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                                                          Abstract 

Recycling is groundwork of the worldwide efforts to diminish the amount of plastics in waste. 

Mostly around 7.8-8.2 million tons of poorly-used plastics enter the oceans every year. Non-

biodegradable plastics settlements in landfills are uncertain, which hinders the production of land 

resources. Non-biodegradable plastic solid wastes, carbon dioxide, greenhouse gases, various air 

pollutants, cancerous polycyclic aromatic hydrocarbons and dioxins, released to the environment 

cause severe damage and harmfulness to the inhabitants. Due to the bio-degradability and 

renewability of biopolymers, petroleum-based plastics can be replaced with bio-based polymers 

in order to minimize the environmental risks. In this review article, bio-degradability of 

polymers has been discussed. The mechanisms of bio-recycling have been particularly 

emphasized in the present article.  

Keywords: Plastic solid waste; land filling; bioplastics; bio-degradation, bio-recycling. 

li2106
Text Box
Current Opinion in Green and Sustainable Chemistry, Volume 13, October 2018, Pages 68-75
DOI:10.1016/j.cogsc.2018.04.013


li2106
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: 
Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  
The final published version (version of record) is available online at DOI:10.1016/j.cogsc.2018.04.013. 
Please refer to any applicable publisher terms of use.





M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

*Corresponding authors Email: thakursourbh@gmail.com, vijay.kumar@cranfield.ac.uk, 

sourbh.sourbh@ktu.lt 

 

Introduction 

Plastic materials are widely used in our daily life and their usage in textiles, electronics, 

healthcare products, toys and in packaging applications are unavoidable [1–3]. Synthetic plastic 

is made up of artificial or semi-artificial organic compounds, which are flexible in nature. Since 

1940s, synthetic plastics have reformed the society due to their fascinating properties like 

mechanical strength, lightness, flexibility and durability, these properties assigned to a material 

of low cost and ability to replace products made from other materials including paper, glass and 

metals [4]. In 2015, worldwide annual construction of petroleum contained plastic increased to 

300 million tons [5]. According to [6], 34 million tons of plastic waste was produced per year 

and 93 % of material was dumped into oceans and landfills. Degradation of plastic is very 

difficult, during this process, there is emission of large amount of CO2 and many other toxic 

compounds [7]. It is estimated that about 2.8 kg of CO2 is evolved on burning 1 kg of plastic [8]. 

The emergence of bio-plastic arises due to the environmental considerations on the non-

biodegradable plastic. The origin of bioplastic (biodegradable plastic) are cellulose, starch, sugar 

etc., which are primarily renewable in nature [9]. Biodegradable plastic is degraded by the 

natural microorganisms such as bacteria, algae, and fungi [10] (Figure 1). Its degradation 

depends on the environment conditions (temperature, water, oxygen) and chemical conditions of 

the polymer. In degradation of bioplastic, CO2 emission is very low which emphasize the 

production of biodegradable plastic day by day [11]. In fact, 1.7 million tons of biodegradable 
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plastic was manufactured globally in 2014 and the manufacturing of biodegradable plastic is 

predicted to arrive 6.2 million tons in 2018 [12]. 

 

 

Figure 1. Schematic representation for degradation of bioplastic by enzyme. 

 

No doubt, biodegradable plastics are environment-friendly but they also came with some 

limitations like high manufacturing cost and low mechanical tendency [13–15]. The decrease in 

the availability of gasoline and diesel due to the increase in cost increases the scarcity of 

resources which promotes the need for alternative methods of creating bioplastic [16]. In past 

few years, government councils have set the various standards to reduce the use of non-

biodegradable plastic and in addition to this many scientific communities have tried to develop 

biodegradable materials like polylactic acid, polyhydroxyalkanoates, starch-based bioplastic and 
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many more [17]. It is better to use bio-renewable resources to generate plastic because their 

biodegradable period makes them most acceptable materials [18–20]. This review article 

concisely summarizes the biodegradability and renewability aspects of plastic based solids.   

Biodegradability 

Recently, bio-degradation of different bioplastics has been studied. Biopolymers catches the 

greater attention in market because they meet the basic requirements of life cycle environmental 

impact or life cycle assessments for its proper disposal [1] (Figure 2).  

 

Figure 2. Proposed presentation for reuse of bioplastic through photosynthesis. 
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In comparison to conventional plastics, some bio-plastics like poly-lactic acid or 

polyhydroxyalkanoates requires few years for degradation but unfortunately, these bio-plastics 

are of high cost. One exceptional way to minimize cost is to blend them with natural bio-

materials. Chin-San Wu evaluated the cheaper sisal fibers mixed grafted polylactide composite, 

high degradation rate was observed in sisal fibers mixed grafted polylactide composite as 

comparison to polylactide [21]. 

The biodegradability and composability are standardized by some specifications and test 

methods [5]. Non-biodegradability of petroleum-based synthetic plastic leads to the gathering of 

more plastic waste which promotes the major environmental impacts like global warming 

potential, carcinogenic, ozone depletion, eco-toxicity and eutrophication [22]. Accumulation of 

huge amount of plastic waste in environment forces many industrial fields to generate 

biodegradable plastic [23]. Biodegradability of these prepared polymers follows three key steps: 

biodeterioration, biofragmentation and assimilation [24]. Most reported biopolymers are poly 

lactic acid, polyhydroxyalkanoates, thermoplastic starch and plant-based materials [8]. 

Degradability and renewability of different polymers are represented in Figure 3 [25,26]. There 

are some impact factors such as chemical structure, polymer chains, functional groups and 

crystallinity of biopolymers which affects their bio-degradation rate in environment [27]. In 

addition, more environmental factors like temperature, pH, oxygen content are also considered in 

bio-degradation of polymers [28,29]. Most plant based materials for example 1,3-propnediol and 

bio-polyethylene tetraphthalate and petroleum-based bioplastics including poly lactic acid, 

polyhydroxyalkanoates and many more are venerable for degradation by compost under 

microbial conditions [30]. However, time duration for degradation may vary from material to 

material. Poly lactic acid bioplastic showed very slow degradation and it lasts about 11 months 
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[31]. To improve the biodegradability, compost is mixed with biofuel byproducts [11].  Recently, 

it was reported that bio-degradation of cellulose acetate bioplastic was 44-35 % after 14 days of 

composting [32]. Bio-degradation of these materials varies in different systems like in aquatic 

systems or in soil systems. In aquatic system degradation mainly depends on water temperature 

and the shape of the polymer [33]. Whereas, greater than 90 types of bacterial and microbial 

activities are responsible for degradation in different ecosystems.  

 

Figure 3. Polymer degradability and feedstock renewability of different polymers. 

Reproduced with permission from [25]. Copyright 2017 American Chemical Society. 
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Utilization of new generation bio-based plastic is beneficial but there is a need to analyze the 

negative environmental impacts [34]. These material showed high degradability in soil and 

compost systems but most of among these are not able to find a way in aquatic system [35]. 

Moreover, dumping of bio-based waste in landfills leads to global warming and leachate as well 

creates more management problems, so there is still a need to develop alternative techniques to 

attain sustainability.  

Factors affecting the rate of degradation 

Various factors have affected the rate of degradation of polymers. Mainly degradation of 

polymers depends on environmental factors (temperature, moisture, acidic nature etc.) and the 

chemical nature of the polymer [28]. Another factors that can affect the rate of degradation are 

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

Water and moisture can play an important role for bio-degradation of polymers, because water is 

a necessary condition for growth and reproduction of the microorganisms [38]. When moisture is 

growing, the microbial activity also increases and the polymers degrade with faster rate. Ho et al. 

reported that degradation rate sharply enhanced with increase in humidity [37]. Hence, the 

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

Acidic nature of the environment also affects the bio-degradation of the polymers.  pH value 

changes the rate of hydrolysis reaction and growth of the microorganisms [38,39]. Temperature 

is an important factor for the degradation of polymers [40], degradation is not possible without 

required temperature. The rate of hydrolysis reaction and microbial activity rises with 

temperature but very high temperature reduces the microbial activity or even stops it [41]. 

Henton et al. described that the rate of hydrolysis reaction and bio-degradation of polymer 
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rapidly increased when the temperature exceeded the glass transition temperature [42]. Kai-Lai 

et al. studied the degradation rate of the polylactic acid  film fordifferent temperatures 28, 40 and 

55 0C at 50 and 100% relative humidity in an environmental chamber [37,43]. Generally, the rate 

of microbial activity grows with temperature until it reaches the range when killing of the 

microorganisms starts to dominate.  

Apart from the above mentioned factors, other factors of bio-degradation are the aerobic and 

anaerobic environment. Gertisar et al. performed anaerobic degradation tests for different 

available biodegradable polymers [44]. The flexibility of the polymer chain increases the 

biodegradability of polymer. If a polymer chain is more flexible, then hydrolysis reaction will 

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

Another factor affecting the rate of bio-degradation is molecular weight of the polymer [45]. 

Larger will be the polymer molecular weight, lesser will be the flexibility of the polymer and 

greater will be the polymer’s glass transition temperature [46]. Moreover, polymers with high 

molecular weight have less water solubility which reduces the microbial activity. 

Co-polymer composition means the foreign co-monomer entering into the polymer structure, due 

to this reason, crystallinity decreases and biodegradability increases.  Chiellini and Corti studied 

that bio-degradation rate sharply increased after adding the polycaprolactone (biodegradable 

ester) into the lignin [47]. At last, size and shape of the polymer also affect the rate of the bio-

degradation [10,36,38,45,48]. If the size of the polymer is larger, biodegradability becomes very 

slow. On the other hand, polymer with larger surface area has high biodegradable rate as 

compared to polymer with smaller surface area [49]. International Standards Organization and 

American Society for Testing and Materials [50] require the control of size and shape of polymer 

before the bio-degradation test. 
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Biological recycling  

Over the last decades, the process of biological recycling has given a new support to waste 

management. Use of plastic material is not sustainable. Moreover, due to its prolonged longevity, 

the amount of garbage is showing a solid edge in a landfill [51]. Biological recycling is a waste 

reduction strategy whose cornerstone are biological organisms. In sustainable recycling, first we 

have to degrade the material and then reuse it any positive direction. Accinelli et al. explored the 

use of recycled bioplastic granules for decreasing aflatoxigenicity in Aspergillus flavus [52]. The 

rate of decrease was more in low density recycled bioplastic in comparison to higher-density 

bioplastic. 

Date back to the early 1960’s, Merrick and Doudoroff first reported the microbial degradation of 

polyester [53]. Many focused studies have been performed to degrade aliphatic polyester and 

polycarbonate mainly by bacteria, enzyme yeast, fungi and cell extract in the labs or in the 

natural environment like in soil or in aqueous settings [54]. In addition to this, enzymes are the 

natural or synthetic biological catalysts which trigger the depolymerization of polymer, 

polycarbonate and aliphatic polyesters [55]. For example, proteases cleave the peptide bond in 

poly-L-lactic acid whereas, esterases hydrolysis the ester bonds of fats and depolymerizes the 

polyhydroxyalkanoates, poly-ether sulfones and poly-ester amide [56,57]. Basic mechanism of 

bio-degradation is the oxidation or hydrolysis by enzymes which eventually improves the 

hydrophilicity of plastic material, resulting in low molecular weight polymer which is more 

friendly for further microbial assimilation [58]. In case of enzyme hydrolysis, a bulk of metal is 

lost but no substantial change takes place in the molar mass that means the basic phenomena of 

biological degradation is the surface erosion [59]. However, if there is a decrease in the molar 

mass that means bulk erosion is taking place. Hence, to decrease the molecular mass of the 
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polymers, microbes first release the extracellular enzymes. Figure 4 explains the working 

mechanism for bio-degradation of polyesters and polycarbonates through bacteria.   

 

 

Figure 4. Water insoluble polymer bio-degradation through a bacterium. Reproduced with 

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

 

After degradation, fragmentation is the next considerable step to recycling [60]. The step is taken 

into account only when molecules are of low molecular weight within the media. It is a lytic 

phenomenon that undergoes breaking of a polymeric chain of plastic, which is necessary for 

assimilation of polymeric in the chain into the surroundings [61]. Importantly, the efficiency of 

bio-degradation can be analyzed from a number of tests, some of which are weight 
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measurements, qualification of evolved CO2, analysis of the surface morphology of polymer 

after microbial degradation, these all measurements can be tested under anaerobic or aerobic 

conditions [62]. Rather than synthetic polymers, several oligomeric polymers can be degraded 

via biological method, for example, polyethylene degraded by two mechanisms: hydro-

biodegradation and oxo-biodegradation [63]. 

Anaerobic bio-degradation by bacteria  

Anaerobic conditions are mainly susceptible for the degradation of polylactide, phosphino-

carboxylic acid and polyhydroxyalkanoates. The energy that comes after mineralization process 

is used by the microorganism and biomass [64]. Although biological energy comes to the 

oxidation process but in case of anaerobic organism, they use alternative electron acceptor like 

sulphate and nitrates to induce a change in the activity of microbial population [65]. Itavaara et 

al. have studied the degradation rate of polylactic acid and poly-L-lactic acid in aquatic condition 

degraded by soil bacteria [66]. They mentioned that polylactic acid degraded up to 90% after 55 

to 60 days and poly-L-lactic acid degraded up to 50 % after 40 to 45 days. Rates of degradation 

in anaerobic condition are lower because in the absence of oxygen such type of microorganism 

has a limited enzyme population [67]. The bio-degradation rates for polylactic acid and 

polyhydroxybutyrate were much faster in anaerobic conditions rather than in aerobic conditions 

whereas poly(butylene succinate) was degraded slowly with only 2% of degradation rate in 100 

days [67]. Johnson et al. evaluated the degradation effects of 11 types of starch-based 

polyethylene plastic collected from municipal waste by different degradation methods [68]. A 

very little degradation was found in interior plastics of compost row by 8-month, whereas 

exterior plastic degraded well. 
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Aerobic degradation by bacteria 

During aerobic degradation by bacteria such organisms have the key to work with oxygen and 

mineralization, CO2 and CH4 are formed as the end product. Bio-degradation efficiency of 

aerobic bacteria is primarily influenced by the nature, origin and experimental conditions of labs 

[69]. It was reported that after isolation, the bacteria became more efficient in experimental 

conditions having low temperature and high pressure [70]. For example, isolated Pseudomonas 

and Tenacibaculum were partially able to mineralize the fibers of polycaprolactone and 

polyhydroxybutyrate [71]. Many standardized methods are used to determine the disintegration 

and degradation of plastic materials. Apart from them, a most common norm is the ISO 14855 

(International Standards Organization). It is the ultimate method to measure biodegradability rate 

and degree of disintegration under the composting condition like controlled temperature, 

humidity and ventilation [72]. The degradability of poly lactic acid bottles in composting 

conditions was evaluated by Kale and co-workers [10]. Most of the polycarbonate and ester are 

degraded by enzymes, microbes etc. [73]. An extraordinary work of Lee et al. depicted that pure 

(R)-(−)-3-hydroxycarboxylic acids could be derived by depolymerising poly-3-hydroxybutyrate 

in presence of oxygen (aerobic) as well as in absence of oxygen in Alcaligenes latus [74].    

Challenges and future prospective 

Green Design Principle is a useful aspect for evaluation and its related activities on design to 

evaluate an environmental consequence of a product. In the design phase of sustainable polymer, 

Green Design Principle will be adopted as a preventive matrix to identify leverage points for the 

processes. It is based on green chemistry principles, which aims to reduce the utilization of toxic 

substances and production of chemical products in life cycle process. In the design phase of the 

durable polymer, green design theory can be adopted in the coming time. The circulation of 
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bioplastic is mainly subjected to the authenticity acquired by the new technology and the 

legitimacy of the companies who produce, sell and promote the sustainable technology [75]. 

Sustainability needs a communication with societies and markets about how bioplastics put in 

service in the future? How to get better bio-degradability? Affordable and convenient recycling 

plants? Better agricultural applications? [76]. Furthermore, the possibility of using more bio-

plastic materials can be further investigated to enhance the lifestyle of the community and 

reduction in recycling cost may open new horizon of applications in many fields like agriculture, 

medicine and many more because biodegradable polymeric materials are the strongest rivalry to 

beat petrochemical based plastic in the future [77]. 

Acknowledgement 

Sourbh Thakur acknowledges financial support by ESF program Postdoctoral Fellowship project 

No 09.3.3-LMT-K-712-02-0180. 

References 

* of special interest 

* * of outstanding interest 

[1] T.A. Hottle, M.M. Bilec, A.E. Landis, Sustainability assessments of bio-based polymers, 

Polym. Degrad. Stab. 98 (2013) 1898–1907. 

[2] Y. Wang, Z. Sun, J. Tian, H. Wang, H. Wang, Y. Ji, Influence of Environment on Ageing 

Behaviour of the Polyurethane Film, Mater. Sci. 22 (2016) 290–294. 

[3] S. Thakur, A. Verma, B. Sharma, J. Chaudhary, S. Tamulevicius, V.K. Thakur, Recent 

developments in recycling of polystyrene based plastics, Curr. Opin. Green Sustain. Chem. 

(2018). 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[4] P.B. Albuquerque, C.B. Malafaia, Perspectives on the production, structural characteristics 

and potential applications of bioplastics derived from polyhydroxyalkanoates, Int. J. Biol. 

Macromol. (2017). 

[5] C. Mellinas, A. Valdés, M. Ramos, N. Burgos, M. del C. Garrigós, A. Jiménez, Active 

edible films: Current state and future trends, J. Appl. Polym. Sci. 133 (2016). 

[6]* T. Mekonnen, P. Mussone, H. Khalil, D. Bressler, Progress in bio-based plastics and 

plasticizing modifications, J. Mater. Chem. A. 1 (2013) 13379–13398. 

[7]** S.M. Emadian, T.T. Onay, B. Demirel, Biodegradation of bioplastics in natural 

environments, Waste Manag. 59 (2017) 526–536. 

[8] N. Burgos, A. Valdés, A. Jiménez, Valorization of agricultural wastes for the production of 

protein-based biopolymers, J. Renew. Mater. 4 (2016) 165–177. 

[9] D. Meeks, T. Hottle, M.M. Bilec, A.E. Landis, Compostable biopolymer use in the real 

world: Stakeholder interviews to better understand the motivations and realities of use and 

disposal in the US, Resour. Conserv. Recycl. 105 (2015) 134–142. 

[10] G. Kale, T. Kijchavengkul, R. Auras, M. Rubino, S.E. Selke, S.P. Singh, Compostability of 

bioplastic packaging materials: an overview, Macromol. Biosci. 7 (2007) 255–277. 

[11] R. Scaffaro, L. Botta, A. Maio, M.C. Mistretta, F.P. La Mantia, Effect of graphene 

nanoplatelets on the physical and antimicrobial properties of biopolymer-based 

nanocomposites, Materials. 9 (2016) 351. 

[12] N.A. Mostafa, A.A. Farag, H.M. Abo-dief, A.M. Tayeb, Production of biodegradable 

plastic from agricultural wastes, Arab. J. Chem. (2015). 

[13] R. Jain, A. Tiwari, Biosynthesis of planet friendly bioplastics using renewable carbon 

source, J. Environ. Health Sci. Eng. 13 (2015) 11. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[14] S. Thakur, P.P. Govender, M.A. Mamo, S. Tamulevicius, V.K. Thakur, Recent progress in 

gelatin hydrogel nanocomposites for water purification and beyond, Vacuum. 146 (2017) 

396–408. 

[15] S. Thakur, P.P. Govender, M.A. Mamo, S. Tamulevicius, Y.K. Mishra, V.K. Thakur, 

Progress in lignin hydrogels and nanocomposites for water purification: Future 

perspectives, Vacuum. 146 (2017) 342–355. 

[16] G. Davis, J.H. Song, Biodegradable packaging based on raw materials from crops and their 

impact on waste management, Ind. Crops Prod. 23 (2006) 147–161. 

[17] M.R. Yates, C.Y. Barlow, Life cycle assessments of biodegradable, commercial 

biopolymers—a critical review, Resour. Conserv. Recycl. 78 (2013) 54–66. 

[18] R.Y. Tabasi, A. Ajji, Selective degradation of biodegradable blends in simulated laboratory 

composting, Polym. Degrad. Stab. 120 (2015) 435–442. 

[19] S. Thakur, O.A. Arotiba, Synthesis, swelling and adsorption studies of a pH-responsive 

sodium alginate–poly (acrylic acid) superabsorbent hydrogel, Polym. Bull. (n.d.) 1–20. 

[20] S. Thakur, Sodium alginate, xanthan gum biopolymer composites: synthesis, 

characterisation and application in organic dye removal from water, PhD Thesis, University 

of Johannesburg, 2016. 

[21] C.-S. Wu, Preparation, characterization, and biodegradability of renewable resource-based 

composites from recycled polylactide bioplastic and sisal fibers, J. Appl. Polym. Sci. 123 

(2012) 347–355. 

[22] P.T. Anastas, M.M. Kirchhoff, Origins, current status, and future challenges of green 

chemistry, Acc. Chem. Res. 35 (2002) 686–694. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[23] A. SANKAUSKAITĖ, L. STYGIENĖ, M.D. TUMĖNIENĖ, S. Krauledas, L. 

JOVAIŠIENĖ, R. PUODŽIŪNIENĖ, Investigation of cotton component destruction in 

cotton/polyester blended textile waste materials, Mater. Sci. 20 (2014) 189–192. 

[24] N. Lucas, C. Bienaime, C. Belloy, M. Queneudec, F. Silvestre, J.-E. Nava-Saucedo, 

Polymer biodegradation: Mechanisms and estimation techniques–A review, Chemosphere. 

73 (2008) 429–442. 

[25]** X. Zhang, M. Fevre, G.O. Jones, R.M. Waymouth, Catalysis as an Enabling Science for 

Sustainable Polymers, Chem. Rev. (2017). 

[26] S.A. Miller, Sustainable polymers: replacing polymers derived from fossil fuels, Polym. 

Chem. 5 (2014) 3117–3118. 

[27] B. Brüster, F. Addiego, F. Hassouna, D. Ruch, J.-M. Raquez, P. Dubois, Thermo-

mechanical degradation of plasticized poly (lactide) after multiple reprocessing to simulate 

recycling: Multi-scale analysis and underlying mechanisms, Polym. Degrad. Stab. 131 

(2016) 132–144. 

[28] G. Kale, T. Kijchavengkul, R. Auras, M. Rubino, S.E. Selke, S.P. Singh, Compostability of 

bioplastic packaging materials: an overview, Macromol. Biosci. 7 (2007) 255–277. 

[29] H. Kaur, T.S. Banipal, S. Thakur, M.S. Bakshi, G. Kaur, N. Singh, Novel biodegradable 

films with extraordinary tensile strength and flexibility provided by nanoparticles, ACS 

Sustain. Chem. Eng. 1 (2012) 127–136. 

[30] D. Kurdikar, L. Fournet, S.C. Slater, M. Paster, K.J. Gruys, T.U. Gerngross, R. Coulon, 

Greenhouse gas profile of a plastic material derived from a genetically modified plant, J. 

Ind. Ecol. 4 (2000) 107–122. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[31] E. Rudnik, D. Briassoulis, Degradation behaviour of poly (lactic acid) films and fibres in 

soil under Mediterranean field conditions and laboratory simulations testing, Ind. Crops 

Prod. 33 (2011) 648–658. 

[32] N.A. Mostafa, A.A. Farag, H.M. Abo-dief, A.M. Tayeb, Production of biodegradable 

plastic from agricultural wastes, Arab. J. Chem. (2015). 

[33] T.G. Volova, A.N. Boyandin, A.D. Vasiliev, V.A. Karpov, S.V. Prudnikova, O.V. 

Mishukova, U.A. Boyarskikh, M.L. Filipenko, V.P. Rudnev, B.B. Xuân, Biodegradation of 

polyhydroxyalkanoates (PHAs) in tropical coastal waters and identification of PHA-

degrading bacteria, Polym. Degrad. Stab. 95 (2010) 2350–2359. 

[34]* S.R. Mallampati, J.H. Heo, M.H. Park, Hybrid selective surface hydrophilization and 

froth flotation separation of hazardous chlorinated plastics from E-waste with novel 

nanoscale metallic calcium composite, J. Hazard. Mater. 306 (2016) 13–23. 

[35] O. Gil-Castell, J.D. Badia, T. Kittikorn, E. Strömberg, M. Ek, S. Karlsson, A. Ribes-Greus, 

Impact of hydrothermal ageing on the thermal stability, morphology and viscoelastic 

performance of PLA/sisal biocomposites, Polym. Degrad. Stab. 132 (2016) 87–96. 

[36] W.C. Li, H.F. Tse, L. Fok, Plastic waste in the marine environment: A review of sources, 

occurrence and effects, Sci. Total Environ. 566 (2016) 333–349. 

[37] K.-L.G. Ho, A.L. Pometto, P.N. Hinz, Effects of temperature and relative humidity on 

polylactic acid plastic degradation, J. Polym. Environ. 7 (1999) 83–92. 

[38] P. Trivedi, A. Hasan, S. Akhtar, M.H. Siddiqui, U. Sayeed, M.K.A. Khan, Role of microbes 

in degradation of synthetic plastics and manufacture of bioplastics, J. Chem. Pharm. Res. 8 

(2016) 211–216. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[39] R. Auras, B. Harte, S. Selke, An overview of polylactides as packaging materials, 

Macromol. Biosci. 4 (2004) 835–864. 

[40]* R. Cossu, F. Garbo, F. Girotto, F. Simion, A. Pivato, PLASMIX management: LCA of 

six possible scenarios, Waste Manag. 69 (2017) 567–576. 

[41]** C. Santella, L. Cafiero, D. De Angelis, F. La Marca, R. Tuffi, S.V. Ciprioti, Thermal and 

catalytic pyrolysis of a mixture of plastics from small waste electrical and electronic 

equipment (WEEE), Waste Manag. 54 (2016) 143–152. 

[42] D.E. Henton, P. Gruber, J. Lunt, J. Randall, Polylactic acid technology, Nat. Fibers 

Biopolym. Biocomposites. 16 (2005) 527–577. 

[43] K.-L.G. Ho, A.L. Pometto, A. Gadea-Rivas, J.A. Briceño, A. Rojas, Degradation of 

polylactic acid (PLA) plastic in Costa Rican soil and Iowa state university compost rows, J. 

Environ. Polym. Degrad. 7 (1999) 173–177. 

[44] S. Gartiser, M. Wallrabenstein, G. Stiene, Assessment of several test methods for the 

determination of the anaerobic biodegradability of polymers, J. Polym. Environ. 6 (1998) 

159–173. 

[45] D. Adhikari, M. Mukai, K. Kubota, T. Kai, N. Kaneko, K.S. Araki, M. Kubo, Degradation 

of bioplastics in soil and their degradation effects on environmental microorganisms, J. 

Agric. Chem. Environ. 5 (2016) 23. 

[46] R.Y. Tabasi, A. Ajji, Selective degradation of biodegradable blends in simulated laboratory 

composting, Polym. Degrad. Stab. 120 (2015) 435–442. 

[47] E. Chiellini, A. Corti, A simple method suitable to test the ultimate biodegradability of 

environmentally degradable polymers, in: Macromol. Symp., Wiley Online Library, 2003: 

pp. 381–396. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[48] M. Li, T. Witt, F. Xie, F.J. Warren, P.J. Halley, R.G. Gilbert, Biodegradation of starch 

films: The roles of molecular and crystalline structure, Carbohydr. Polym. 122 (2015) 115–

122. 

[49] M. Mihai, N. Legros, A. Alemdar, Formulation-properties versatility of wood fiber 

biocomposites based on polylactide and polylactide/thermoplastic starch blends, Polym. 

Eng. Sci. 54 (2014) 1325–1340. 

[50] D. ASTM, 6400-04 Standard specification for compostable plastics, ASTM Int. West 

Conshohocken PA. (2004). 

[51] J.R. Jambeck, R. Geyer, C. Wilcox, T.R. Siegler, M. Perryman, A. Andrady, R. Narayan, 

K.L. Law, Plastic waste inputs from land into the ocean, Science. 347 (2015) 768–771. 

[52] C. Accinelli, H.K. Abbas, A. Vicari, W.T. Shier, Evaluation of recycled bioplastic pellets 

and a sprayable formulation for application of an Aspergillus flavus biocontrol strain, Crop 

Prot. 72 (2015) 9–15. 

[53] J.M. Merrick, M. Doudoroff, Enzymatic synthesis of poly-β-hydroxybutyric acid in 

bacteria, Nature. 189 (1961) 890–892. 

[54] J.M. Merrick, M. Doudoroff, Depolymerization of poly-β-hydroxybutyrate by an 

intracellular enzyme system, J. Bacteriol. 88 (1964) 60–71. 

[55] L. Hay, A. Duffy, R.I. Whitfield, The sustainability cycle and loop: models for a more 

unified understanding of sustainability, J. Environ. Manage. 133 (2014) 232–257. 

[56] J.P. Eubeler, S. Zok, M. Bernhard, T.P. Knepper, Environmental biodegradation of 

synthetic polymers I. Test methodologies and procedures, TrAC Trends Anal. Chem. 28 

(2009) 1057–1072. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[57] A.A. Shah, F. Hasan, A. Hameed, S. Ahmed, Biological degradation of plastics: a 

comprehensive review, Biotechnol. Adv. 26 (2008) 246–265. 

[58] A.-C. Albertsson, The shape of the biodegradation curve for low and high density 

polyethenes in prolonged series of experiments, Eur. Polym. J. 16 (1980) 623–630. 

[59] J. Moon, M.Y. Kim, B.M. Kim, J.C. Lee, M.-C. Choi, J.R. Kim, Estimation of the 

Microbial Degradation of Biodegradable Polymer, Poly (lactic acid)(PLA) with a Specific 

Gas Production Rate, Macromol. Res. 24 (2016) 415–421. 

[60]** Y. Zhu, C. Romain, C.K. Williams, Sustainable polymers from renewable resources, 

Nature. 540 (2016) 354–362. 

[61]* M. Hong, E.Y.-X. Chen, Chemically recyclable polymers: a circular economy approach 

to sustainability, Green Chem. 19 (2017) 3692–3706. 

[62] R. Francis, Recycling of Polymers: Methods, Characterization and Applications, John 

Wiley & Sons, 2016. 

[63] S. Bonhomme, A. Cuer, A.M. Delort, J. Lemaire, M. Sancelme, G. Scott, Environmental 

biodegradation of polyethylene, Polym. Degrad. Stab. 81 (2003) 441–452. 

[64] M. Linder, Ripe for disruption: reimagining the role of green chemistry in a circular 

economy, Green Chem. Lett. Rev. 10 (2017) 428–435. 

[65] H. Yagi, F. Ninomiya, M. Funabashi, M. Kunioka, Thermophilic anaerobic biodegradation 

test and analysis of eubacteria involved in anaerobic biodegradation of four specified 

biodegradable polyesters, Polym. Degrad. Stab. 98 (2013) 1182–1187. 

[66] M. Itävaara, S. Karjomaa, J.-F. Selin, Biodegradation of polylactide in aerobic and 

anaerobic thermophilic conditions, Chemosphere. 46 (2002) 879–885. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[67]** I. Delidovich, P.J. Hausoul, L. Deng, R. Pfützenreuter, M. Rose, R. Palkovits, Alternative 

monomers based on lignocellulose and their use for polymer production, Chem. Rev. 116 

(2015) 1540–1599. 

[68] K.E. Johnson, A.L. Pometto, Z.L. Nikolov, Degradation of degradable starch-polyethylene 

plastics in a compost environment, Appl. Environ. Microbiol. 59 (1993) 1155–1161. 

[69] S. Hanphakphoom, N. Maneewong, S. Sukkhum, S. Tokuyama, V. Kitpreechavanich, 

Characterization of poly (L-lactide)-degrading enzyme produced by thermophilic 

filamentous bacteria Laceyella sacchari LP175, J. Gen. Appl. Microbiol. 60 (2014) 13–22. 

[70] S. Sukkhum, S. Tokuyama, V. Kitpreechavanich, Poly (L-lactide)-degrading enzyme 

production by Actinomadura keratinilytica T16-1 in 3 L airlift bioreactor and its 

degradation ability for biological recycle, J Microbiol Biotechnol. 22 (2012) 92–99. 

[71] T. Sekiguchi, A. Saika, K. Nomura, T. Watanabe, T. Watanabe, Y. Fujimoto, M. Enoki, T. 

Sato, C. Kato, H. Kanehiro, Biodegradation of aliphatic polyesters soaked in deep 

seawaters and isolation of poly (ɛ-caprolactone)-degrading bacteria, Polym. Degrad. Stab. 

96 (2011) 1397–1403. 

[72] M.G. Petit, Z. Correa, M.A. Sabino, Degradation of a Polycaprolactone/Eggshell 

Biocomposite in a Bioreactor, J. Polym. Environ. 23 (2015) 11–20. 

[73]* S.M. Emadian, T.T. Onay, B. Demirel, Biodegradation of bioplastics in natural 

environments, Waste Manag. 59 (2017) 526–536. 

[74] S.Y. Lee, Y. Lee, F. Wang, Chiral compounds from bacterial polyesters: sugars to plastics 

to fine chemicals, Biotechnol. Bioeng. 65 (1999) 363–368. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[75] M. Kishna, E. Niesten, S. Negro, M.P. Hekkert, The role of alliances in creating legitimacy 

of sustainable technologies: A study on the field of bio-plastics, J. Clean. Prod. 155 (2017) 

7–16. 

[76] A. Iles, A.N. Martin, Expanding bioplastics production: sustainable business innovation in 

the chemical industry, J. Clean. Prod. 45 (2013) 38–49. 

[77] Z.A. Raza, S. Abid, I.M. Banat, Polyhydroxyalkanoates: Characteristics, production, recent 

developments and applications, Int. Biodeterior. Biodegrad. 126 (2018) 45–56. 

                                                                 

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

                                                                   Highlights                                               

� The biological process of recycling has given a new direction for waste management. 

� Bio-degradable plastic is useful in food packaging, shopping bags and agricultural 

applications. 

� Sustainability needs a communication with societies and markets about how bio-plastics 

can be put in service in the future.  
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