture (Ojha et al. 2017). The peak at wave-
length 2358.32 cm™! is broad, unlike the spectrum of the pre-treated HDPE. Peak intensi-
fied at 2358.32 cm™! and shifted from the peak at 2357.73 cm™!. The peak formation at
1274.56 cm™! is related to C-O stretching (Jeon and Kim 2013). Formation of another
peak at 859.81 cm™! occurs and Sheik et al. (2015) had observed the formation of the simi-
lar functional group at 864 cm™' when pre-treated HDPE subjected to microbial treatment
with endophytic fungi. The increment in the intensity of the band and the formation of
new peaks supported the fact that the microorganisms utilize polyethylene and used it as a
source of carbon for their growth (Nowak et al. 2011).

3.4 Scanning electron microscopy (SEM) analysis

Changes in the surface morphology of the HDPE films before and after nitric acid treat-
ment are shown in Fig. 3. A protuberance on the surface of HDPE films after nitric acid
treatment is seen as compared to smooth and neat surface in HDPE films without acid
treatment (Fig. 3a, b). No morphological changes were observed in the pre-treated HDPE
sample after an incubation period of 20 days in negative control, without microorganisms
(Fig. 3c). However, adherence of microorganisms on the surface of pre-treated HDPE films
occurs after an incubation period of 20 days in positive control (Fig. 3e). It implies that the
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Fig.2 FTIR spectrum of a HDPE film without treatment, b HDPE film after nitric acid treatment, ¢ pre-
treated HDPE film after 20 days of incubation with Cephalosporium sp.

@ Springer



1100 A.K. Chaudhary, R. P. Vijayakumar
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Fig.3 SEM image of a HDPE film, b HDPE sample after chemical treatment, ¢ pre-treated HDPE film
after 20 days of incubation in negative control, d, e pre-treated HDPE film after 20 days of incubation with
Cephalosporium sp.
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fungus Cephalosporium sp. was colonized on the surface of pre-treated HDPE and be the
basis for surface damage (Ojha et al. 2017). Incubation with Cephalosporium sp. leads to
the formation of rough surfaces, cracks (indicated by yellow circles) and tiny holes (indi-
cated by blue arrows) as compared to the pre-treated HDPE films (Fig. 3b, d). These mor-
phological changes after microbial inoculation are similar to that reported by Kowalczyk
et al. (2016) and Das et al. (2018). Consumption of plastics and secretion of enzymes dur-
ing degradation process by the microorganisms leads to formation of cracks and holes in
HDPE (Esmaeili et al. 2013; Skariyachan et al. 2018). It reveals that the fungus Cephalo-
sporium sp. contributed to the degradation of pre-treated HDPE.

3.5 X-ray diffraction (XRD)

X-ray diffraction of samples shows two different peaks at 20=21.5832 and 23.9204 for
untreated HDPE, at 21.6165 and 23.9847 for HDPE sample treated with nitric acid and
at 21.6359 and 23.9857 for pre-treated HDPE sample inoculated with fungus. The peak
at 20=21°-22° represents 110 reflections and other peak formed at 20=23.5°-24° repre-
sents 200 reflections (Musuc et al. 2013). These reflections correspond to the orthorhombic
crystal structure of HDPE (Morancho et al. 2006). The decrease in the peak intensity is
observed in pre-treated HDPE inoculated for 20 days in the presence of Cephalosporium
sp. as compared to pre-treated HDPE (Fig. 4b, c). The decrease in peak intensity is
related to decrease in the crystallinity of HDPE. The percentage crystallinity decreased
from 21.28+0.09 to 17.01+0.01% after nitric acid treatment. This reduction in crys-
tallinity is due to the formation of carbonyl and nitro groups after acid treatment in the
amorphous portion of HDPE, which inhibits packing of HDPE chains for crystallization
(Avalos-Belmontes et al. 2009). Further, the crystallinity of pre-treated HDPE reduced

— (c) Pre-treated HDPE after incubation with Cephalosporium Sp.
(b) HDPE after treatment with nitric acid
4000 - —— (a) Untreated HDPE
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Fig. 4 XRD pattern of a untreated HDPE, b HDPE film after nitric acid treatment, ¢ pre-treated HDPE film
after an incubation period of 20 days with Cephalosporium sp.
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to 14.67+0.14% after incubation with fungal strain. Thus, the combined effect of chemi-
cal treatment and fungal attachment showed 6.61 £0.05% decrease in the crystallinity of
HDPE. Similar reduction in the crystallinity after incubation with bacterial strains to the
extent of 7% has been reported by Balasubramanian et al. (2010). Thus, the decrease in
crystallinity confirms the ability of Cephalosporium sp. to degrade HDPE films (Esmaeili
et al. 2013; Musuc et al. 2013).

4 Conclusions

Unavailability of land spaces for the safe disposal of plastic wastes makes the plastic
waste pollution a major problem in recent years. Biodegradation is a safe and eco-friendly
approach to degrade the plastic wastes. In the reported study, chemical changes in HDPE
by oxidation with nitric acid have been detected by FTIR, which changes the structure of
HDPE and convert into the form which is susceptible to microorganisms. The degradation
of pre-treated HDPE films by the Cephalosporium sp. was studied by using pH, TDS and
conductivity of liquid culture media which is not reported elsewhere. These observations
confirmed the biodegradation of HDPE by the fungus Cephalosporium sp. and indicate
that this fungus could be useful in plastic waste management through the bioremediation
of HDPE.
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