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The growing worldwide plastic pollution challenge needs the development of biodegradable polymers as potential alternatives. The 

present research the soil biodegradation behaviour of four polymer blends viz. PVA/starch, PAM/starch, PEG/HPMC and PVP/HPMC in 

three different Indian soil types: nutrient-rich alluvial soil (Gomti river, Lucknow), clay-rich black cotton soil (Bhopal) and nutrient-

deficient mountainous soil (Kasar Devi, Almora). The PVA/starch blend exhibited the highest degradation over 28 days, with a 72% 

weight loss in Gomti soil, likely due to hydrophilicity of PVA and the high microbial accessibility of starch. PVP/HPMC, on the other 

hand, showed only minor degradation (18-35%) due to the chemical inertness of PVP. Degradation rates were found to be significantly 

influenced by porosity, nutrient content (Fe, Mg and K) and microbial activity, according to soil characterization using FE-SEM and 

EDX. The acidic pH (6.3) and compact structure of Kasar Devi soil hindered degradation, whereas the alkaline pH (7.8) and high porosity 

of Gomti soil facilitated favourable conditions for microbial colonization. In a range of agroclimatic zones, the present findings highlight 

the significance of customizing biodegradable polymers to local soil conditions, providing useful information for green packaging and 

agricultural films. 
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INTRODUCTION 

 Plastic pollution is widely recognized as one of the most 

pressing environmental challenges of the 21st century. Over 

300 million tons of plastic are produced annually, much of it 

used for short-term applications like packaging before ultim-

ately accumulating in landfills or the natural environment [1]. 

Conventional petroleum-based plastics such as polyethylene 

(PE), polypropylene (PP) and polystyrene (PS) are resistant 

to microbial breakdown and can last for decades in soil and 

water. These resistive polymers not only affect ecosystems but 

also introduce microplastics, which are now often found in 

drinking water, food chains and even human bloodstreams 

[2-4].  

 In response, the development of biodegradable polymers 

has become increasingly important. These materials can decom-

pose into water, carbon dioxide and biomass through micro-

bial action. The shift toward biodegradables addresses two key 

goals for example, reducing reliance on fossil-based resources 

and minimizing environmental persistence of waste. Both 
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natural polymers (e.g. starch, cellulose, chitosan) and synth-

etic alternatives (e.g. polyvinyl alcohol (PVA), polylactic acid 

(PLA), polyethylene glycol (PEG)) have been extensively 

studied for their biodegradability and material performance 

[5].  

 Soil biodegradation offers a practical and ecologically 

relevant method for evaluating the environmental fate of poly-

meric materials. As dynamic ecosystems, soils host diverse 

microbial communities, enzymes, organic matter, minerals, 

and moisture levels, all of which affect degradation rates [6]. 

Soil properties such as texture, porosity, pH, nutrient content, 

and microbial load vary significantly, particularly in a topo-

graphically and climatically diverse country like India, where 

alluvial, black cotton, and mountain soils coexist [7]. A 

polymer’s biodegradation in soil is driven by four primary 

mechanisms viz., surface erosion, microbial absorption, enzy-

matic hydrolysis and oxidative degradation. Oxygen availa-

bility further improves microbial respiration in aerobic settings, 

promoting quicker breakdown. In contrast, cooler or compac-

ted soils may reduce microbial activity and slow decompo-
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sition [8]. Thus, evaluating polymer films in soil environments 

indicative of several Indian biological zones is both scienti-

fically important and contextually suitable.  

 Polymer blending is a common strategy in biodegradable 

polymer design, in which a biodegradable component is phys-

ically mixed with another polymer to customize traits such as 

mechanical strength, water solubility, thermal stability and bio-

degradability. Starch, a plant-based polysaccharide, is readily 

degraded by soil microbes due to its α-(1→4) and α-(1→6) 

glucosidic linkages. In contrast, polyvinyl alcohol (PVA), 

though water-soluble and partially biodegradable under aerobic 

conditions, degrades slowly when used alone due to its synthetic 

backbone and semi-crystalline structure. Blending PVA with 

starch enhances biodegradability by introducing easily meta-

bolizable organic matter, which acts as a bio-trigger for micro-

bial colonization and enzymatic activity. Starch increases the 

blend’s hydrophilicity and water absorption, facilitating micro-

bial access and promoting PVA chain scission through hydro-

lysis and oxidative cleavage. Moreover, hydrogen bonding bet-

ween the hydroxyl groups of starch and PVA disrupts crystal-

inity, rendering the matrix more amorphous and microbially 

accessible. This synergistic interaction significantly improves 

the biodegradability of the blend compared to pure PVA [9]. 

 Similarly, PVP/HPMC blends combine polyvinylpyrro-

lidone (PVP), a highly water-soluble synthetic polymer, with 

hydroxypropyl methylcellulose (HPMC), a biocompatible and 

biodegradable cellulose derivative, though the relatively recal-

citrant nature of PVP can hinder overall microbial degradation 

despite HPMC’s biodegradability [10]. Furthermore, PEG, a 

hydrophilic and low-toxicity polyether, may exhibit limited 

biodegradation when blended with HPMC, as both components 

are biodegradable under the specific environmental conditions; 

however, degradation of PEG is strongly influenced by its mole-

cular weight and surrounding factors [11]. In contrast, poly-

acrylamide (PAM), another hydrophilic polymer known for 

its water retention and soil conditioning abilities, is generally 

non-biodegradable. Yet, blending PAM with starch may intro-

duce enzymatically accessible sites, enhancing its breakdown 

under favourable microbial conditions [12]. 

 India’s climatic and geographic diversity results in varied 

soil types with distinct chemical and physical properties. In 

this study, soil samples were collected from three different 

locations e.g., (i) Gomti river banks (Lucknow city), which 

consists of nutrient-rich alluvial soil with high organic and 

microbial content; (ii) Bhopal city, situated in the middle of 

India, has clay-rich black cotton soil, dense, moisture-

retentive and poorly aerated; and (iii) Kasar Devi (Almora 

city), where a high-altitude soil with low nutrients, low 

temperatures and reduced microbial density. 

 In present study, four polymeric blends were prepared for 

evaluation, viz. polyvinyl alcohol/starch (PVA/starch); poly-

vinylpyrrolidone/hydroxypropyl methylcellulose (PVP/HPMC); 

polyethylene glycol/hydroxypropyl methylcellulose (PEG/ 

HPMC); and polyacrylamide/starch (PAM/starch). Each 

combination was chosen to reflect a distinct ratio of synthetic 

and natural polymer contributions.  

 This study presents a comprehensive evaluation of poly-

meric blend degradation by examining changes in the 

hydrophilicity and polymer chemistry, soil morphology and 

elemental composition, and regional environmental factors 

such as temperature, moisture, and microbial density. The 

findings have practical relevance for designing biodegrad-

able packaging and agricultural films tailored to India’s diverse 

agroclimatic zones. Given the country’s growing waste burden 

and limited waste management infrastructure in rural areas, 

soil-specific biodegradable films offer a sustainable alternative 

to conventional plastics. By integrating soil science, polymer 

chemistry and material characterization, this research advan-

ces ecologically adaptive biomaterials and supports national 

initiatives like Swachh Bharat Abhiyan and the Plastic Waste 

Management Rules. 

EXPERIMENTAL 

 The polymers utilized to make the polymeric blend films 

were polyvinyl alcohol (PVA), polyacrylamide (PAM), 

polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), starch 

and hydroxypropyl methylcellulose (HPMC). All chemicals 

were of analytical grade and acquired from Sigma-Aldrich in 

India. Distilled water was employed as solvent for the entire 

solutions preparation.  

 Preparation of polymer blend solutions: Polymeric 

blend films were prepared using the solvent casting method, 

following standardized procedures for each composition. For 

the PVA/starch blend, 0.01 M starch (MW 342.3 g/mol) was 

dissolved in 100 mL of hot conductivity-grade distilled water 

with continuous stirring, followed by gradual addition of 0.5 g 

PVA at 60-70 ºC. The PAM/starch blend was prepared simi-

larly, with 0.01 M starch dissolved in 100 mL hot distilled water, 

then mixed with 2 g PAM under constant stirring. For the 

HPMC/PVP blend, 1 g HPMC was dissolved in 50 mL of hot 

distilled water (~70 ºC), followed by the addition of 50 mL 

cold distilled water and 2 g PVP, yielding a clear and homo-

geneous solution. The HPMC/PEG blend was prepared using 

the same HPMC procedure, with 2 g PEG added and stirred 

until uniform. All blend solutions were cast into silicone molds 

and solvent was evaporated on water bath form thin, flexible 

films suitable for biodegradation testing.  

 Soil samples collection: Soil samples were collected from 

three ecologically diverse regions in India to provide a range 

of microbiological and physico-chemical conditions for the 

degradation investigation. The initial soil sample was gathered 

from the Gomti river bank in Lucknow, Uttar Pradesh (S1), 

which is well-known for its fertile alluvial soil rich in organic 

matter. The second soil sample was collected in Bhopal city 

(S2) and consisted of black cotton soil with moderate nutri-

tional content and water-holding capability. Third sample was 

collected from Kasar Devi, Almora, (S3) and represents a 

Himalayan soil with low nutrient availability, acidic pH and 

compact texture.  

 The soils were air-dried, filtered through a 2 mm sieve 

to remove big debris and stored in sterile vessels at room 

temperature until use. Before the degradation experiment, the 

physico-chemical factors such as soil pH, moisture content 

and elemental composition were assessed.  

 Soil burial degradation process: The degradation exp-

eriment was carried out by burying different polymeric blend 

films in soil taken from various locations of India. The soil 
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was put in a 3 cm beaker depth. Soil samples were dried, then 

combined with distilled water. The mixture was agitated vio-

lently for 30 min before settling for 60 min. Following filtra-

tion, the suspension was centrifuged five to six times at 3000 

rpm. The moisture content of the soil was maintained by adding 

water at regular intervals. The rate of degradation of films was 

monitored over time. The amount of biodegradation was deter-

mined by calculating the % weight loss using the following 

formula:  

o t

o

W W
Weight loss (%) 100

W

−
=   

where Wo = the weight of polymeric film at the initial stage 

and Wt is the weight of the polymeric film after a specific 

period of biodegradation.  

 Characterization: Field emission scanning electron micro-

scopy (FE-SEM) was used to examine the surface morphology 

changes in polymeric films before and after degradation, 

using a Hitachi S-3400N (JEOL JSM 7610F) at 10 kV. Film 

samples were gold-coated via sputtering to the enhance cond-

uctivity and images were captured at various magnifications. 

Soil samples from all three locations were similarly sputter-

coated and mounted on aluminum stubs for FE-SEM analysis 

to assess particle size, texture and porosity. Moreover, energy 

dispersive X-ray spectroscopy (EDX) was performed using 

the same setup to quantify the elemental composition specifi-

cally O, Si, Al, Fe, K, Ca, and Mg, which was correlated with 

biodegradation potential to understand the influence of soil 

mineral content on microbial activity.  

 Soil pH measurement: To test soil pH, a 1:2.5 suspen-

sion of soil and distilled water was prepared. The suspension 

was well agitated and left to settle for 30 min. A digital pH 

meter was used to record pH data. Each soil sample was mea-

sured in triplicate and the average value was reported. 

RESULTS AND DISCUSSION 

 Biodegradation pattern of polymeric blend films in 

different soils: The biodegradation pattern of the prepared 

polymeric blend films in natural soils was determined by a 

variety of parameters, including polymer content, soil micro-

bial diversity, ambient conditions and soil physico-chemical 

parameters. In the current investigation, the % weight loss of 

four different polymeric blend films, PVA/starch, PAM/ 

starch, PEG/HPMC and PVP/HPMC, was measured over a 

28-day period across three soil samples with different ecolo-

gical characteristics.  

 Among all blends, the PVA/starch film degraded the 

fastest, with weight loss reaching 72% in Gomti river soil, 61% 

in Bhopal city soil and 45% in Kasar Devi soil (Fig. 1). The 

improved degradability of polymeric blend can be assigned to 

the biodegradable property of starch, that serves as an instan-

taneous carbon source for soil microbes [13] and the hydro-

philic and partially degradable properties of PVA, which 

undergoes the microbial assimilation following oxidative chain 

scission under aerobic conditions [14]. The addition of starch 

into the PVA matrix improves overall water uptake and micro-

bial colonization by producing microvoids during swelling and 

leaching processes [15].  

 The PAM/starch combination degraded moderately, with 

rates ranging from 32 to 55% depending on soil type. Although 

PAM is a synthetic polymer with low biodegradability due  

to its chemically inert amide groups [16], the inclusion of 

starch introduces enzymatically cleavable glycosidic linkages, 

hastening the initial matrix disintegration [17]. Through incre-

ased surface area exposure and physical disintegration, micro-

bial use of starch probably disturbs the polymer network, 

which in turn promotes the deterioration of the surrounding 

PAM phase.  

 The PEG/HPMC combination had an analogous inter-

mediate degradation pattern. Polyethylene glycol (PEG), depen-

ding on its molecular weight, is vulnerable to microbial oxid-

ation, particularly when present in low-molecular-weight 

fractions [18]. The addition of HPMC, a water-soluble and 

sustainable cellulose derivative, enhanced film degradability 

by increasing hydrophilicity and water retention [19]. The blend 

lost 28-40% of its weight during the research period, with 

outstanding results in the rich in nutrients Gomti soil.  

 PVP/HPMC, on the other hand, showed the slowest rate 

of degradation, with weight loss varying between 18 and 35%. 

PVP is characterized by its chemical stability, large mole-

cular weight and ability to withstand microbial attack due to 

its N-vinylpyrrolidone backbone [20]. Although HPMC is bio-

degradable, its limited proportion in the blend was insuffici-

ent to offset the inert nature of PVP; moreover, hydrophobic  
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Fig. 1. Biodegradation trend of polymeric samples in different soil 
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interactions between PVP chains may further hinder micro-

bial enzyme access, reducing overall degradation.  

 The degradation kinetics studied revealed that polymeric 

films containing natural polysaccharides (such as starch) and 

hydrophilic synthetic polymers (PVA and PEG) degrade faster. 

The soil microbial load, as well as environmental conditions 

like moisture and oxygen availability, influence these rates. 

Previous studies [21,22] support these findings, indicated that 

blends with higher renewable content disintegrate faster under 

soil burial conditions. Furthermore, degradation curves dem-

onstrated a soil-dependent pattern, with Gomti river bank soil 

permitting the fastest deterioration, followed by Bhopal city and 

then Kasar Devi soil. This sequential pattern emphasizes the 

importance of soil type on polymer breakdown, which is typica-

lly overlooked in the laboratory-based biodegradation investi-

gations. 

 PVA/starch blend films: Prior to soil burial, the PVA/ 

starch blend films showed no obvious pores or imperfections 

and a homogeneous, smooth and crack-free surface morphol-

ogy. Significant morphological alterations were observed 

following 28 days of soil exposure; the degree of these changes 

varied according to the particular type of soil.  

 The PVA/starch films in soil of the Gomti river showed 

deep fissures, broad microbial colonization zones and severe 

surface erosion (Fig. 2a). This is consistent with the soil’s 

greatest weight decrease (~72%). The microbial breakdown 

of both starch and PVA components was greatly expedited 

by the loose and porous quality of Gomti soil, as well as by 

its nutrient-rich composition and high microbial density [23].  

 In Bhopal city soil, the FE-SEM images showed spor-

adic microbial attachment sites, shallow fissures and mild 

surface roughening (Fig. 2b). In comparison to Gomti soil, 

the degradation rate was somewhat lower (~61%) due to the 

restricted microbial mobility caused by the thicker and less 

porous texture of Bhopal soil.  

 The FE-SEM images of Kasar Devi soil revealed little 

microbial colonization and little surface erosion (Fig. 2c). The 

fine-grained, compact structure of this soil, combined with its 

low microbial load and limited nutrient availability, hindered 

microbial accessibility, resulting in the lowest degradation 

(~45%) among the three soils tested for this blend. These 

findings reinforce that the degradation of the PVA/starch 

blend was largely soil-dependent, with microbial activity and 

soil porosity playing key roles. 

 PVP/HPMC blend films: After 28 days of burial in 

Gomti river soil, the PVP/HPMC film showed only minimal 

surface roughening and shallow pits (Fig. 3a), indicating 

limited microbial penetration despite the favourable microbial 

environment of soil. The high molecular weight and chemical 

stability of PVP likely hindered enzymatic degradation [24]. 

In Bhopal city soil, the film surface remained largely intact, 

with only minor etching observed at high magnification (Fig. 

3b), suggesting that moderate porosity and microbial activity 

were insufficient for significant breakdown. In Kasar Devi 

soil, FE-SEM images revealed negligible changes, and the film 

retained its smooth surface (Fig. 3c), with low degradation 

(18-35% weight loss) attributed to soil compaction, low 

nutrient levels, and the inherent resistance of PVP. Overall, 

PVP/HPMC films exhibited consistently low degradation across 

all soils, with surface morphology indicating poor environ-

mental biodegradability under natural conditions. 

 PEG/HPMC blend films: FE-SEM analysis of the PEG/ 

HPMC polymeric blend film in Gomti river soil revealed the 

moderate surface erosion, thin fissures and localized micro-

bial growth zones (Fig. 4a), likely driven by the hydrophilic 

nature of PEG, the biodegradability of HPMC, and the soil’s 

rich microbial and nutrient profile [25]. In contrast, Bhopal 

city soil-treated films exhibited less surface degradation, 

showing only minor pits and moderate roughness (Fig. 4b), 

attributed to limited oxygen diffusion and microbial mobility 

caused by the soil's compact structure. Interestingly, despite 

its low nutrient content, Kasar Devi soil showed greater sur-

face cracking and erosion than Bhopal soil (Fig. 4c), possibly 

due to the water-retaining properties of PEG, which may have 

maintained localized moisture around the film, fostering micro-

bial activity even under low-porosity conditions [26]. These 

observations align with the measured degradation rates, high-

lighting the influence of soil type on both the extent and nature 

of PEG/HPMC film degradation.  

 PAM/starch blend films: After 28 days of soil burial, 

PAM/starch films in Gomti river soil showed surface rou-

ghening, large pores, and visible microbial colonies (Fig. 5a), 

 

 

Fig. 2. FE-SEM micrographs of PVA/starch blend films after 28-day soil burial (a) Gomti river soil, (b) Bhopal city soil and (c) Kasar Devi 

soil 
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with the soil’s high porosity and nutrient content facilitating 

microbial access and starch degradation, along with the partial 

physical disruption of PAM. In Bhopal city soil, FE-SEM 

images revealed significant surface cracking and roughening 

but fewer pores and reduced microbial colonization compared 

to Gomti river (Fig. 5b), resulting in a lower degradation rate 

of about 48% due to the compact soil’s limited microbial 

activity. Kasar Devi soil showed minimal surface changes 

(Fig. 5c), likely caused by poor porosity and nutrient scarcity 

restricting microbial growth and enzymatic breakdown. Over-

all, starch primarily drove the degradation of PAM/starch 

polymeric films, while soil characteristics governed microbial 

 

Fig. 3. FE-SEM micrographs of PVP/HPMC blend films after 28-day soil burial (a) Gomti river soil, (b) Bhopal city soil and (c) Kasar Devi 

soil 

 

 

Fig. 4. FE-SEM micrographs of PEG/HPMC blend films after 28-day soil burial (a) Gomti river soil, (b) Bhopal city soil and (c) Kasar Devi 

soil 

 

 

Fig. 5. FE-SEM micrographs of PAM/starch blend films after 28-day soil burial (a) Gomti river soil, (b) Bhopal city soil and (c) Kasar Devi 

soil 
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accessibility and the degree of surface erosion, consistent with 

prior findings that soil oxygenation and microbial activity are 

key to degrading starch-based polymer blends [27]. 

 EDX analysis: Energy Dispersive X-ray Spectroscopy 

(EDX) analysis provided detailed insights into the elemental 

composition of the soil samples, which influenced microbial 

activity and biodegradation rates. Gomti river soil contained 

high levels of Fe, Mg, K, Ca, and Si elements known to sup-

port microbial growth and enzymatic function (Fig. 6a). In 

particular, iron and magnesium enhance microbial respiration 

and enzyme cofactor production, accelerating polymer degra-

dation [28]. Bhopal city soil exhibited moderate amounts of Fe, 

Al and Si but lower Ca and K compared to Gomti river, with 

its compact structure contributing to slower biodegradation 

(Fig. 6b). Kasar Devi soil showed the lowest concentrations 

of key elements, with barely detectable Fe, K, and S levels 

(Fig. 6c), likely limiting microbial proliferation and enzymatic 

activity, resulting in the poorest biodegradation. These EDX 

results highlighted the critical role of soil mineralogy in regula-

ting microbial activity and polymer blend degradation rates [29].  

 Relationship between porosity and biodegradation rate: 

Soil porosity is a crucial factor influencing the rate and extent 

of polymer biodegradation. Under aerobic conditions, factors 

such as oxygen diffusion, water retention, microbial migra-

tion, and substrate availability, all directly affected by porosity, 

govern polymer breakdown [30]. Estimated porosity values 

for the soils studied were approximately 50% for Gomti river 

soil, 35% for Bhopal city soil and 20% for Kasar Devi soil, 

based on FE-SEM images and literature data. The granular, 

loose texture (Fig. 7a) of Gomti river supports high porosity, 

facilitating optimal air and moisture flow and promoting the 

aerobic microbial growth, which, combined with favourable 

nutrients, resulted in the highest degradation rates across all 

polymer blends [31]. In contrast, Bhopal city soil’s moderate 

porosity (Fig. 7b) limited oxygen and moisture penetration, 

reducing biodegradation compared to Gomti river, particu-

larly affecting the polymeric blends with lower hydrophilicity 

like PEG/HPMC and PAM/starch. Kasar Devi soil, with its 

compact, fine-grained structure and lowest porosity (~20%, 

Fig. 7c), created a physical barrier that restricted oxygen and 

microbial access, leading to the slowest degradation rates 

[32]. Across all polymeric blends, a clear positive correlation 

emerged between soil porosity and biodegradation rate, as 

higher porosity enhances microbial colonization and enzyme 

substrate interactions on the polymer surfaces [33]. These 

findings align with prior studies linking increased soil poro-

sity to greater microbial activity and faster organic matter turn-

over [34]. 

 

Fig. 6. EDX elemental maps of soils: (a) Gomti river soil, (b) Bhopal city soil and (c) Kasar Devi soil (depleted Fe, K and S; dominated by 

Si/Al) 

 

 

Fig. 7. FE-SEM micrographs of soil samples highlighting porosity differences: (a) Gomti river alluvial soil, (b) Bhopal city black cotton soil 

and (c) Kasar Devi mountainous soil 
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 Soil pH and its influence on biodegradation: Soil pH 

plays a critical role in shaping microbial community structure, 

enzyme activity and the overall biodegradation efficiency of 

polymeric materials in terrestrial environments. The three soil 

samples in this study exhibited varying pH levels, each influ-

encing the degradation behavior of the polymer blend films. 

Gomti river soil had a slightly alkaline pH of 7.8, creating an 

optimal environment for diverse bacteria and fungi involved in 

polymer breakdown. Bhopal city soil, with a neutral to mildly 

alkaline pH of 7.2, similarly supported favourable conditions 

for extracellular enzymes such as amylases, cellulases and oxido-

reductases, which are essential for polymer degradation [35,36]. 

In contrast, Kasar Devi soil showed a slightly acidic pH of 6.3, 

which likely hindered the microbial proliferation and enzyme 

function. Acidic conditions can suppress microbial diversity 

and reduce the activity of oxidative and hydrolytic enzymes, 

contributing to the slower degradation rates observed across all 

polymer blends in this soil [37-39]. These results underscore 

the importance of soil pH as a key abiotic factor influencing 

the environmental fate of biodegradable polymers.  

Conclusion  

 This study highlights the critical role of soil-specific 

factors such as nutrient composition, porosity, pH and micro-

bial diversity in influencing the biodegradation of polymeric 

blends. Among the tested materials, the PVA/starch blend 

exhibited the highest degradation rates (over 70%) in the 

nutrient-rich, porous soils, making it the most environment-

tally viable, while PVP/HPMC showed only moderate comp-

atibility. The findings underscore the interplay between polymer 

chemistry (e.g. hydrolyzable bonds of starch vs. recalcitrance 

of PVP) and soil ecology, reinforcing the need for regionally 

adapted biodegradable materials. For instance, soils like those 

near the Gomti river promote the rapid degradation, whereas 

compact or acidic soils may require blends with enhanced 

hydrophilicity or enzymatic responsiveness. These insights 

align with India’s Swachh Bharat Abhiyan and global sust-

ainability efforts by supporting localized, eco-friendly alterna-

tives to the conventional plastics. Future research should focus 

on microbial consortia and enzyme-driven enhancements to 

improve degradation in challenging soil environments, advan-

cing the circular economy model for the plastic waste mana-

gement. 
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