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Abstract

Recycling is groundwork of the worldwide efforts daminish the amount of plastics in waste.
Mostly around 7.8-8.2 million tons of poorly-usethgiics enter the oceans every year. Non-
biodegradable plastics settlements in landfillsuareertain, which hinders the production of land
resources. Non-biodegradable plastic solid wastadon dioxide, greenhouse gases, various air
pollutants, cancerous polycyclic aromatic hydrooagand dioxins, released to the environment
cause severe damage and harmfulness to the infisbifaue to the bio-degradability and
renewability of biopolymers, petroleum-based ptastian be replaced with bio-based polymers
in order to minimize the environmental risks. Inisthreview article, bio-degradability of
polymers has been discussed. The mechanisms ofetyoling have been particularly
emphasized in the present article.
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Introduction

Plastic materials are widely used in our daily ldad their usage in textiles, electronics,
healthcare products, toys and in packaging appicsitare unavoidable [1-3]. Synthetic plastic
is made up of artificial or semi-artificial organgompounds, which are flexible in nature. Since
1940s, synthetic plastics have reformed the soaiety to their fascinating properties like
mechanical strength, lightness, flexibility and ahility, these properties assigned to a material
of low cost and ability to replace products maderfrother materials including paper, glass and
metals [4]. In 2015, worldwide annual constructmfnpetroleum contained plastic increased to
300 million tons [5]. According to [6], 34 milliotons of plastic waste was produced per year
and 93 % of material was dumped into oceans andfilisn Degradation of plastic is very
difficult, during this process, there is emissidnlarge amount of C®and many other toxic
compounds [7]. It is estimated that about 2.8 k€G¥ is evolved on burning 1 kg of plastic [8].
The emergence of bio-plastic arises due to theremwiental considerations on the non-
biodegradable plastic. The origin of bioplasticoftegradable plastic) are cellulose, starch, sugar
etc., which are primarily renewable in nature [Bjodegradable plastic is degraded by the
natural microorganisms such as bacteria, algae,fangi [10] (Figure 1). Its degradation
depends on the environment conditions (temperataier, oxygen) and chemical conditions of
the polymer. In degradation of bioplastic, £&mission is very low which emphasize the

production of biodegradable plastic day by day [1d]fact, 1.7 million tons of biodegradable



plastic was manufactured globally in 2014 and thenuafiacturing of biodegradable plastic is

predicted to arrive 6.2 million tons in 2018 [12].
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Figure 1. Schematic r epresentation for degradation of bioplastic by enzyme.

No doubt, biodegradable plastics are environmeetdily but they also came with some
limitations like high manufacturing cost and low ¢hanical tendency [13—-15]. The decrease in
the availability of gasoline and diesel due to therease in cost increases the scarcity of
resources which promotes the need for alternatigéhods of creating bioplastic [16]. In past
few years, government councils have set the varstasdards to reduce the use of non-
biodegradable plastic and in addition to this maantific communities have tried to develop

biodegradable materials like polylactic acid, pgigtoxyalkanoates, starch-based bioplastic and



many more [17]. It is better to use bio-renewaldsources to generate plastic because their
biodegradable period makes them most acceptablerialat [18—20]. This review article
concisely summarizes the biodegradability and rexuaty aspects of plastic based solids.
Biodegradability

Recently, bio-degradation of different bioplastitas been studied. Biopolymers catches the
greater attention in market because they meetabie lbequirements of life cycle environmental

impact or life cycle assessments for its propepabsl [1](Figure 2).
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Figure 2. Proposed presentation for reuse of bioplastic through photosynthesis.



In comparison to conventional plastics, some basfts like poly-lactic acid or
polyhydroxyalkanoates requires few years for deggiad but unfortunately, these bio-plastics
are of high cost. One exceptional way to minimiostcis to blend them with natural bio-
materials. Chin-San Wu evaluated the cheaper Simak mixed grafted polylactide composite,
high degradation rate was observed in sisal fibeised grafted polylactide composite as
comparison to polylactide [21].

The biodegradability and composability are standadl by some specifications and test
methods [5]. Non-biodegradability of petroleum-lzhsgnthetic plastic leads to the gathering of
more plastic waste which promotes the major enwramtal impacts like global warming
potential, carcinogenic, ozone depletion, eco-ibxiand eutrophication [22]. Accumulation of
huge amount of plastic waste in environment forcesny industrial fields to generate
biodegradable plastic [23]. Biodegradability ofsbgrepared polymers follows three key steps:
biodeterioration, biofragmentation and assimilat[@4]. Most reported biopolymers are poly
lactic acid, polyhydroxyalkanoates, thermoplastimarch and plant-based materials [8].
Degradability and renewability of different polyrseare represented Kigure 3 [25,26]. There
are some impact factors such as chemical strucholymer chains, functional groups and
crystallinity of biopolymers which affects theirdsdegradation rate in environment [27]. In
addition, more environmental factors like tempemtpH, oxygen content are also considered in
bio-degradation of polymers [28,29]. Most plantdzhsnaterials for example 1,3-propnediol and
bio-polyethylene tetraphthalate and petroleum-balsiEglastics including poly lactic acid,
polyhydroxyalkanoates and many more are venerabtedggradation by compost under
microbial conditions [30]. However, time duratioor fdegradation may vary from material to

material. Poly lactic acid bioplastic showed velgwsdegradation and it lasts about 11 months



[31]. To improve the biodegradability, compost isxed with biofuel byproducts [11]. Recently,
it was reported that bio-degradation of cellulosetate bioplastic was 44-35 % after 14 days of
composting [32]. Bio-degradation of these matenalses in different systems like in aquatic
systems or in soil systems. In aquatic system diagican mainly depends on water temperature
and the shape of the polymer [33]. Whereas, greahter 90 types of bacterial and microbial

activities are responsible for degradation in défe ecosystems.
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Figure 3. Polymer degradability and feedstock renewability of different polymers.

Reproduced with permission from [25]. Copyright 2017 American Chemical Society.



Utilization of new generation bio-based plastideneficial but there is a need to analyze the
negative environmental impacts [34]. These matestadwed high degradability in soil and
compost systems but most of among these are nettalfind a way in aquatic system [35].
Moreover, dumping of bio-based waste in landfi#ads to global warming and leachate as well
creates more management problems, so there ig stéed to develop alternative techniques to

attain sustainability.

Factors affecting the rate of degradation

Various factors have affected the rate of degradabf polymers. Mainly degradation of
polymers depends on environmental factors (tempexamoisture, acidic nature etc.) and the
chemical nature of the polymer [28]. Another fasttrat can affect the rate of degradation are

crystallinity, molecular weight, co-polymer comptosn and size of the polymer [36,37].

Water and moisture can play an important role fordegradation of polymers, because water is
a necessary condition for growth and reproductiotn® microorganisms [38]. When moisture is
growing, the microbial activity also increases #mel polymers degrade with faster rate. Ho et al.
reported that degradation rate sharply enhanceld initrease in humidity [37]. Hence, the

polymer will degrade rapidly in the moisture corwhs than in dry conditions.

Acidic nature of the environment also affects the-degradation of the polymers. pH value
changes the rate of hydrolysis reaction and grattine microorganisms [38,39]. Temperature
is an important factor for the degradation of patys[40] degradation is not possible without
required temperature. The rate of hydrolysis reactand microbial activity rises with
temperature but very high temperature reduces tieeohial activity or even stops it [41]

Henton et al. described that the rate of hydrolysi&ction and bio-degradation of polymer



rapidly increased when the temperature exceededldss transition temperature [42]. Kai-Lai
et al. studied the degradation rate of the polidaatid film fordifferent temperatures 28, 40 and
55°C at 50 and 100% relative humidity in an environtakochamber [37,43]. Generally, the rate
of microbial activity grows with temperature until reaches the range when killing of the

microorganisms starts to dominate.

Apart from the above mentioned factors, other faactf bio-degradation are the aerobic and
anaerobic environment. Gertisar et al. performedeessbic degradation tests for different
available biodegradable polymers [44]. The flexipilof the polymer chain increases the
biodegradability of polymer. If a polymer chainnsre flexible, then hydrolysis reaction will

proceed with higher speed and rate of bio-degradatiso increases [36].

Another factor affecting the rate of bio-degradatis molecular weight of the polymer [45].
Larger will be the polymer molecular weight, lesgell be the flexibility of the polymer and
greater will be the polymer’'s glass transition temgture [46]. Moreover, polymers with high

molecular weight have less water solubility whieduces the microbial activity.

Co-polymer composition means the foreign co-monoaméering into the polymer structure, due
to this reason, crystallinity decreases and bica#aility increases. Chiellini and Corti studied
that bio-degradation rate sharply increased aftieling the polycaprolactone (biodegradable
ester) into the lignin [47]. At last, size and shay the polymer also affect the rate of the bio-
degradation [10,36,38,45,48]. If the size of thépwr is larger, biodegradability becomes very
slow. On the other hand, polymer with larger swefarea has high biodegradable rate as
compared to polymer with smaller surface area [#8krnational Standards Organization and
American Society for Testing and Materials [50]uiq the control of size and shape of polymer

before the bio-degradation test.



Biological recycling

Over the last decades, the process of biologiaafctemg has given a new support to waste
management. Use of plastic material is not sudténdloreover, due to its prolonged longevity,
the amount of garbage is showing a solid edgelamdfill [51]. Biological recycling is a waste
reduction strategy whose cornerstone are biologiggdnisms. In sustainable recycling, first we
have to degrade the material and then reuse ipasgive direction. Accinelli et al. explored the
use of recycled bioplastic granules for decreaaitagoxigenicity in Aspergillus flavus [52]. The
rate of decrease was more in low density recyciegléstic in comparison to higher-density
bioplastic.

Date back to the early 1960’s, Merrick and Doudbfio$t reported the microbial degradation of
polyester [53]. Many focused studies have beenopedd to degrade aliphatic polyester and
polycarbonate mainly by bacteria, enzyme yeastgifamd cell extract in the labs or in the
natural environment like in soil or in aqueousiagt [54]. In addition to this, enzymes are the
natural or synthetic biological catalysts whichgger the depolymerization of polymer,
polycarbonate and aliphatic polyesters [55]. Faaneple, proteases cleave the peptide bond in
poly-L-lactic acid whereas, esterases hydrolyses ébter bonds of fats and depolymerizes the
polyhydroxyalkanoates, poly-ether sulfones and festgr amide [56,57]. Basic mechanism of
bio-degradation is the oxidation or hydrolysis byzymes which eventually improves the
hydrophilicity of plastic material, resulting inomolecular weight polymer which is more
friendly for further microbial assimilation [58]nilcase of enzyme hydrolysis, a bulk of metal is
lost but no substantial change takes place in themmass that means the basic phenomena of
biological degradation is the surface erosion [$8jwever, if there is a decrease in the molar

mass that means bulk erosion is taking place. Hetocelecrease the molecular mass of the



polymers, microbes first release the extracelldazymes.Figure 4 explains the working

mechanism for bio-degradation of polyesters angiqawbonates through bacteria.
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Figure 4. Water insoluble polymer bio-degradation through a bacterium. Reproduced with

per mission from [25]. Copyright 2017 American Chemical Society.

After degradation, fragmentation is the next coasablle step to recycling [60]. The step is taken
into account only when molecules are of low molacwieight within the media. It is a Iytic
phenomenon that undergoes breaking of a polymérancof plastic, which is necessary for
assimilation of polymeric in the chain into the reundings [61]. Importantly, the efficiency of

bio-degradation can be analyzed from a number eststesome of which are weight



measurements, qualification of evolved £@nalysis of the surface morphology of polymer
after microbial degradation, these all measuremeats be tested under anaerobic or aerobic
conditions [62]. Rather than synthetic polymersjesal oligomeric polymers can be degraded
via biological method, for example, polyethylenegdaled by two mechanisms: hydro-
biodegradation and oxo-biodegradation [63].

Anaerobic bio-degradation by bacteria

Anaerobic conditions are mainly susceptible for ttegradation of polylactide, phosphino-
carboxylic acid and polyhydroxyalkanoates. The gneéhat comes after mineralization process
is used by the microorganism and biomass [64]. Algh biological energy comes to the
oxidation process but in case of anaerobic organikay use alternative electron acceptor like
sulphate and nitrates to induce a change in theitgodf microbial population [65]. Itavaara et
al. have studied the degradation rate of polylaatid and poly-L-lactic acid in aquatic condition
degraded by soil bacteria [66]. They mentioned pudylactic acid degraded up to 90% after 55
to 60 days and poly-L-lactic acid degraded up t&®@after 40 to 45 days. Rates of degradation
in anaerobic condition are lower because in themd®s of oxygen such type of microorganism
has a limited enzyme population [67]. The bio-ddgteon rates for polylactic acid and
polyhydroxybutyrate were much faster in anaerobieditions rather than in aerobic conditions
whereas poly(butylene succinate) was degraded ghawth only 2% of degradation rate in 100
days [67]. Johnson et al. evaluated the degradagibects of 11 types of starch-based
polyethylene plastic collected from municipal wabte different degradation methods [68]. A
very little degradation was found in interior plastof compost row by 8-month, whereas

exterior plastic degraded well.



Aeraobic degradation by bacteria

During aerobic degradation by bacteria such orgasibave the key to work with oxygen and
mineralization, CQ and CH are formed as the end product. Bio-degradatiorcieffcy of
aerobic bacteria is primarily influenced by theumat origin and experimental conditions of labs
[69]. It was reported that after isolation, the tesi@a became more efficient in experimental
conditions having low temperature and high pres§t®¢ For example, isolated Pseudomonas
and Tenacibaculum were partially able to mineralibe fibers of polycaprolactone and
polyhydroxybutyrate [71]. Many standardized methads used to determine the disintegration
and degradation of plastic materials. Apart fromnth a most common norm is the ISO 14855
(International Standards Organization). It is themate method to measure biodegradability rate
and degree of disintegration under the compostiogdition like controlled temperature,
humidity and ventilation [72]. The degradability gbly lactic acid bottles in composting
conditions was evaluated by Kale and co-worker$. [M@st of the polycarbonate and ester are
degraded by enzymes, microbes etc. [73]. An exdiraary work of Lee et al. depicted that pure
(R)-(-)-3-hydroxycarboxylic acids could be derivieg depolymerising poly-3-hydroxybutyrate

in presence of oxygen (aerobic) as well as in atisehoxygen in Alcaligenes latus [74].
Challenges and futur e prospective

Green Design Principle is a useful aspect for eatadn and its related activities on design to
evaluate an environmental consequence of a probluttte design phase of sustainable polymer,
Green Design Principle will be adopted as a prevemhatrix to identify leverage points for the
processes. It is based on green chemistry prirgiptich aims to reduce the utilization of toxic
substances and production of chemical productgercycle process. In the design phase of the

durable polymer, green design theory can be adoptéte coming time. The circulation of



bioplastic is mainly subjected to the authenticitgquired by the new technology and the
legitimacy of the companies who produce, sell ammimote the sustainable technology [75].
Sustainability needs a communication with societied markets about how bioplastics put in
service in the future? How to get better bio-deghality? Affordable and convenient recycling
plants? Better agricultural applications? [76]. tRarmore, the possibility of using more bio-
plastic materials can be further investigated tbagsce the lifestyle of the community and
reduction in recycling cost may open new horizomagblications in many fields like agriculture,
medicine and many more because biodegradable potymeaterials are the strongest rivalry to

beat petrochemical based plastic in the future.[77]
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Highlights
The biological process of recycling has given a d@ection for waste management.

Bio-degradable plastic is useful in food packagisbppping bags and agricultural

applications.

Sustainability needs a communication with societied markets about how bio-plastics

can be put in service in the future.
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