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Abstract

Plastic waste, considered a great threat to the environment, requires an effective treatment process. The ability of the
microbes to oxidize the polymeric chain (C—C bonds), hydrolyze and produce carbon dioxide and water as final products of
degradation was studied. The process becomes complicated due to structural complexity of the polymer. The present study
is the continuation of the LDPE degradation using the Winogradsky Column. The determination of metabolites formed on
degradation is discussed. The FTIR analysis indicated the reduction in the intensity of the C-H, confirming the cleavage of
the alkane chains in LDPE. The metabolites produced during the degradation resulted in the formation of smaller alkanes,
which contain C32, C22, C16, C18 and aromatic compounds such as phenols and benzene dicarboxylic acid. The occurrence
of terminal oxidation of the polymeric chain, cleavage, fragmentation and cyclization of the alkanes confirm the biodegrada-
tion process. The current research also focuses on the biodegradation of LDPE using bacterial strains isolated from dumpsite
soil samples. The degraded LDPE was analyzed for its metabolite production using GC-MS. It enabled us to understand and
hypothesize an overview pathway of LDPE degradation by bacterial strains. The hypothesized pathway indicated that bacte-
rial strains performed fragmentation and cyclization of the long polymeric chain, followed by hydrogenation and oxidation,
resulting in the formation of alcohols, aldehydes, ketones and carboxylic acid compounds leading to ester formation. The
esters are then understood to enter the B-oxidation pathway or TCA cycle, producing carbon dioxide and water molecules.
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Introduction

The origin of the global threat (Plastics) dates back to 1907,
which gained its importance with time. The resistivity of
plastics to multiple factors made it an ideal alternative for
cloth bags, leading to multiple applications (Zalasiewicz
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plastic waste production in municipal solid wastes. Plastic
accumulation has an ill impact on the entire ecosystem, lead-
ing to the death of living organisms. Plastics are reported
to release monomers, oligomers and additives, toxic to the
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The degradation or treatment of plastics is widely studied
by applying various techniques, such as photodegradation,
thermal oxidation, biodegradation, and hydrolysis (Cai et al.
2018). The biodegradation of plastic wastes by bacteria and
fungi is well reported. The weathering of polymeric chains
to monomers and oligomers takes time (Song et al. 2017).
The microbial community gets acclimatized on prolonged
exposure to plastic wastes. Winogradsky Column (WC),
used to study microbial diversity (site specific), provides
knowledge on niche formation by various microbes based
on their characteristics (Dworkin 2012). It serves as a tool
to study soil microbial diversity and biogeochemical cycle
balanced by the indigenous microbes (Lalla et al. 2021).
Biodegradation of plastic waste involves degradation using
bacterial strains, algae, fungi and other biological organ-
isms. Duration of biodegradation relies on the structural
complexity of the polymer. Microbes on prolonged expo-
sure to plastic pollution gains resistance and consumes it
as a carbon source (Jebashalomi et al. 2024). The aerobic
degradation process involves breaking down organic com-
pounds into small organic molecules, utilizing oxygen as an
electron acceptor, and producing carbon dioxide and water
as final products (Zeenat et al. 2021). Another process of
degradation involves an anaerobic process. Microbes con-
sume iron, sulfate, Mn, and nitrate as electron acceptors,
producing methane, CO,, water and residual carbon com-
pounds as byproducts. During the process of degradation,
the polymers are insoluble in nature, which makes the uptake
of polymers by the microbes difficult (Gu 2003). Non-pre-
treated plastics are utilized as a carbon source by forming
biofilms on the plastic surface. It is reported to cause weight
loss, surface morphological changes, and alter physical and
chemical properties. Azeko et al. (2015) reported biodegra-
dation of plastics by the following approaches—to identify
the ability to degrade plastics and incubation of microbial
cultures in the natural samples or in-situ process. The pro-
cess of biodegradation is a cascade including modification
of polymeric properties for effective degradation, fragmenta-
tion of polymers by hydrolysis forming intermediate prod-
ucts, bio assimilation of fragmented polymeric chains, and
mineralization of the same, resulting in carbon dioxide and
water formation as final products (Montazer, Habibi Najafi,
and Levin 2020).

Understanding the degradation mechanism of plastics is
sorted into three steps—initiation, propagation and termina-
tion process -. In the photo-oxidation process of degrada-
tion, the initiation involves the formation of free radicals by
polymeric chain cleavage. This is only possible in plastics
containing an unsaturated polymeric backbone (Grassie and
Scott 1988). To increase the efficiency of biodegradation,
high molecular plastics are converted into smaller com-
pounds by an abiotic process, which makes them available
for biotic degradation by bacterial strains. The polymer with
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methyl groups at the terminal is attacked by the microorgan-
isms which enhances the degradation process (Gewert et al.
2015). The complex polymeric structures are cleaved into
monomers and dimers, which undergo hydrolytic cleavage
in the cell membrane, and the short-chained oligomers are
transported to the cytoplasmic membrane. The compounds
are reported to enter the f-oxidation or undergo degradation,
then enter the TCA cycle (Mooney et al. 2006; Koutny et al.
2006; Shah et al. 2008; Sridharan et al. 2023).

Hence, the current report aims at biodegradation of LDPE
using the Winogradsky column and bacterial strains isolated
from Chennai dump yard soil. Lab scale biodegradation
of LDPE was analyzed using weight loss % (preliminary
method), FTIR and GC-MS analysis. The hypothesis of the
LDPE biodegradation mechanism was deciphered based
on GC-MS analysis. The pathway mechanism of LDPE
degraded using the Winogradsky column followed frag-
mentation of the polymeric chain while the bacterial strains
followed oxidation, dehydrogenation and esterification as
a common mechanism. Thus, it shows that the efficiency
is influenced by the mechanism of degradation and the
method used for degradation. This study reports the unique
mechanisms followed by each bacterial strain in LDPE
degradation.

Materials and methods
Collection of soil samples and column construction

A random sampling method was used to collect soil samples
from the Chennai dump yard and transported to the labo-
ratory. The Winogradsky column (WC) constructed using
the collected soil samples was reported, and the preliminary
degradation analysis was mentioned in previous research
work by Sridharan et al. (2021a, b). The chemicals used in
this study was purchased from Merck, India and the agar
agar was purchased from Himedia.

Isolation of plastic-degrading bacterial strains

The soil samples were collected from a dump yard (Otteri
and Kodungaiyur) containing Municipal Solid Wastes
(MSW). The samples were transported to the laboratory
and enriched using Mineral Salts Medium (MSM g/L—
NH,NO; (0.1), MgSO, (0.02), K,HPO, (0.1), CaCl, (0.01),
KClI (0.015), yeast extract (0.01), FeSO, (0.1 mg), ZnSO,
(0.1 mg), MnSO, (0.1 mg)) (Ali et al. 2023). The enriched
soil samples of about 1 mL were diluted in 9 mL of sterilized
distilled water from 10™" to 10~ dilutions. About 100 pL of
diluted soil samples from 107%, 1077 and 1078 were spread-
plated on MSM agar containing 100 mg/L of LDPE powder.
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The Petri dishes were then incubated for about 24 to 48 h
(Afreen et al. 2020).

Biodegradation of LDPE using isolated bacterial
strain

The bacterial strains which resulted in consistent growth on
the MSM agar plates (pH 7) were used to degrade LDPE
sheets. The bacterial strains at log phase (CFU 10%cm?)
were inoculated in MSM broth of neutral pH supplied with
two LDPE sheets (5%2 cm) in each batch (with an initial
mass of 0.942 g) and incubated for 60 days. The experiment
was performed in triplicates (Figure S1). The weight loss
% of the LDPE sheets were monitored for every 15 days by
retrieving the sheets from the culture broth, washing and
disinfecting with 75% ethanol (Yao et al. 2022). The bacte-
rial strains were molecularly characterized using 16S rRNA
sequencing at Biokart.Ltd.

Statistical analysis

The biodegradation significance of each bacterial strain was
discerned using One-way analysis of variance (ANOVA) and
post hoc comparisons using the Tukey HSD test (IBM SPSS
statistical software).

Metabolites determination

The degraded LDPE sheets were washed with distilled water
(5 min until the removal of adhered bacterial strain), Tween
20 (2 min) and 75% ethanol (5 min) to remove the adhered
bacterial strains. The sheets were then cut into very small
pieces of random sizes for effective dispersion of LDPE
sheet, suspended in chloroform (Analytical grade —99.0

Fig.1 GC-MS Chromato-
gram of LDPE degraded using

to 99.4% purity) and sonicated for 2 h with a 5 min interval
(amplitude 50 and pulse 2:2). The sonicated sheets were then
air-dried for 24 h and re-suspended in chloroform and filtered
using Whatman No.1 filter paper. The filtrate was analyzed
using GC-MS (SHIMADZU, QP2010 PLUS at SRM Nano-
technology Research Center, Chennai, Tamil Nadu) (Kyaw
et al. 2012). The oven temperature was set to rise from 40 °C
in 3 min to 280 °C in 4 min at a rate of 10 °C/min. Using
an HPS column and helium gas, a gas chromatography-mass
spectrometer was used to measure the degradation products
of LDPE. The oven temperature was designed to be increased
from 70 °C to 200 °C (maximum temperature —250 °C at
15 °C/min, Injection liquid 1 pl). The components of a mass
spectrometer include a tungsten filament electron source operat-
ing at 70 eV, a double focusing analyzer, and a photomultiplier
tube acting as the detector with a maximum resolution of 5000
(Ambika, Lakshmi, and Hemalatha 2018).

Results and discussion

Biodegradation of LDPE using Winogradsky
column containing Kodungaiyur MSW

The metabolites formed during the biodegradation of LDPE
were determined using GC-MS analysis. It determines
the polymer breakdown and aids in analyzing the pattern
of cleavage. The GC-MS chromatogram of non-degraded
LDPE was reported in previous research by Sridharan et al.
(2022) while Fig. 1 shows the degradation of LDPE using
Kodungaiyur soil sample in the Winogradsky Column (WC).

Table 1 summarizes the changes observed in the LDPE
treated using Kodungaiyur soil sample compared to
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Non-degraded LDPE. The new peaks were observed in the
treated LDPE at 22.777, 25.093 and 30.055 RT. The disap-
pearance of the peak at 17.37, 17.45, 18.93, 20.371, 21.341,
21.891, 24.953, 27.964, and 29.915 RT was observed in
degraded LDPE. The electron ionization method was used
for the mass spectra and the positive ion scanning mode
determined the ions generated.

Table 1, shows the retention time, the metabolites and the
peak area of the Non-degraded LDPE and treated LDPE.
The mass spectral analysis of the GC peaks was detected
using positive ions scanning mode while the MS of the
treated LDPE is shown in Figure S2a for the GC peaks at
21.781 and 21.786 in non-degraded and degraded LDPE
(figure S2b). In Non-degraded LDPE, the compound was
observed to be 2-methyl octadecane (C,qH,,) while Dotri-
acontane (C;,Hg,) was formed in degraded LDPE. Figure S3
a, b shows the mass spectrum of the compound Nonadecane
(C9Hy,p) in Non-degraded LDPE at 21.532 RT while the
degraded LDPE shows the presence of 2-methyl-undecane
(C,,H,¢) at 22.262 RT. The mass spectrum in Figure S4 a, b
shows the presence of the compound Octacosane (C,gHsg) in
non-degraded LDPE and nonadecane (C,yH,) in degraded

LDPE. Figure S5 a, b shows the mass spectrum of RT
24.352 of non-degraded LDPE and 24.532 of degraded
LDPE sheet. The non-degraded LDPE resulted in the pres-
ence of 2-methyl-undecane (C;,H,4) and degraded LDPE
indicated the presence of nonadecane (C;qH,).

The mass spectrum shown in Figure S6 a, b) indicates
the presence of 1-chloroheptacosane (C,;Hs5Cl) in non-
degraded LDPE and 1-heptadecanamine (C,;H;;N) in
degraded LDPE. The formation of amino compounds is
due to the addition of nitrogen sources in the Winograd-
sky column. This confirms that the LDPE polymeric chain
underwent fragmentation by the bacterial strains in the
Winogradsky column. The fragmentation of the polymeric
chain was found to be uneven and the absence of alco-
hols, aldehydes, ketones and acids indicated the lack of
oxidation of the polymer. The hypothesized pathway is
given in Fig. 2. The LDPE sheet which is made of carbon
and hydrogen was hypothesized to undergo fragmentation
resulting in the formation of alkane compounds such as
hexatriacontane (C,4Hs;), octacosane (CygHsg), 2-methyl
tricosane (C,,Hs), 2,6,10,14-tetramethyl heptadecane
(C,;H,4), and nonadecane (C,gH,,). This shows that the

Table 1 Retention time and area

Pure LDPE Treated LDPE sample (WCK)
of non-degraded and treated
LDPE Rt (min) Area%  Name of the metabolites Rt (min) Area% Name of the metabolites
- - - 4.554 1.192  Oxybis[Dichloromethane]
17.45 13.87 Octacosane - - -
18.93 7.75 Hexatriacontane - - -
20.371 7.29 Nonadecane - - -
20.806 3.729  Hexatriacontane - - -
21.341 2.782  Hexatriacontane - - -
21.781 3.02 2-Methyl Octadecane 21.786 2.734  Dotriacontane
21.891 8.426  Tetratetracontane - - -
- - - 22.262 6.951  1-Iodo-2-Methylundecane
22.532 8.954  Nonadecane - - -
- - - 22.777 11.123  1-Iodo-2-Methylundecane
23.117 13.533  Octacosane - - -
- - - 23.332 14.747  Nonadecane
23.737 7.945  Hexatriacontane - - -
- - - 23912 15950 Heptacosane
24.352 8.359  1-lodo 2-methyl undecane - - -
- - - 24.532 14782  Nonadecane
24.953 2.534  Hexatriacontane - - -
- - 25.093 11.234  Hexatriacontane
25.563 3.754  1-Chloro heptacosane - - -
- - - 25.693 7.290  1-Heptadecanamine
- - - 26.273 3.446  Hexatriacontane
28.179 11.135  2-Tert-Butyl-4,6-Bis(3,5-Di-Tert- - - -
Butyl-4-Hydroxybenzyl)Phenol
- - - 30.055 5.076  1-Chloro tetradecane
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Fig.2 Hypothesis of LDPE degradation using the Winogradsky column GC-MS analysis of Kodungaiyur (KN) soil in wc

fragmentation of the LDPE has occurred, resulting in a
smaller alkane chain formation.

The dump yard soil used to construct the WC and
degraded LDPE was analyzed for the presence of degraded
plastic waste metabolites as the MSW (Municipal Solid
Waste) contained numerous plastic wastes (all types of
plastics). Hence, the soil in the control WC (without LDPE)
and test WC (with LDPE) was analyzed using GC-MS. The
metabolites present in the control WC and test WC are tabu-
lated in Table S1.

Compounds such as 2-chloro-2-methyl butane, 1,1-Dieth-
oxy ethane, 2,4-dimethyl heptane, Decane, 4-methyl decane,
Nonadecane, Hexadecane, Tetradecane, Octadecane are pre-
sent in both control WC and test WC. The compounds that
are formed by the degradation of the amended LDPE in the
WC containing KN soil sample formed compounds such as
5-methyl decane (RT 9.593), 2-methyl decane (RT 11.161),
2-methyl undecane (RT 12.236), 2,6-dimethyl undecane (RT
13.046), 1-(Ethenyloxy) octadecane (RT 13.679), 3,7-dime-
thyl decane (RT 14.077), 2-methyl naphthalene (RT 14.593),
10-methyl Eicosane (RT 23.967), Tricosane (RT 28.126),
and 2-methyl Nonadecane (RT 29.142). This confirms that
the compounds formed during the degradation process are
also released into the soil.

The FTIR spectrum shown in Fig. 3 depicts the
increased peak intensity of the test soil WC compared to
the control soil WC. The peak at 3000 cm ™! and 1000 cm™!
indicates the presence of C—H bond in the LDPE sheet.

The higher intensity in the Test WC soil is due to the
amendment of plastic sheets to determine the degradation.
The presence of a weak O-H peak at 3600 cm™' indicates
the formation of water molecules by the bacterial strain or
due to the moisture present in the soil sample. Thus, the
increase in the peak intensity in the FTIR and increase in
alkane formation as observed in the GC-MS confirms the
cleavage of the polymeric chain. The degradation results
also show the occurrence of oxidation at a slower rate as

110 CONTROL WC SOIL
TEST WC SOIL
105
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X
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4
=
=
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=
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4
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Fig. 3 Ftir analysis of control soil wc and test soil wc
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the presence of ether, aldehyde and acid formed in the
degraded sheet spectrum is much less in comparison with
the presence of alkanes. This might be due to the terminal
oxidation which initiated the cleavage of the polymeric
chain.

Isolation of LDPE degrading bacterial strains

The isolated bacterial strains were grown on MSM agar
containing LDPE. Among the isolated bacterial strains
HBI1KVG (S.homonis), HB2KVG, HB3KVG (L.massilien-
sis), KB4KVG (E. coli) and ASKVG (P. stutzeri). resulted
in consistent growth on the culture plate while other bac-
terial strains showed minimum growth after subculture.
The bacterial strain HB1KVG resulted in maximum weight
loss percentage of 4.70 +0.45% followed by HB2KVG
(2.32 +£0.30%), ASKVG (1.27 +£0.36%), KB4KVG
(1.00£0.51%) and HB3KVG resulted in minimum deg-
radation of 0.62 +0.04% (Fig. 4). One-way ANOVA indi-
cated that there is no statistically significant difference
among the degradation performed using five bacterial
strains at the end of 60 days of incubation (p-value <0.05).
The Tukey HSD test confirmed the significant effect of
individual bacterial strains in LDPE degradation. The post
hoc comparison of the LDPE degradation using individual
bacterial strains is given in Table 2.

GC-MS analysis of bacterial degraded LDPE

The GC-MS chromatogram of biodegraded LDPE sheets
was analyzed for metabolite formation. The LDPE sheets

WEIGHT LOSS (%)

HBI HB2 HB3 KB4 AS
BACTERIAL ISOLATES

Fig.4 Weight loss % of biodegraded LDPE

* @ Springer

Table2 Tukey HSD means testing for the effect of each bacterial
strain on LDPE biodegradation

Treatments Mean Difference p-value
HB1KVG:HB2KVG 2.27 0.00001
HB1KVG:HB3KVG 4.06 0.00001
HB1KVG:KB4KVG 3.56 0.00001
HB1KVG:A5SKVG 3.31 0.00001
HB2KVG:HB3KVG 1.78 0.00001
HB2KVG:KB4KVG 1.29 0.00001
HB2KVG:A5SKVG 1.04 0.00001
HB3KVG:KB4KVG 0.49 0.00001
HB3KVG:ASKVG 0.75 0.00001
HB4KVG:A5SKVG 0.25 0.016

*p-value <0.05 are significant

degraded by HB1KVG, HB2KVG, HB3KVG, KB4KVG
and ASKVG bacterial strains were analyzed at a 15-day
interval till day 60 (Table S2, S3, S4, S6 and S6) and
Fig. 4.

LDPE bacterial degradation pathway prediction-a
hypothesis

The LDPE sheet degraded by the HB1KVG bacterial strain
resulted in the formation of smaller alkanes, which, on
dehydrogenation, formed alkenes. The fragmented alkanes
and alkenes oxidized to form alcohols. This might be due to
the action of the Alkane hydroxylase enzyme produced by
the bacterium during biodegradation. Simultaneously, the
LDPE polymeric chain fragments underwent cyclization and
aromatization to form aromatic hydrocarbons such as naph-
thalene and toluene—the aromatic compounds on oxidation
formed alcohols (Fig. 5a).

Figure 5b summarizes the hypothesized LDPE biodegra-
dation pathway by the HB2KVG bacterial strain. The degra-
dation was initiated by the fragmentation of the LDPE sheet
to form more minor alkane chain compounds.

The biodegradation pathway of LDPE by HB3KVG bac-
terial strain was hypothesized, as given in Fig. Sc. The deg-
radation was initiated by the fragmentation of the LDPE
polymeric chain into alkanes (small-chain compounds). The
fragmented alkane undergoes dehydrogenation to form alk-
enes, which, on oxidation, form alcohols. LDPE, on degra-
dation, forms aromatic compounds by aromatization process,
which, on further oxidation using alcohol dehydrogenase,
forms alcohols. The hydroxy compounds react with Phthalic
acid to form esters via the esterification process at the end of
the 60-day batch study. Similar trend was observed in LDPE
degraded by HB1KVG, HB2KVG and HB3KVG bacterial
strains.



International Journal of Environmental Science and Technology

HB1KVG
LDPE
Q.
Ie‘*’l,’
Dehydrogenation \H\A % C
~ NN —_—) =~ 1
Octacosane
2,3-Dimethylhex-2-ene
RPN RGN NGNS ANAN Naphthalene
Eicosane < o o~ o~ o~ _DH l
bl Y i 5l 7 ~
Oxidation [
_
W Alkane 11-methyl dodecanol @
hydroxylase
2,6,10-Trimethyldodecane Toluene
;X\/\( =
2
l £
=
)\/\)\/\/\( 3,7-dimethyl 3-octanol 8
2,6,11 trimethyl dodecane ; -
2,6-bis(1,1-dimethylethyl)-4- Phthalic acid
2,3,5 tetramethyl methyl phenol
decane
7-methyl 1-undecane
Esterification

S

Didodecyl Phthalate

) ™ r~

7N\

1,2-Benzenedicarboxylic
acid, bis(2-methylpropyl)
ester

Phthalic acid, 5-
methylhex-2-yl ethyl ester

5-methylhex-2-yl heptadecyl
ester Phthalic acid

a LDPE degradation pathway hypothesis — HB1 Bacterial strain

Fig.5 a LDPE degradation pathway hypothesis — HB1 Bacterial
strain b LDPE degradation pathway hypothesis—HB2KVG Bacterial
strain ¢ LDPE degradation pathway hypothesis—-HB3KVG Bacterial

The LDPE biodegradation pathway of the KBKVG4 bac-
terial strain was hypothesized to involve fragmentation to
small alkanes, which, on further oxidation, formed alcohols

strain d LDPE degradation pathway hypothesis—-KB4KVG e LDPE
degradation pathway hypothesis—ASKVG

(Fig. 5d). The polymeric chain also underwent an aromatiza-
tion reaction to form aromatic hydrocarbon, which, on fur-
ther oxidation, formed alcohols. The formation of alcohols

a
* @ Springer



International Journal of Environmental Science and Technology

LDPE Ay,
o HB2KVG

gy,
7;

o Zag;
‘/‘\@““ \A’%

!
e(‘&%«\
V\(Y
Hexacosane ©_
2,4-dimethyl-
1-heptene Toluene
Nonadecane
2,6,11 trimethyl 1-Methyl-1- )
dodecane clodod
PSR cyclododecene Butylated
hydroxy toluene
Tetradecane Dehydrogenation S
— #\9
W/ (5E,6E)-5,6-
Bis(2,2- 3,5-ditert-
2,3,5,8- dimethylpropylide butylphenol
Tetramethyldecane ne)decane g
£
" 2
. ”
\/j/\)\ " (]
5-Ethyl-2- 2-Ethy.l—2-methyl-1—
methyloctane tridecanol owd
AN
_ Phthalic acid
WA%\ 3-(2-Ethynylphenyl)-2-
propyn-1-ol
Octadecane, 3-ethyl-5-(2-
thylbutyl)- Alcohol
ethylbuty! dehydrogenase
NAANANS
Undecane Esterification

7,9-di-tert-butyl-1-
oxaspiro[4.5]deca-6,9-
diene-2,8-dione

| Oxidation

v

alcohols

l Esterification

o) Phthalic acid, dec-2-yl pentyl

Dinonyl phthalate ester

. Nonyl pentadecyl Hexadecyl pentyl
Dinonyl phthalate phthalate phthilalie ’

SeooUN e H Seee

Butyl 8-methylnonyl Dibutyl phthalate
phthalate

3-Methylbutyl nonyl
phthalate

b LDPE degradation pathway hypothesis - HB2KVG Bacterial strain

Fig.5 (continued)

’r @ Springer



International Journal of Environmental Science and Technology

‘\,@(\0“

LDPE

HB3KVG

P N N

A

2-Tridecene
2,3,5,8-Tetramethyldecane

R P P

Undec-2-ene
Tetradecane

Naphthalene

o

Ethylbenzene

1,2,3-
Trimethylbenzene

NN
A N Y g
Undecane 2-Decene
W
Decene
Dehydrogenation

Oxidation to
alcohols
And
Esterification
With
Phthalic acid

More feasible pathway

Oxidation
Alcohol
dehydrogenase

PHENYLBUTANAL

Oxidation to
Phthalic Acid
and
Esterification

Nonyl pentadecyl phthalate Allyl octadecyl oxalate

s
N4
Maaase®

1,2-Benzenedicarboxylic acid,
dinonyl ester

Seve

Dibutyl phthalate

Butyl 8-methylnonyl phthalate

J/

i
Nasa®

Hexadecyl pentyl phthalate

C LDPE degradation pathway hypothesis — HB3KVG Bacterial strain

Fig.5 (continued)



International Journal of Environmental Science and Technology

LDPE & KBKVG4
ot
“\e
s
Y\/Y\/Y\/\)\/ TS
261015 3-Methylbutyl nonyl
T TS hthalate
Tetramethylheptadecane P Naphthalene
Oxidati
hexadecanoic acid, 2- xidation
hydroxy-1,3-propanediyl Monooxygenase
ester
2,3,5,8-Tetramethyldecane 8 o
0 NN
©¢f\/\/\/\/\/
didecyl phthalate OH
Tetradecane
H) Hydroquinone

W

3,7-Dimethyldecane

PV Ve VeV Yd

Dodecane
A VYN

Decane
R
Nonadecane
P T

Icosane

Oxidation to
alcohols
And
Esterification
With
Phthalic acid

s
&

Dinonyl
phthalate

Nonyl pentadecyl
phthalate

PP N
NN =

Allyl octadecyl
oxalate

Hexadecyl pentyl
phthalate

o

Phthalic acid, dec-2-yl
pentyl ester

4-Propylbenzaldehyde

_oH

o

2-((3,5,5-
Trimethylhexyloxy)carbonyl)b
enzoic acid

Oxidation to
Phthalic acid
and
Esterification

Esterification
— |

d LDPE degradation pathway hypothesis - KB4KVG

Fig.5 (continued)

@ Springer




International Journal of Environmental Science and Technology

Fig.5 (continued)
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might be aided by the monooxygenase enzyme produced by
the bacterial strain. Further, the alcoholic compounds and
the phthalic acid produced on further condensation reactions
form esters via esterification reaction as the final degradation
metabolites. A similar degradation pattern was observed in
the LDPE degradation using the ABKVGS bacterial strain
(Fig. 5e).

Discussion

Plastic treatment processes are the need of the hour and
multiple treatment techniques were analyzed by research-
ers to determine their efficiency. Biodegradation, a natural
process of pollutant degradation has been focused recently to
identify the occurrence of degradation. Even though, the lit-
erature suggests LDPE biodegradation using bacteria, algae,
fungi, and other organisms, the process of occurrence is still
a void. Many reports suggested the occurrence of biodegra-
dation using weight loss %, FTIR, and SEM analysis, but the
pathway of occurrence is still unclear. This study is a step
forward in understanding the breakdown of the LDPE poly-
meric chain using the biodegradation process (Winograd-
sky column and bacterial strains). Hence, the current study
is one of a kind that hypothesizes the LDPE degradation
pathway as an overview. Winogradsky column by Sridharan
et al. (2021a, b) was the first to report it as a tool for LDPE
biodegradation. This current study provides a view of the
process of LDPE polymeric chain cleavage using GC-MS
analysis. Based on the mass spectrum of control LDPE,
the fragmentation of LDPE polymeric chain to octacosane
(CygHsg), hexatriacontane (C,,Hso) 2-methyl tricosane
(Cy4Hsp), 2,6,10,14-tetramethyl heptadecane (C,,H,,), and
nonadecane (C,9H,). The absence of alcohols, ketones, and
carboxylic acid formation confirms that the polymeric chain
was cleaved by the fragmentation process.

LDPE biodegradation using bacterial strains shows the
formation of a lesser carbon chain on degradation. The non-
degraded LDPE on GC-MS analysis resulted in the presence
of a carbon chain from C8 to C35, after 15 days of degrada-
tion, the chain length ranged between C15-C22. At the end
of 30 and 45 days of degradation, the carbon chains formed
small compounds whose chain length ranged between
C10-C21. After 60 days of incubation, the esters (C14—-C24)
were formed by the esterification process carried by the bac-
terial strains which could be due to the activity of esterases
produced by bacteria during the degradation process. A
recent report by Elsamahy et al. (2023) shows the results of
biodegradation of LDPE using a yeast consortium isolated
from termites. The consortium was reported to contain Ster-
igmatomyces halophilus, Meyerozyma guilliermondii, and
Meyerozyma caribbica which utilized LDPE as a carbon
source. Ritu et al. (2022) reported the biodegradation of

* @ Springer

LDPE using B. licheniformis isolated from waste dumpsite
in Haryana. They reported that the isolate is efficient in con-
suming LDPE as a carbon source for 30 days. The GC-MS
of the control was reported to contain ketones, carboxylic
acids, and esters while the treated LDPE produced metabo-
lites such as carboxylic acids and esters as new peaks in
comparison with the control chromatogram. They reported
further degradation of the carboxylic acids resulted in the
formation of alkanes (lower and higher). Kyaw et al. (2012)
studied LDPE film biodegradation using P. aeruginosa
which is reputed in the presence of compounds containing
functional groups such as esters, hydrocarbons, aldehydes,
ether, ketones, oxygenated chemical compounds, fatty acids
and other unreported compounds.

In this study, the overview degradation mechanism of
LDPE was hypothesized, which confirms that the degrada-
tion pattern of LDPE using Winogradsky column and bac-
terial strains is unique. Despite a similar pathway mecha-
nism followed by bacterial strains, reactions such as alkenes
formation by dehydrogenation and cyclization of the lin-
ear polymeric chain unfold a new process of degradation.
The current study does not emphasize enzymes involved in
LDPE biodegradation, as the bacterial strains were not pre-
viously reported in the degradation of plastics and are yet
to be studied in detail. The generally reported mechanism
of polyethene biodegradation involves fragmentation and
assimilation of the fragmented compounds by the microbes
(Montazer, Habibi Najafi, and Levin 2019). There are also
reports which suggest that microorganisms consume linear
n-alkanes efficiently in lesser duration compared to branched
alkanes (El-Shafei et al. 1998). Yoon et al. (2012) reported
the degradation of linear n-alkane (such as hexadecane) as
a model compound. The biodegradation was reported to
be initiated by C—C bond hydroxylation which results in
the production of alcohols (primary and secondary), and
aldehydes, ketones and carboxylic acids on further oxida-
tion. The generated carboxylated n-alkanes are compounds
analogous to fatty acids which could be catabolized further
by the beta-oxidation pathway (Jeon and Kim 2015; Yoon
et al. 2012).

Conclusion

The research focuses on the degradation of LDPE using bac-
terial strains isolated from dumpsite soils and the degrada-
tion pathway mechanism prediction was performed based
on the GC-MS chromatograms. This research holds a novel
idea to utilize the indigenous microbes in plastic degrada-
tion. The application of this research provides and expands
the scope of research in various fields such as bioinformat-
ics, mathematics, and microbiology. The Winogradsky col-
umn is also used to understand the microbial diversity of soil
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in specific sites which does not require expertise to construct
the column. The column was used as a tool to perform LDPE
degradation. The enrichment of the indigenous microbes in
the column enhances the process of degradation resulting in
the formation of less complex metabolites compared to the
parent polymeric compound. The oxidation of the terminal
carbon in the polymeric chain aids in the degradation of
LDPE. This study provides a scope to explore indigenous
microbes in the biodegradation process. The Winogradsky
column could also be utilized to treat various pollutants in
the environment. The research widens the future scope to
identify detailed pathways concerning molecular analysis by
understanding the genetic makeup of the bacterial strains.
Hence, the research provides a new perspective and lays a
foundation for understanding the changes in the degrada-
tion pathway among various bacterial strains. The pathways
predicted should be examined with caution and additional
experiments are needed to validate the hypothesis in the near
future.
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