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stability). 
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INTRODUCTION 
 

Polymer materials play a significant role in improving the quality of life. They are 

omnipresent and fulfilling almost all daily needs of society. Polymer materials comprising 

natural and/or synthetic components are widely employed in many applications, such as 

packaging, agriculture, industry, transportation, construction, as well as in different 

defense strategies. This widespread usage is due to their good resilience conferred by 

remarkable properties (mechanical strength, resistance to chemical degradation, resistance 

to mechanical wear, relatively low density, and low cost), and this is all despite their 

incomplete degradation and ability to persist for a long time under exposure to 

environmental conditions. It follows that implementation of proper disposal and recycling 

strategies are required in order to avoid harmful effects on the natural environment (water, 

soil, air, plants, animals, and even human beings). In this context, it is essential to consider 

all issues related to ensuring the effectiveness of long-term strategies for the environment, 

economy, and waste management.  
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Significant accumulation of solid waste and plastics litter, as a consequence of 

increased use of different polymer materials, represents a pronounced causative factor of 

environmental pollution in direct relation with their resistance to biodegradation. In 

general, global strategies for sustainable waste management are based on methods that 

involve waste prevention and recycling (Rudnik 2019). All these measures applied to cope 

with waste are aimed in fact to: 

- prevent waste in the first place; 

- recycle waste (the oldest known recycling method is composting); 

- optimize the final disposal of waste. 

 Currently, many research studies are oriented towards development of 

biodegradable polymer materials which can be further cleaved to their constitutive units 

(oligomers, dimers, and monomers) during the biodegradation process. This occurs by 

applying an effective and safe disposal strategy using soil or composting environments, 

and successfully reintroducing them into carbon cycles (Batista et al. 2010; Phetwarotai et 

al. 2013; Palsikowski et al. 2017; Lv et al. 2018; Salehpour et al. 2018). The resulting 

degradation products (Lucas et al. 2008), including carbon dioxide, water, biomass, 

inorganic compounds, are generally non-toxic and non-harmful to the environment. The 

main stages of biodegradation process are schematically represented in Fig. 1 (Shimao 

2001; Lucas et al. 2008; Emadian et al. 2017; Yuan et al. 2020; Kotova et al. 2021). 

 

 
 

Fig. 1. Schematic representation of biodegradation stages for polymer materials waste 
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Forestry industrial activities generate very large amounts of waste, which are 

currently pelletized, burned, or allowed to decay naturally, often producing environmental 

problems such as contamination of water and soil (including underground), as well as air 

pollution. Wood fibers waste represents a significant proportion of the waste stream. Wood 

processing sectors, namely forestry harvesting/sawmills and the pulp and paper production, 

produce significant amounts of wood waste, along with other activities, such as 

construction and demolition, wood packaging production, furniture, pallets and fencing 

manufacturing, roads and railway construction, housing, etc. (Cai et al. 2013). 

Wood and other lignocellulosic fibers waste, from both virgin and recycled 

sources, represent principally a relatively inert, but organic material, which becomes more 

and more a priority polymer material, considering the rapid evolution of its processing 

strategies and end markets of this significantly redundant waste material (Coudert et al. 

2013; Laleicke 2018; Berger et al. 2020; Li et al. 2020; Xing et al. 2020; Pandey 2022). 

Some new lignocellulosic sources can be mentioned, and these include paper mill sludge 

and biorefinery residues (Jaria et al. 2017; Panzella et al. 2019; Kwon et al. 2020; Du et 

al. 2020; Husanu et al. 2020; Moccia et al. 2022).  

Wood waste (sawdust, wood chips, shavings, bark, etc.) present disposal problems 

for industries that generate them. Tree bark is usually disposed in landfill sites, which are 

often adjacent to the rivers. After the inherent degradation processes, various toxic products 

are leaching into the ground waters and rivers, thus raising serious environmental pollution 

issues. Relatively recent technologies are applied for capitalizing wood waste through 

compounding with plastics, mostly recycled, in order to produce a large and useful variety 

of wood-plastic composites (WPCs). These are commonly used for door frames, 

windowsills, decking and fencing, panels for interior design and compartmenting, sheets 

and shingles for buildings and roofing applications (Sommerhuber et al. 2015; 

Sommerhuber et al. 2016; Teuber et al. 2016; Keskisaari and Karki 2018; Akinyemi et al. 

2019; Basalp et al. 2020; Boubekeur et al. 2020; Kaho et al. 2020; Mrówka et al. 2020). 

Wood and lignocellulosic fibers lead to WPC with superior properties by acting more as 

reinforcement than filler; thus a wise trend is to move toward the use of these fibers in 

applications requiring additional strength (Cai et al. 2013).  

Bulky waste represents a significant and increasing waste stream in every country 

due to changes in habits and economic status, which results in finding affordable goods for 

fast replacement. This category of waste comprises, accordingly to the US Environmental 

Protection Agency (US EPA Terms of the Environment 2018), large items of solid waste 

such as household appliances, furniture, large auto parts, trees, branches, stumps, and other 

oversize waste whose large size precludes or complicates their handling by normal solid 

wastes collection, processing, or disposal methods. Manufacturing of WPCs from bulky 

waste at industrial scale can reduce the production cost, considering both the lower costs 

of employed materials and the visible reduction of the environmental effects of plastic 

waste (Basalp et al. 2020). 

Degradation is a very complex and complicated process and depends on many 

factors, as represented in Fig. 2. Natural decay (biodegradation) represents an essential 

component of the carbon recycling system in nature. Biodegradable polymer materials of 

natural origin – wood fibers, plant fibers, as well as polymer plastics, per se or combined 

in different composite formulations – are permanently exposed to degradation processes of 

an environmental, chemical, or microbial nature.  
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The extent of the deterioration depends on the environment in which these materials 

are usually found in relation to their envisaged applications. Biodegradation of polymer 

materials waste occurs in relation with their properties (Tokiwa et al. 2009), being strongly 

related to both chemical and physical ones including: surface properties (area, hydrophilic, 

and hydrophobic behavior); molecular weight and polydispersity; thermal behavior (glass 

transition temperature, melting temperature); and crystalline structure and modulus of 

elasticity.  

 

 
 

Fig. 2. Main factors influencing the complex degradation process of polymer materials 

 

Most of the definitions of biodegradation process refer to the presence of 

microorganisms (bacteria, fungi) and their action on different polymer materials (natural, 

synthetic, or their combinations, per se or as waste resulting from different activities) when 

they cause, as preferable last stage, their conversion into carbon dioxide or methane and 

water, inorganic compounds, and biomass. Nevertheless, there are many situations in 

which the resulting products from degradation, as small pieces or powders, are not used by 

microorganisms as carbon and energy sources. This means that materials are degradable, 

but not biodegradable. It is also possible that materials cannot be subjected to composting 

as a recycling method, even though they are susceptible to being degraded or, moreover, 

biodegraded (Stevens 2002; Rudnik 2019).  

Therefore, given the complexity of this assembly of correlated and interdependent 

phenomena which forms the in-soil degradation of polymer materials waste, and 

considering the variety of polymer waste that ends up intentionally or accidentally in soil, 

an extensive survey would be of interest. The aim of this paper was to illustrate, with 

examples from the most recent literature data, the main categories of polymer waste 

disposed in a controlled or irresponsible manner in soil, namely lignocellulose-sourced 

polymers, synthetic polymers, and natural fibers-polymer composites. At the same time, 

the degradation of each waste category is presented and discussed taking into account their 

specificity, but not comparing them. Simple comparison was not the goal of this work, 

since this type of environmental degradation occurs and evolves through a wide variety of 

mechanisms depending not only on the nature of waste and location (soil characteristics), 

but on season, vicinity, and degree of exposure, etc.  
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METHODS EMPLOYED FOR EVALUATION OF IN-SOIL DEGRADATION 
PROCESSES FOR POLYMER WASTES 
 

Advances in the field of characterization techniques and devices have enabled 

scientists to use single or combined methods in order to evaluate the in-soil degradation of 

polymer materials. When experiments under controlled conditions (simulated media) are 

considered, it is very important to provide data collected before and after degradation for 

comparison reasons. Thus, it is possible to observe changes recorded at preset time 

intervals and/or monitor the evolution of certain characteristics.  

If these characterization methods are used on samples collected from disposal sites, 

the progress of degradation can be assessed. The credibility of the results is raised when 

the polymers have been identified with a certain amount of validity, in comparison with 

technical data available in literature, if any, provided either by manufacturers or by other 

studies. Even more, these samples can be further submitted to other degradation 

experiments, under controlled conditions. 

Data obtained from different characterization techniques provide information on 

the following aspects: 

• Morphological changes occurring on the surface of the material, such as the 

presence of cracks, fractures, pores, etc. (microscopy – light microscopy, SEM, 

TEM, AFM); 

• Modification of thermal stability and glass transition temperature (TGA, DTG, 

DSC); 

• Alteration of crystallinity (FTIR, XRD) and mechanical properties (mechanical 

tests); 

• Decrease in the molecular weight and formation of oligomers and other low 

molecular by-products (NMR, GPC, FTIR, mass spectroscopy). 

By combining characterization techniques and discussing results in an integrative manner, 

reliable assessments can be made and further used to reach pertinent conclusions and 

provide insightful prognosis. For example, wood decay can be evidenced by using both 

transmission electron microscopy (TEM) and ultraviolet micro-spectrophotometry 

measurements, these providing details on the micromorphology of wood that is affected by 

the brown-rot fungi, and lignin degradation, mainly produced by white-rot fungi (Schmidt 

et al. 2016). 

Scanning electron microscopy (SEM) makes it possible to obtain high-resolution 

3D images and offers information on topography, morphology, and composition of various 

materials. SEM images are utilized in medical and biological sciences, soil and rock 

analysis, forensic examination, semiconductor, and microchip fields. This is one of the 

most commonly exploited methods for the imaging characterization of solid objects due to 

its resolution of about 2.5 nm.  

Atomic-force microscopy (AFM) is a non-destructive surface scanning technique 

that picks up data for imagining surface topography studies and affords the investigation 

of the functional, electrical, or mechanical properties of materials at the nanoscale. Its 

lateral resolution is about 30 nm due to the convolution, while the vertical resolution can 

be down to 0.1 nm.  

Thermogravimetric analysis (TGA) measures the thermal stability and composition 

of materials. This technique affords the evaluation of the composition of products and 

supplies information about physical phenomena (phase transitions, absorption, adsorption/ 

https://en.wikipedia.org/wiki/Phase_transition
https://en.wikipedia.org/wiki/Absorption_(chemistry)
https://en.wikipedia.org/wiki/Adsorption


 

PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Teacă et al. (2023). “Soil degradation of polymers,” BioResources 18(1), 2213-2261. 2218 

desorption) or chemical phenomena (chemisorption, thermal degradation). Differential 

scanning calorimetry (DSC) is one of the most commonly employed thermal investigation 

methods, together with thermogravimetric analysis. It is a quick, sensitive, and simple 

method. DSC measures the enthalpy variation as a function of temperature because of the 

changes in the physical and chemical properties of materials during their heating. This 

method permits the identification of glass transition values and the finding of melting and 

crystallization behavior. DSC is used for various utilizations in various fields of industry.  

Contact angle determination is a straightforward method used for the study of the 

wettability of a solid substrate by a liquid. Its value depends on the nature of solid substrate, 

liquid and the environment. The hydrophobicity of materials can be evaluated by using this 

technique.  

Tensiometry is the method of determining the tensile strength and the elongation of 

materials. Tensile strength at break correlates to the toughness of products and it measures 

the maximum pressure that a sample can endure while being extended before fracture. 

Elongation is evaluated by utilizing tensile force and establishes the change in length from 

original. Tensiometry is widely employed in material science, mechanical and structural 

engineering for quality control and for the finding of materials’ resistance to changeable 

forces.          

Fourier-transform infrared spectroscopy (FTIR) is a quick and easy method 

employed for the identification of different compounds by the detection of their functional 

groups that occur in the chemical structure. FTIR provides both qualitative and quantitative 

analysis, and it is often employed in the study of polymers or in pharmaceutical and 

forensic investigation. 

Nuclear magnetic resonance spectroscopy (NMR) is an analytical method that 

affords information on the content and purity of a product along with its  chemical structure. 

NMR can be employed to establish molecular conformation in solution and physical 

properties at the molecular level (solubility and diffusion, conformational and phase 

changes).  

X-ray diffraction (XRD) analysis is one of the most appropriate methods for usual 

quantitative analysis in comparison with any other technique, such as FTIR or electron 

microscopy (SEM, TEM). XRD entails the irradiation of the materials with a beam of 

monochromatic X-rays. The diffracted rays are then examined based on angle of 

diffraction, and the intensity of the diffracted rays provides information about the 

crystallinity percent, crystallite shape, size, orientation, and interplanar atomic distance. 

This technique is a useful tool in pharmaceutical and forensic science, microelectronics, or 

geological analysis. 

X-ray photoelectron spectroscopy (XPS) is a technique used for the investigation 

of material’s surface chemistry. Thus, XPS provides information about elemental 

composition, empirical formula, chemical and electronic state, binding energy of 

functional groups, and the thickness of the superior part of surfaces.  

Gel permeation chromatography (GPC) affords the separation of analytes in 

organic solvents on the basis of their size. This technique enables the finding of dispersity 

value together with viscosity molecular weight (Mv) and founded on other data, number 

average molecular weight (Mn), the weight average molecular weight (Mw), and the size 

average molecular weight (Mz). 

Table 1 summarizes examples of the methods employed to investigate polymer 

materials degradation.   

https://en.wikipedia.org/wiki/Desorption
https://en.wikipedia.org/wiki/Chemisorption
https://en.wikipedia.org/wiki/Thermal_decomposition
https://www.mt.com/hk/en/home/products/Laboratory_Analytics_Browse/TA_Family_Browse/DSC.html
https://www.mt.com/hk/en/home/products/Laboratory_Analytics_Browse/TA_Family_Browse/DSC.html
http://chem.ch.huji.ac.il/nmr/qc.htm#impurities
http://chem.ch.huji.ac.il/nmr/identify.htm
http://chem.ch.huji.ac.il/nmr/techniques/other/diff/diff.html
http://chem.ch.huji.ac.il/nmr/techniques/other/dynamic/dynamic.html
https://en.wikipedia.org/wiki/Analyte
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Table 1. Main Methods Applied to Identify Polymer Materials Degradation 
 

Method Parameter Analyzed 
Signs of Degradation 

Process 
References 

Light microscopy 
Characteristics of 

polymeric surfaces 
Modification of the 
polymeric surface 

Olaf et al. 2016;  
Björdal et al. 2021; 

Elam et al. 2022 

SEM and AFM 
 

Aspects of polymeric 
surfaces 

Changes in the 
structure of the surfaces 

 

Modelli et al. 2004; Batista  
et al. 2010; Hamed 2013; 

Catto et al. 2016; 
Stepczyńska  et al. 2018; 
Delacuvellerie et al. 2019; 
Park et al. 2019; Björdal et 
al. 2021; Han et al. 2022 

Tensiometry 
Tensile strength and 
extension at break 

Decrease in tensile 
strength and 

extension at break 

Batista  et al. 2010; 
Skariyachan et al. 2018 

DSC 
Glass transition 

temperature 
Decrease in the glass 
transition temperature 

Stepczyńska  et al, 2018; 
Park et al. 2019 

FTIR 

Degree of crystallinity 
Modification of the 

degree of crystallinity 
 

Modelli et al. 2004; Sen et 
al. 2015; Das et al. 2015; 

Han et al. 2022 

Identification of the 
chemical composition 

Appearance of novel 
peaks corresponding to 

the newly formed 
functional groups 

Skariyachan et al. 2018; 
Delacuvellerie et al. 2019; 

Park et al. 2019; Liuyang et 
al. 2022 

Contact angle Hydrophobicity 

Increase/decrease in 
the contact angle 

(decreased/increase 
hydrophilicity) 

Das et al. 2015 

TGA 
Thermal stability and 

composition of the 
polymers 

Decrease in the 
polymeric mass 

 

Batista et al. 2010; Catto et 
al. 2016; Mohan et al. 2016; 
Delacuvellerie et al. 2019; 

Park et al. 2019;  
Han et al. 2022 

NMR and GPC 
 

Molecular weight 
Decrease in the 

average molecular 
weight 

Sarmah et al. 2018; 
Muhonja et al. 2018; 

Skariyachan et al. 2018; 
Park et al. 2019 

Examination of 
protein  yield 

Microbial biomass 

Enhanced quantities 
of microbial protein 
due to the polymer 

occurrence 

Sarmah et al. 2018 

 
 

BIODEGRADATION OF LIGNOCELLULOSICS 
  

Lignocellulosic wastes (debris) are of real significance for both forest and stream 

ecosystems as an unceasing source of nutrients, basic structural components, and part of 

any natural environment. They are basically constituted by three main polymeric 

components, namely cellulose, hemicellulose and lignin, their recycling being an essential 

part of the carbon cycle in nature. All three polymers with distinct chemical structure are 
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degraded by a large variety of microorganisms through different enzymatic mechanisms, 

which act synergistically. Among these, fungi are the well-known degraders of 

lignocellulose substrates, but some bacteria can be also effectively involved in degradation 

processes. Considering the insolubility specific characteristics of such substrates, their 

degradation is facilitated by both fungal and bacterial pathways, which occur usually by 

means of extracellular mode of action.  Such mechanisms rely on hydrolytic reactions that 

involve both enzymes called hydrolases, responsible for cellulose and hemicellulose 

degradation, and a specific enzymatic system involved in lignin degradation. Many soil 

bacteria, especially Actinomycetes sp., are well-known microorganisms that react with 

lignin to both depolymerize it and produce a high molecular weight metabolite named acid-

precipitable polymeric lignin (APPL). Some details related to microorganisms and 

enzymes involved in degradation of lignocellulose-based sources (Crawford and Pometto 

1988; Eriksson et al. 1990b; Uffen 1997; Pérez et al. 2002; Hammel and Cullen 2008; Horn 

et al. 2012; Brown and Chang 2014; Rytioja et al. 2014; Houfani et al. 2020) are presented 

in Scheme 1. 

In general, lignocellulosic wastes are slowly degraded, at the same time offering 

good life support for many organisms (fungi, moss, insects, birds, small mammals). 

Composting can be considered a valuable way to appropriate handling and exploiting 

lignocellulose waste resulted from different activities (i.e. forestry and agricultural 

practices, timber industries, agroindustries - meat processing, for example-, yards, sewage). 

Composting lignocellulose waste can represent an interesting recycling strategy in order to 

provide useful amendments (fertilizers or organic substrates) for land applications in 

agriculture and silviculture with beneficial effects on the environment (Hubbe et al. 2010; 

Hubbe 2014). At the same time, recycling such complex waste by composting can be a real 

challenge for researchers, given its low decomposition rate (i.e. cellulose and hemicellulose 

decompose slowly, whilst lignin is resistant to decomposition). In order to optimize the 

composting of lignocellulosic waste, there are considered different alternatives (Reyes-

Torres et al. 2018), including homogenization (waste is pre-treated by applying shredding 

and extraction stages), addition of co-substrates (such as inoculating microbial agents, 

amendments, bulking materials), and changes in processing operations (using aeration and 

two-stages composting processes, temperature control).  All these above-mentioned can 

effectively reduce the duration of composting process, can ease the decomposition of 

recalcitrant organic compounds such as lignin and cellulose, and can provide high-quality 

products. Employment of wood waste for turnery and furniture construction applications 

are also suitable options to recycle them, alongside granulation into wood chips, conversion 

to charcoal or burning as fuel.  

Among biodegradable materials, wood is considered to be a durable material that 

withstands weathering well without losing much of its structural properties (except for 

microbial attack). However, a number of environmental (non-biological) parameters 

contribute significantly to the degradation of wood, including moisture, temperature, light, 

atmospheric ozone content, and pollution. Another important aspect that may significantly 

affect the degradation rate of wood is the type of wood, i.e. softwood or hardwood. 

Hardwood and softwood species differ in several aspects, such as fiber dimensions, 

chemical composition, mainly in both lignin and cellulose contents, as well as lignin type. 

The hardwood presents a vessel element and lignin comprising both guaiacyl and syringyl 

units in the structure. Softwood does not contain vessel elements, while its lignin structure 

presents mostly just guaiacyl units (Fengel and Wegener 1983). 
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Scheme 1. Schematic representation of the polymeric components from lignocellulose waste and 
their degradation under microorganisms’ action through different enzymatic pathways 
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Forest residues (twigs, bark, sawdust, branches, underground) as well as other 

waste of vegetal origin (e.g., those resulted from annual plants processing, namely different 

retting approaches) are likely to be quite variable in chemical composition, texture, and 

moisture content. Degradation processes in an outdoor environment, including soil, are 

influenced by many factors such as moisture, temperature, ultraviolet radiation, soil 

reaction, and microorganisms. 

All types of degradation have been observed when lignocellulose-based materials, 

per se or as components in different composite formulations, were exposed to different 

environmental conditions. These processes depend to a large extent on materials 

applications and structural chemistry particularities in relation with conferred properties, 

as presented in Fig. 3 (John and Thomas 2008; Beg and Pickering 2008; Methacanon et al. 

2010; Suardana et al. 2011; Matuana et al. 2011; Dittenber and GangaRao 2012; Azwa et 

al. 2013).  

 

 
 

Fig. 3. Inter-relations between the chemical composition in main polymer components of 
lignocellulose sources and their behavior under exposure to environmental conditions in relation 
with properties 
 

The rhizosphere microorganisms can be used as promoters to further accelerate the 

biodegradation process of different polymer materials in cultivated soil and to stimulate 

plants’ growth and development, as well (Gerhardt et al. 2009; Janczak et al. 2018; Janczak 

et al. 2020; Beltrán-Sanahuja et al. 2021; Zhang et al. 2022). These microorganisms act 

upon complex polymer materials during degradation through releasing exo-enzymes with 

affinity for such substrates that are depolymerized to low molecular weight intermediate 

products, namely oligomers, dimers, and monomers. This process, named 

phytoremediation, is efficient to decontaminate both soils and wood treated using inorganic 

preservatives (Xing et al. 2020). 
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In the case of wood, fungi, mainly those belonging to Basidiomycetes species, are 

the major microorganisms involved in decay processes. These include both brown-rot and 

white-rot types, and they have significant nutrient recycling implications in forest 

ecosystems, being also implicated in the weathering of soils (Eriksson et al. 1990a,b). The 

structure and chemical composition of wood have a significant influence on its degradation 

by microorganisms and the resulting patterns of decay. Significant decay of wood fibers 

and plant fiber-based materials is promoted by microorganisms, mainly by the fungal and 

bacterial communities occurring in nature. In general, wood decay is classified into brown-

rot, white-rot, and soft-rot types (Shimada and Takahashi 1991). White-rot fungi are able 

to fragment the major structural polymers of wood and other lignocellulose sources – 

cellulose, lignin, and hemicelluloses – and to further metabolize the fragments (Shimada 

and Higuchi 1991; Kirk and Cullen 1998). Brown-rot fungi selectively decompose 

holocellulose components (cellulose and hemicelluloses) via extensive depolymerization, 

leaving lignin partially intact (Goodell et al. 2008; Schilling et al. 2012; Shang et al. 2013) 

and release more carbon to soils in lignin residues than as atmospheric CO2. Some 

Actinomycetes fungi species are significantly implicated in the degradation of 

lignocellulose materials (Hamed 2013), having the ability to decompose lignin 

components, and alongside species of Eubacteria, they may exert strong antagonism 

toward other wood-inhabiting microorganisms (Eriksson et al. 1990b). Their mode of 

deterioration wood in soil may have a real significance for better knowledge the ageing of 

wooden cultural heritage objects buried in soil and proper conservation approaches to be 

implemented. Different microorganisms communities present in soil, mainly fungi and 

bacteria, can promote degradation through interactions such as commensalism or 

mutualism, and even competitive or antagonistic (Haq et al. 2014; Johnston et al. 2016; 

Haq et al. 2022), which influence to a large extent the deadwood environment (Tláskal et 

al. 2017; Christofides et al. 2019). In the soil of forest ecosystems, the proportion of brown-

rotted wood residues is very significant and has an important role in their optimal 

functioning through high microbial activity and consequently further optimal supplying 

nutrients and moisture. Moreover, these residues allow survival of ecosystems even in the 

case of drought periods by maintaining a high moisture content in soil (Eriksson et al. 

1990b). So, such decayed wood residues in the soil appear to be essential to sustain a good 

site quality. Considering wood waste disposal at landfill sites, the soil dynamics evaluation 

and determination of wood chemical composition, as well, are very important for 

environmental impact assessment. Such evaluation includes determination of pH value, 

humus, mineral elements (N, P, K), and salinity as total content of soluble salts. A previous 

investigation (Teacă et al. 2008) considered three wood waste landfill disposal sites, 

namely Bicaz (coded as P1), Tasca (coded as P2), and Borca (coded as P3), located in the 

Neamt County, North-Eastern Romania, in a mountain region, being surrounded by mixed 

coniferous and deciduous forests.  The soils in these forest ecosystems are typical brown 

earths, with a structure of siliceous sandstones and stones. The forests are mainly composed 

by coniferous tree species, such as fir (Abies alba L.) and spruce (Picea abies L.), along 

with some deciduous tree species, namely beech (Fagus sylvatica) and birch (Betula alba). 

The wood waste disposed of at dumps in this landfill region are usually generated through 

forestry and sawmilling activities. The authors’ study evidenced that wood wastes 

influenced to some extent the soil chemistry on disposal area through slightly increasing 

the acidity (pH value as high as 7.8 to 8, while a typical brown soil has a pH value of 4.8 

to 5). A decrease in humus content was noticed, with variation in the mineral elements 

content (P and K contents), as represented in Figs. 4 a-c. 
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Fig. 4. Evolution of soil dynamics from different disposal landfill sites from North-Eastern Romania: 
(a)- P1 Bicaz; (b)- P2 Tasca; (c)- P3 Borca (data re-drawn from Teacă et al. 2008) 
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Different extents of the wood biodegradation process were also evidenced for 

investigated wood waste dumps, the process being more intense at the bottom of these. 

Variation in wood waste chemical composition is represented in Fig. 5. Wood wastes 

extractives content decreases as a function of profile section from wood waste dumps due 

to the rainwater percolation. Cellulose content exhibited an opposite evolution 

comparatively with the lignin content, showing a significant decrease, a fact evidenced for 

the oldest wood waste dump.  

 

 
 

Fig. 5. Evolution of wood wastes chemical composition from different disposal landfill sites from 
North-Eastern Romania (data re-drawn from Teacă et al. 2008) 
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BIODEGRADATION OF POLYMER PLASTICS 
 
A Society Relying on Plastics 

From the very beginning, human civilization has grown and evolved based on 

Earth’s bioresources. From hunter-gatherers to farming, intensive agriculture and synthetic 

food, through the stone, metal (bronze, iron), and industrial ages, the time span covered by 

each developing phase has shrunk in a relentless, accelerating manner, from tens of 

thousands of generations to just a few. The industrial revolution set the first stages of what 

is now called the modern civilization, which is characterized by both a population boom 

and a huge and continuously expanding variety of available products, processes, and 

technologies, most of them branded as synthetic/of synthesis. 

The unfavorable side includes depletion of non-renewable resources, the need of 

hazardous substances, and an enormous environmental impact on air, water, soil, and 

climate, which translates into biotic impoverishment, threatened trophic chains, a lower 

quality of life, and a real risk to an entirely shattered biosphere in a not far away future. 

Such a fast pace of developments, accompanied by a plethora of benefits and financial 

interests, has suppressed, at least initially, the rise of associated environmental concerns. 

Other factors, such as the inertia of both human society and ecosystems, which tend to not 

react instantly but slowly and progressively, after reaching a critical point in the 

accumulation of detrimental inputs, have been further obscured the potential hazards given 

by specific activities, chemical/biological compounds, and various materials and products 

within their entire life cycle. As a result, environmental awareness has significantly lagged 

behind industrial development, with relevant improvements being made only in the last 

couple of decades. 

For example, the first concerns regarding the environmental pollution have been 

reported decades after the onset of a sustained industrial development of plastics, just when 

the impact became difficult to neglect (Ryan 2015; Napper and Thompson 2020), while 

the awareness of this great societal challenge is still not well enough translated into 

effective strategies and policies (Lau et al. 2020; OECD 2022a,b,c). 

Plastics have effectively permeated virtually all aspects of our life in just a couple 

of generations. In fact, the first modern plastics, based on either natural or synthetic 

polymers, have emerged with the discovery of vulcanized rubber and polystyrene, in 1839 

(Andrady and Neal 2009), but it took about a century of expansion in structural types, 

technologies, and applicative horizons to have a true mass-scale production for several 

finite materials and achieve a clear, significant impact on everyday life. Then, the 

widespread societal benefits ranging from agriculture to medicine and electronics, from 

packaging and transportation to textile and consumer products, have put a constant pressure 

on demands for new, better, cheaper, and higher quantities of plastics. Versatility in terms 

of structure, production, functionalities and use, tailored properties, and competitive prices 

in comparison with most other materials, all contributed to their current globally ubiquitous 

distribution.  

Regarding production, the continual rise in yearly amounts has been remarkable, 

from about 2 million tons in 1950-1952 to 20 million tons in 1966, 202 million tons in 

1999, and 460 million tons in 2019, including fibers and additives (Geyer et al. 2017; 

OECD 2022c). This means a total amount of about 8.3 billion tons in 2015 and over the 

mark of 10 billion tons in 2019. The greatest volumes are used in packaging (31%), 

construction (17%), transportation (12%), consumer products (10%), and textiles (10%). 

Despite the huge variety of commercially available polymers, only a few ones, all obtained 
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from non-renewable petrochemicals, are responsible for two-thirds of these shares: 

polypropylene (PP, 16%), low-density and high-density polyethylene (LDPE and HDPE, 

12% each), polyvinylchloride (PVC, 11%), polyethylene terephthalate (PET, 5%), 

polystyrene (PS, 5%), and polyurethane resins (PU, 4%) (OECD 2022c). 

A relatively recent and noteworthy minority is represented by bio-plastics, which 

have been produced at a level of 2.4 million tons in 2021, which is expected to grow to 

about 7.6 million tons by 2026, or just over 2% of the total (EUPB 2021). This group 

includes starch and cellulose derivatives, polyhydroxyalkanoates (PHA), polylactic acid 

(PLA), polybutylene succinate (PBS), polybutylene adipate terephthalate (PBAT) as 

biodegradable polymers (naturally or by design), and respectively bio-polyamide, bio-PE, 

and bio-PET, as non-biodegradable ones. Some of these polymers are usually considered 

bio-plastics (i.e. PBAT) despite the fact that are only partially derived from bioresources 

(Kumar et al. 2020; EUPB 2021), which may be confusing at times. 
The main issue related to plastics consists of their life cycle management. It was 

estimated (Geyer et al. 2017) that about 60% (~ 4.9 billion tons) from all plastics produced 

until 2015 were left over in the environment as solid waste. Another tentative assessment 

(OECD 2022c) indicated for 2019 a yearly plastic waste outcome of 353 million tons, from 

which 174 million tons were discarded into sanitary landfills and 22 million tons runaway 

in the environment. These high volumes of leaked polymeric wastes tend to accumulate, 

since the main amounts of polymers are designed for single use or limited time usage (days 

to years), while their natural degradation could last centuries or millennia in optimum 

conditions (Chamas et al. 2020). They also disperse either by abrasion during use, or by 

erosion and fragmentation of wastes in smaller chunks, microsized and nanosized plastic, 

which could be furthermore carried out by wind, rain, surface and ground waters, animals 

(FAO 2021). Thus, the ubiquity of plastics has become a trademark feature of both our 

current society and environment, with notorious negative impacts on human health, 

ecosystems, and climate. 

 

Plastics and Soil – A Complex Mixture of Concerns 
Soil represents a complex organic–inorganic/biotic–abiotic environment, 

characterized by high spatial and temporal variability and continuous interactions with 

atmosphere, hydrosphere, and human activities (Strawn et al. 2020; Tate 2020; FAO 2021; 

Li et al. 2022). The complexity of soil ecosystems, together with a far higher difficulty in 

visualizing, identifying, and analyzing the plastic residues mixed within, are likely 

accountable for the minor scientific interest in comparison with the aquatic ones (de Souza 

Machado et al. 2018; Scalenghe 2018).  

Reckless dumping of plastic waste in nature (picnic sites, woods, excavations and 

accidental landslides, illegal disposal by burying) from where they can no longer be 

collected and correctly disposed of is a source of constant concern. Partially degraded 

plastic waste can be easily displaced and transported by heavy rains and floods, and further 

carried away by wind. Plastic particles of micrometer dimensions end up at different sites 

(on land or in water) where they continue to undergo further degradation; when they reach 

the nanometric scale, these waste particles can enter various biologic cycles: they can pass 

through the cell wall barrier of microorganisms and can be absorbed by plant roots from 

soil, can access the animal’s metabolism when they accidentally drink from fresh waters, 

etc. In dry state, these particles of both micro- and nanometric dimensions can be easily 

wind driven and further embedded in different types of clouds as solid impurities. And 
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thus, these waste particles end up traveling around the globe as proven by most recent 

studies on snow in Antarctica (Aves et al. 2022). 

Recent reports (Horton et al. 2017; Lebreton et al. 2017) indicate that oceans 

contamination with plastics and microplastics could be only the tip of the iceberg. Thus, a 

terrestrial pollution of up to 23-fold larger is supposed. Soil also accounts for the initial 

degradation and downsizing of much of the plastic amounts found in oceans later on. From 

these perspectives, soils could be viewed as huge transient containers for slow and uneven 

composting of polymeric species with the price of dramatic and potentially irreversible 

ecological transformations.  

 Apart from plastics, land is simultaneous overwhelmed and degraded by various 

forms of pollution, intensive and heavy mechanized agriculture, climate changes, 

conducting in the end to significant treats for food production, trophic chains, biodiversity, 

and health (Saha et al. 2017). Moreover, the coexisting pollutants may act on both soil 

components and plastic particles, subsequently changing the degradation patterns. The 

relatively common occurrence of several polymeric species and plastic additives in the 

same soil horizon adds further complications and secondary processes. Cross-

contamination not only increases the potential hazards, but also adds supplementary 

interferences on the assessment of the fate of each individual component.  

 
Soil and Plastic Biodegradation  

Polymers are traditionally classified as biodegradable or non-biodegradable, 

independent of their natural, synthetic, fossil, partial or full biomass-derived source, where 

biodegradation is mainly brought about by microbial enzymes (Ahmed et al. 2018). 

However, biodegradability is generally achieved in optimum, simplified laboratory 

conditions, which are not completely reproducible in complex natural soil ecosystems 

(Wierckx et al. 2018; Haider et al. 2019). 

Several difficulties arising from multiple independent variables tend to make in-

soil biodegradation of plastics a tough theme of research. Wide variability of soil and 

plastics features is frequently coupled with random effects of external factors, difficult 

implementation of investigative techniques, as well as non-uniform and incomplete reports 

(He et al. 2018).  

Moisture content is an important factor for polymer biodegradation by favoring 

enzymatic reactions and microbial colonization. Permeability, water retention, and water 

movement are determined by three physical features that are soil-specific: micro and 

macroporous structural architecture obtained due to different arrangements of particles 

having various sizes and shapes, flora, and fauna; very high specific surface area generating 

strong interactions between water and ions; and high density of electric charges, which 

inhibits the irreversible aggregation of particles (Iwata et al. 1995). Still, soil moisture 

content depends for example on local climate, day/night and seasonal alternation, 

drought/wet weather events, plant cover, structural changes driven by heavy machinery, 

depth. Moister and warmer soils obviously favor the development of a more diverse and 

consistent microbiota, but are also beneficial for abiotic degradation, making the biotic one 

even more difficult to quantify. On the other hand, the presence of polymers alters soil 

porosity and microbial respiration, influencing the moisture content and microbiota 

(Liwarska-Bizukojc 2021; Sajjad et al. 2022). But soil porosity is also modified by 

earthworms, which are in addition good 3D-dispersing agents for plastic fragments (Rillig 

et al. 2017). 
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The mineral/organic composition has a direct influence on soil biota and pH value. 

A given pH favors specific microorganisms and enzymes, influencing the decomposition 

of a corresponding polymer, but the resulting degradation of by-products may change in 

turn the acido-basic equilibrium. The presence of other pollutants and additives may impact 

biodegradation by affecting the surface properties of polymers, as well as the soil texture, 

moisture content, pH, and biota (Maddela et al. 2022; Sajjad et al. 2022). Plastics 

themselves frequently contain various amounts and types of substances added to improve 

the resilience and practical performances of native polymer chains, which could 

significantly alter the biological degradative response (Allen and Edge 2020; Brdlik et al. 

2022; Hahladakis et al. 2018; Hermabessiere et al. 2022; Sridharan et al. 2022). The shape 

of plastic debris could be a relevant factor as well (Lehmann et al. 2021). 

Polymer biodegradation is essentially an enzymatic degradation that begins on   

accessible surfaces and continues by “peeling/mining” - like attacks on the successive 

newly formed horizons within the initial plastic part. These enzymes result as products or 

by-products of various metabolic pathways accomplished by a large variety of soil 

biological ecosystems. Some are produced by worms and insect larvae (Rillig et al. 2017; 

Zhang et al. 2022a), but most of them are extracellular enzymes (hydrolases, 

oxidoreductases) of microbial origin (bacteria, fungi). These are commonly produced to 

decompose the organic matter in readily available nutrients and energy sources such as 

assimilable organic carbon, nitrogen, and phosphorus molecules (Arnosti et al. 2014; Jian 

et al. 2016; Enyoh et al. 2022; Ndabankulu et al. 2022). Since the vast communities of soil 

microbes are very competitive grounds, enzyme synthesis is economically driven to reflect 

the dynamics of nutrient abundance and demand (Allison and Vitousek 2005).  

Scarce, growth-limiting nutrients could trigger changes in the amount and types of 

enzymes in an attempt to acquire them from any available soil substrates, including 

anthropogenic materials. Plastics, as complex, difficult and recalcitrant sources of essential 

molecules, exert a selective pressure on these substrate-dependent heterotrophic microbial 

communities, reducing the microbiome diversity, enriching the adjacent microbiota in 

microbial taxa able to degrade them, and hence shaping a new surrounding habitat, the so-

called “plastisphere microbial community” (MacLean et al. 2021; Yi et al. 2021; Zhang et 

al. 2021). In general, polymers’ biodegradation in soil is therefore not the attribute of a 

sole microorganism, but is rather performed within a competitive, sequential, and auto-

tunable embodiment driven in variable proportions by several taxa from within microbial 

consortia (Dey and Tribedi 2018). 

Abiotic weathering processes on plastic fragments dynamically change their 

surface characteristics in terms of rugosity, porosity, and hydrophobicity, thus enhancing 

the microbial colonization, exoenzyme adsorption, and biofilm formation (Siakeng et al. 

2020; Anunciado et al. 2021). The initial biodeterioration is followed by successive 

processes of fragmentation and depolymerization into micro/nano-plastics, oligomers, and 

monomers under the interplay among the microbial enzymatic equipment, soil 

geochemistry, and physical factors (Ali et al. 2021). The resulting low-molecular weight 

compounds are ingested and assimilated through cell-specific metabolic pathways until 

complete mineralization (Zhang et al. 2022b).   

It is obvious that exoenzymes will be increasingly less successful in plastic 

degradation as far the polymer debris are from the common range of natural organic 

substrates used by soil microbiota, so the elemental composition and type of molecular 

units, the way of bonding between them, and spatial architectures of resulting chains are 

key factors for decaying.  
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Naturally abundant polymers such as cellulose, lignin, and their derivatives are 

among the most biodegradable ones due to their easily recognition by a microbiota already 

adapted to use them as substrates by producing highly specific enzymes such as -

glucosidases, respective phenoloxidases. However, higher crystallinity and polymerization 

degree, as well as chemical modifications, delay the cellulose mineralization (Erdal and 

Hakkarainen 2022), while impregnations with antimicrobial nanoparticles were effective 

for silver, but not in the case of copper oxides (Milošević et al. 2017; Tomšič et al. 2022). 

Lignins degrade more slowly than glycosidic bonded cellulosic materials due to the 

presence of multiple phenolic moieties linked by random C-C and C-O bonds and its rigid, 

three-dimensional structure (Donnelly et al. 1990; Thevenot et al. 2010; Hall et al. 2020). 

The ester bonds are vulnerable to cleavage under the action of soil hydrolases, 

especially lipases, esterases and cutinases, which make polyesters susceptible to enzymatic 

hydrolysis (Satti and Shah 2020). However, biodegradation typically requires higher 

incubation times and microbial functional diversities, due to the lower enzyme specificities 

and subtle requirements of metabolic adaptations, even in the case of natural, microbial-

synthesized polyhydroxyalkanoates PHAs (Dey and Tribedi 2018). Soil microbiota 

correspondingly adjusts itself to the modified environment by changes in composition and 

functionalities (Tanunchai et al. 2021). Overall, biodegradability is improved by 

decreasing polymer crystallinity, rigidity, molecular weight, aromatic content, side groups 

or chains; as an outcome, rate is higher for polycaprolactone (PCL) than PHA like 

polyhydroxybutyrate (PHB). There are slower degradation rates for polylactic acid PLA 

and polybutylene succinate PBS, and also the rate is sluggish in the case of polyethylene 

terephthalate PET (Al Hosni et al. 2019; Larrañaga and Lizundia 2019; Qi et al. 2022). 

Polyester biodegradation could be improved by copolymerization, as is the case of 

polybutylene adipate terephthalate PBAT, insertion of natural polyols, adipate and 

succinate diols in polyurethanes, or by mixing with additives or other biodegradable 

polymers like modified celluloses and PLA in blends or composites (Brdlik et al. 2022; 

Erdal and Hakkarainen 2022; Schöpfer et al. 2022).  

Polyolefins are the most decay-resistant plastics in pristine soil conditions due to 

the extreme levels of hydrophobicity and highly stable C-C bonds established within the 

entire polymer backbone. Higher crystallinity and density of high-density polyethylene 

HDPE, the aliphatic side groups in polypropylene PP, and especially the aromatic one in 

polystyrene PS increase their resilience (Zhang et al. 2022b). These polymers require an 

extended time of onset for preliminary surface deterioration, when both abiotic factors and 

oxidative enzymes succeed in the randomly oxidation of a critical quantity of exposed 

carbons to carbonyls and carboxylic acids (Zhang et al. 2022c). Bio-fragmentation starts 

later under the action of various enzymes (oxidases, peroxidases, and hydrolases) secreted 

by those microorganisms that are able to remain attached to the polymer’s surface. The 

adjacent microbial functional diversity from soil makes up the selection base of a specific 

plastisphere, but its formation is strongly inhibited by the difficult adaptation into the use 

of such substrates and long waiting times until a limited amount of nutrients became useful 

for living and growth. In practice, the respective soil should be extremely low or depleted 

of specific nutrients such as carbon sources to force the existing microbiota to adapt to 

using polyolefin debris as substrate. Thus, despite the isolation of several degrading 

microorganisms, for example more than 20 genera of PE-degrading bacteria (Ghatge et al. 

2020), the demise of soil-discarded polyolefins, from fragmentation to the final 

mineralization, and associated molecular mechanisms are still controversial (Zhang et al. 

2022c). 
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Soil microbiota is quasi-dominated by bacteria, fungi, and their strong antagonism 

finely tuned by environmental variables (Bahram et al. 2018). Just a very small part from 

this universe was uncharted until now due to the plethora of dynamically and elusive 

changing individual components, and inherent difficulties in investigations. Moreover, an 

isolated microorganism may behave more or less dissimilar than a same one incorporated 

into the soil microbiota. So, despite the evolving analysis techniques, as well as the huge 

amount of already known microorganisms and enzymes involved in the biodegradation of 

natural and synthetic polymers, a lot of uncertainties remain to be clarified (Mohanan et al. 

2020; Ru et al. 2020; Ghatge et al. 2020; Gambarini et al. 2021; Lear et al. 2021; Zrimec 

et al. 2021; MacLean et al. 2021; Chattopadhyay 2022; Ekanayaka et al. 2022; Enyoh et 

al. 2022; Qi et al. 2022; Schöpfer et al. 2022; Zhang et al. 2022b; Zhang et al. 2022c). 

Some recent biodegradation investigations are summarized within Tables 2 to 4.  

 

 

BIODEGRADATION OF NATURAL FIBERS-POLYMER COMPOSITES 
 

The nature of the components and the interaction between them, as well as the 

environmental conditions (soil temperature, humidity and pH, biological attack, and 

nutrient supply) to which the material is exposed, influence the rate of biodegradation of 

composites. The material-environment interface and the surface properties exposed to 

biological contact are of significant importance. Biodegradation is favored by a rough 

interface, characterized by a large number of polar hydrophilic functional groups, and less 

by a smooth, hydrophobic, and inert one (Muniyasamy and John 2017; Brebu 2020). 

Natural fillers, such as wood flour and fibers, favor the in-depth penetration of water due 

to their intrinsic porosity, increase the adhesion of microorganisms to the composite 

material, and favor biofouling because they are hydrophilic and generally biodegradable 

(Shah et al. 2008). In fiber-reinforced composites, the polymer matrix protects the fibers 

from environmental damaging factors and transfers the external loads to the fibers that 

absorb the mechanical stress applied to the matrix (Gholampour and Ozbakkaloglu 2020). 

The interface between matrix and filler is the weak zone of composites because it allows 

the access of the biological (fungi) or chemical (moisture/oxygen) agents into the rather 

inert polymer matrix. Diffusivity of destroying compounds through the material is favored 

by the amorphous domains that are more biodegradable than the crystalline ones (Ruka et 

al. 2015). 

Environmental degradation of plastic materials is determined based on various 

standard methods and testing practices (Krzan et al. 2006), but the most important of them 

consists of monitoring the evolution of CO2 and CH4 when polymeric materials are 

maintained under microbial conditions. Respirometric test methods have been standardized 

both for aerobic biodegradation in soil burial or in compost (Müller 2006) and for anaerobic 

biodegradation under sewage sludge (O’Malley 2006) or anaerobic digestion (Gartiser et 

al. 1998). Biodegradation of polymer composites through the action of microorganisms is 

a complex process controlled by a large number of natural variables, such as temperature, 

pH, moisture, oxygen, and biodiversity of soil characterized by huge amounts of bacteria 

and fungi unique species (Briassoulis and Innocenti 2017; Emadian 2017; Rudnik 2019; 

Agarwal 2020). 
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Table 2. In-soil Biodegradability Investigations for Different Synthetic Plastics 
 

Polymer Type Application Media Type Time 
Exposure 

Microorganism/Enzyme Test Method Environmental 
Impact 

References 

Polyethylene plastic bags, 
water bottles, 
food 
packaging 
film, toys, 
irrigation and 
drainage 
pipes,  
motor oil 
bottles 

Soil (0 to 20 
cm of 
agricultural 
soil) was 
collected from 
Yangling 
District, 
Shaanxi 
Province in 
China. 

50 and 100 
days 

microbial community at 
different conditions 

-weight loss 
-SEM  
-FTIR spectra and 
2D-COS maps 
analysis  
-effects of PE 
films on the 
microbial 
community 
-microbiota 
colonizing on 
plastics. 

PE films on soil may 
have the role of a 
unique matrix for 
microbial 
colonization, 
potentially promoting 
its own degradation 
and changing the 
biogeochemical 
processes and soil 
ecological functions.  

(Huang et 
al. 2021) 

Polypropylene face masks, 
bottle caps, 
drinking 
straws, 
medicine 
bottles, car 
seats, 
car batteries, 
bumpers, 
disposable 
syringes, 
carpet 
backings 

To degrade the 
PP, the mask 
pieces were 
incubated with 
the culture of 
P. Aeruginosa 
in three 
different solid 
and liquid 
media. 

30 days at 
37 °C 

The bacterial strain 
Pseudomonas 
aeruginosa isolated 
from the soil sample 
was collected from the 
plastic waste dumping 
sites around the 
Tiruchirappalli district, 
Tamil Nadu, India. 

-determination of 
dry weight 
-FE-SEM for the 
observing biofilm 
formation and 
surface erosion 
-structural 
analysis using 
FTIR 

P. aeruginosa strain 
is the most suited 
candidate for PP 
degradation 
without an UV 
treatment. 
A versatile biological 
process to evaluate 
the degradation of 
disposable face 
masks used in this 
SARS-CoV-2 
pandemic situation. 

(Selvakumar 
et al. 2021) 

Polyethylene 
terephthalate 

(PET) 
 

It is one of the 
most used 
plastics in 
everyday life. 
It is 
used for  
packaging 
foods, 

-phosphate 
buffer, pH=7, 
T=55 °C, 
After every 
week of 
incubation, the 
entire 
phosphate 

3 weeks -hydrolase from the 
actinomycete 
Thermobifida fusca 
- Lipases from 
Pseudomonas sp. and 
Candida antarctica 

-weight loss 
-crystallinity 
-melting point 
-glass transition 
temperature 

-high activity of TfH 
hydrolase towards 
PET 
-Lipases from 
Pseudomonas sp. 
and Candida 
antarctica did not 
degrade PET under 

(Müller et al. 
2005; Kawai 

2021) 



 

PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Teacă et al. (2023). “Soil degradation of polymers,” BioResources 18(1), 2213-2261. 2233 

beverages, 
textile fibers, 
film, 
electronics 
and many 
other 
examples. 

buffer with the 
enzyme was 
replaced by 
fresh buffer 
and enzyme. 

comparable 
conditions. 
- The enzymatic 
recycling of PET 
is expected to be the 
best solution to 
close the circle 
production-waste, as 
it is 
eco-friendly and has 
low energy 
consumption. 

Polyethylene 
terephthalate 
(PET) sheet 

and PET 
powder 

Soil samples 
were collected 
from the 
dumping area 
of Jalandhar, 
Punjab, India, 
in sterilized 
Ziplock bags. 

-28 days for 
PET sheet’ 
- 18 days of 
PET powder 

-Priestia aryabhattai VT 
3.12 
-Bacillus 
pseudomycoides VT 
3.15 
-Bacillus pumilus VT 
3.16 

-weight loss 
-Fourier transform 
infrared 
spectroscopy 
(FTIR)  
-high-performance 
liquid 
chromatography 
(HPLC)  
-scanning electron 
microscopy (SEM) 

All these strains will 
be used in the future 
to process the 
plastic waste and to 
minimize the 
damage to the 
environment by 
PET. 
-Microbial 
mineralization is a 
promising and 
cost-effective 
method for the 
degradation of the 
types of plastic 
polymers.  
-This technology is a 
promising solution 
for the degradation 
of composite and 
polymer materials. It 
also implies that 
rhizobacteria could 
be beneficial in the 
remediation of PET 

(Dhaka et 
al. 2022) 
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waste in future 
applications. 

Polyurethane tires, gaskets, 
bumpers, in 
refrigerator 
insulation, 
sponges, 
furniture 
cushioning, 
and life 
jackets. 

The soil is 
prepared with 
equal parts of 
fertile soil (with 
low clay 
content), horse 
manure, and 
beach sand 
with particle 
distribution of 
42-mesh size. 
Samples 
buried in the 
soil were 
removed after 
period of 
exposure. 
 

40, 80, and 
120 days. 
The 
samples 
were 
carefully 
washed with 
distilled 
water and 
dried in a 
vacuum 
oven at 
28 °C for 24 
h. 

microbial community 
from the soil 

-Scanning 
Electron 
Microscopy and 
Stereomicroscope 
-Thermal 
degradation 
analyses 
- FT-IR Spectra 

PU materials were 
prepared from the 
polyols of linseed oil 
(LO) and passion 
fruit oil (PFO); it 
indicates significant 
biodegradation 
activity for 
degradation in soil 
test. 
PU degradation 
process could be 
applied in the 
bioremediation and 
management of 
plastic wastes. 

(Peng et al. 
2014; Lopes 
et al. 2022) 

Polystyrene 
(PS) 

disposable 
cups, 
packaging 
materials, 
laboratory 
ware, certain 
electronic 
uses 

Soil was 
collected from 
trash-
containing 
dumps at both 
Chonnam 
National 
University 
campus and 
Jangheung 
province in 
South Korea 

30 days isolated bacterial 
cultures mainly 
belonged to two 
genera: Acinetobacter 
and Pseudomonas. 

-FT-IR 
spectroscopy 
-FE-SEM 
-Water contact 
angle 
measurement 
-Analysis of 
culture media with 
PS powder 

-discovery of novel 
functions of 
Acinetobacter sp. 
and Pseudomonas 
sp. as potential PS 
decomposers. 
These PS-degrading 
bacteria can be 
used to generate 
new synthetic 
plastic-degrading 
bacteria by 
introducing genome 
editing and providing 
new pathways for 
PS up-cycling. 

(Kim et al. 
2021) 
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Table 3. In-soil Biodegradability Investigations for Different Natural Plastics 
 

Polymer type Application Media type Time 
exposure 

Microorganism / 
enzyme 

Test method Environmental impact References 

Cellulose 
acetate (CA) 

used in 
membranes, 
films, fibers, 
filters, as a 
component in 
adhesives 
and 
pharmaceuticals 

simulated 
soil with 
equine 
manure 
(23% 
manure, 
23% sand, 
23% soil 
and 31% 
water). 

0 to 6 
months 

anaerobic 
bacteria 
(Clostridium, 
Ruminococcus, 
etc.),  
aerobic 
(Cellulomonas, 
Thermobifida, 
etc.), 
actinomycetes 
(Streptomyces) 
filamentous 
fungi 
(Trichoderma, 
Bulgaria, 
Helotium, Poria, 
Aspergillus, 
etc.), plants 
(Fragaria) and 
animals 
(mollusks and 
insects)/ 
cellulase. 

DMA, FTIR, DSC, 
and DRX 
techniques  
 

In the simulated soil for 
composting, the presence 
of fungi was observed, 
which proves that organic 
matter is essential for the 
biodegradation of CA.  
The search for materials 
from renewable sources 
has been increasing year 
after year in attempt to 
substitute raw materials 
from non-renewable 
sources which are 
biodegradable, with 
durability in use and 
biodegradation at disposal. 

(Freitas and 
Botaro 2018) 
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Poly(3-
hydroxybuty-

rate) 
(PHB) 

products like 
bottles, bags, 
wrapping film 
and 
disposable 
nappies, as a 
material for 
tissue 
engineering 
scaffolds and 
for controlled 
drug 
release carriers 

A fertile 
garden with 
pH 7.30 
and 80 % 
humidity,  
at 30 °C 
(University 
Science of 
Malaysia) 
was chosen 
for 
degradation 
study. All 
film 
samples 
were buried 
in soil 10 
cm from the 
surface. 

0-6 weeks The microbial 
population 
increased with 
incubation time, 
which led to an 
increase in 
polymer 
degradation. 
The soil 
microbes can 
produce 
depolymerase 
enzymes 
that can 
hydrolyse PHB 
polymers and 
utilize the 
metabolic 
degradation 
products as a 
source of 
energy and 
nutrients. 

-the changes in 
molecular 
weight (Mw), the 
number-average 
molecular weight 
(Mn), and the 
dispersity (Mw/ 
Mn) for all 
polymeric films 
were measured 
by GPC  
-percentage by 
weight loss 
-SEM 
 

PHB nanofibers were 
degraded faster compared 
to other PHB film types as 
a result of their tri- 
dimensional structures and 
large surface areas. PHB 
and its composite films 
that were treated with UV 
exhibited faster 
degradation.  There is 
degradation to monomers 
and oligomers of R-3-
hydroxybutyrate, which are 
subsequently assimilated 
by microorganisms and 
their enzymatic activities. 
Biodegradation of PHB is 
of great interest due to 
increased usage of PHB 
polymers in agriculture to 
overcome pollution 
problems associated with 
the petroleum polymers 
handling. 

(Altaee et al. 
2016 ; Amir et 

al. 2022) 

Polycapro-
lactone (PCL) 

long-term items; 
mulch and other 
agricultural 
films; 
fibers containing 
herbicides to 
control aquatic 
plants; 
seedling 
containers; slow 
release systems 
for drugs 

Soil sample 
was 
collected 
from a 
plastic 
dumpsite at 
Trans 
Amadi 
Industrial 
Layout, Port 
Harcourt, 
Nigeria. 

15 days bacterial and 
fungal strains 
-PCL maximum 
degradation rate 
of 59% for 
Bacillus 
megaterium, 
56% for 
Alcaligenes 
aquatilis, 53% 
for 
Shewanella 
haliotis and 62% 

-molecular 
characterization 
of the microbial 
isolates 
-degradation rate 
(%) 
-optimal 
temperature, pH 
and salinity for 
polycaprolactone 
degradation were 
determined 

These microorganisms 
have the potential to 
be considered as valuable 
tools for enhanced 
management of 
PCL- associated with 
ecological waste. 

(Ariole and 
George-West 

2020) 
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for Filobasidium 
uniguttalatum 
were observed 
at 30 °C. 

Polylactic acid 
(PLA) 

packaging and 
paper coatings; 
other possible 
markets. 

Soils 
“podsolic 
soil”, were 
inoculated 
using fungal 
and 
bacterial 
solutions. 
Research 
was carried 
out in field 
conditions 
in Torun, 
plants’ 
growing 
temperature 
12.5 °C. 

six 
months 

Arthrobacter 
Sulfonivorans, 
Serratia, 
plymuthica, 
Clitocybe sp.,  
Laccaria laccata 

-microscopic 
assessment, 
-strength test 
-X-ray 
diffractometry 
analysis (XRD), 
DSC, ATR-FTIR, 
O/C 

Results can be used to 
develop an effective 
method for remediation 
plastic waste in soils and 
landfills. 

(Janczak et al. 
2020) 

Poly(butylene 
sebacate) PBS 

applied in eco-
plastics such as 
mulching films, 
compostable 
bags, non-
woven fabrics 
and catering 
tools that can 
replace non-
degradable 
polymers 

agricultural 
soil sample, 
in the 
laboratory 
pH was 
adjusted 
before the 
test  
started from 
6.19 to 7.14 
incubated 
at room 
temperature 
(21±2 °C) in 
the dark, in 

0, 78, 
140, 245 

days 

microorganisms 
(bacteria and/or 
fungi/enzymes) 
in the soil 

-mineralization 
percentage,  
-mass losses 
-molecular 
weights  
-chemical 
structure 
modifications  
(31P-NMR 
1H-NMR  
GPC)  
 

63% of carbon had been 
lost by mineralization, 
defining it during the 
biodegradation of a 
material in soil, and 
suggest that the biomass 
production can be a 
relevant product of the 
biodegradation. 

(Siotto et al. 
2013; 

Chinaglia et 
al. 2018) 
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hermetically 
closed jars 
(3 l) 

Poly(butylene 
adipate-co-

terephthalate) 
PBAT vs. 

three PBAT 
variants that 
varied in the 

monomer that 
contained the 
13C-label [that 
is, butanediol 

(P*BAT), 
adipate 

(PB*AT), or 
terephthalate 

(PBA*T)] 

Many products 
based on PBAT 
had been 
applied into 
many fields 
such as 
shopping bags, 
garbage bags, 
cutlery and 
mulch film, etc. 

agricultural 
soils from 
the 
agricultural 
center 
Limburgerh
of 
(Rhineland-
Palatinate, 
Germany), 
under 
controlled 
laboratory 
conditions 

incubated 
for 6 

weeks at 
25°C in 
the dark 

soil 
microorganisms 
/R. oryzae 
lipase 
Fusarium solani 
cutinase (fungal 
carboxylestera-
ses with distinct 
hydrolysis 
mechanisms) 

- mineralization 
experiments  
-quantification of 
the 13CO2 formed 
- SEM imaging 
- imaging by 
NanoSIMS 
- NMR analysis 

-studies that are directed 
toward identifying soil 
microorganisms that are 
actively involved in PBAT 
biodegradation 
- the extraction of targeted 
biomolecules from soils 
containing 13C-labeled 
polymers followed by 
quantifying the 13C 
contents in the extracted 
molecules, allow to 
analyze larger sample sets 
and therefore to 
systematically determine 
potential variations among 
soil microorganisms in the 
extent to which they 
incorporate polymer-
derived carbon into their 
biomass 
-conceptual understanding 
of polymer biodegradation 
and the methodological 
capabilities to assess this 
process in natural and 
engineered environments 

(Zumstein et 
al. 2018; Jiao 
et al. 2020) 
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Table 4. In-soil biodegradability Investigations for Different Blend/Composite Plastics 
 

Polymer type Media type Time 
exposure 

Microorganism / enzyme Test method Environmental impact References 

low-density 
polyethylene 

[LDPE]- starch 
(10%, 20% 30%, 
40%, and 50%) 

soil amended 
with microbial 
consortium and 
compost- 
composting 
plant treats the 
organic fraction 
of the municipal 
solid waste 
mixed with 
vermin compost 
from Agricultural 
Department, 
Government of 
Karnataka, 
Mysuru 

150 days 
 

Pseudomonas putida, 
Pseudomonas 
fluorescens, 
Pseudomonas dominate, 
Burkholderia, 
Flavobacterium species, 
Vibrio alginolyticus, 
Pseudomonas 
aeruginosa, 
Pseudomonas stutzeri, 
Anabaena species, and 
P. fluorescents 

-weight loss 
-tensile strength 
-CO2 release 
-percentage 
elongation 
- pH value 
-colony-forming 
unit 
-total organic 
carbon 
-nitrates and 
phosphates 

The study was made to 
understand the 
biodegradability of 
commercial plastics in soil, 
and it was found that 
microbial consortium can 
degrade LDPE. 

(Kumar et al. 
2016) 

composite: 
polypropylene/ 

5% sawdust 
polypropylene/ 
5% wheat flour 

samples 
exposed to brine 
solution followed 
by samples 
buried under 
moist soil 

15 weeks microorganisms 
(bacteria and/or 
fungi/enzymes) in the 
soil 

-visual inspection 
- FTIR analysis 
- tensile tests 
- water adsorption 
tests 
- SEM 

reduces waste deposit 
volume while undergoing 
degradation in a landfill or 
alternatively it could be 
treated in composting 
plants 

(Fakhrul and 
Islam 2013) 

poly(butylene 
adipate-co-

terephthalate) 
PBAT/ poly(lactic 
acid) PLA blends 

- blended in 
different 
proportions 
- a mixture of 
soil aliquots 
collected into 
three different 
regions was 
used to ensure 
microbial 
biodiversity 

30 days microorganisms in the 
compost 

-visual analysis, 
-molecular weight 
monitoring, size 
exclusion 
chromatography, 
DSC and infrared 
spectroscopy 
-carbon 
mineralization 

The blends showed 
intermediate behavior 
compared to the original 
polymers, and the 
polymeric matrix behavior 
predominated until the 
surface of the dispersed 
phase was available for 
the biodegradation 
process. 

(Palsikowski et 
al. 2018) 
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Film samples of 
these materials 
were buried in 
soil under 
controlled 
laboratory 
conditions, at 
room 
temperature. 

Polyhydroxybutyrate
-co-valerate 

(PHBV) 
biocomposites 

toughened 
with polybutylene-

adipate-co- 
terephthalate 
(PBAT) and 
epoxidized 

natural rubber (ENR) 

A location within 
Centennial 
Parklands, 
Sydney was 
chosen for burial 
of samples for 
testing. The 
underlying soil is 
known as 
Botany Sand, 
which is a well-
sorted medium 
sand containing 
<1% clay. 

28, 56, 84, 
and 112 

days 

Actinomycetes bacteria 
and fungal mycelium 

-mass loss  
-surface 
characterization 

These results are 
indicating that the 
incorporation of ENR as a 
biobased toughening 
agent for PHBV/natural 
fiber composites not 
only enhances the 
toughness properties of 
the resulted biocomposites 
but also enhances their 
biodegradability 
substantially more than is 
achieved by the addition of 
the commonly used 
toughening agent 
PBAT. These properties 
can broaden the scope of 
applications for 
PHBV-based toughened 
and un-toughened 
biocomposites. 

(Zaidi et al. 
2019; 

Lamparelli et 
al. 2022) 

Cellulose acetate 
(CA) blends 
(triacetin and 

diacetin were tested 
to improve CA 

Processing versus 

under controlled 
composting 
conditions 

200 days aerobic composting 
process 

-mechanical 
properties 
- dynamic 
mechanical 
thermal analysis 
(DMTA) 
 

After 46 days of 
incubation, the test 
samples with 30% 
plasticizer based on 
triacetin or triacetin-
diacetin were completely 
biodegraded. 

(Phuong et al. 
2014) 
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conventional 
phthalate) 

 Triacetin (TA) and diacetin 
(DA) were chosen to 
improve CA processing in 
this study, because they 
are environmentally 
sustainable (“eco-friendly”) 
plasticizers with 
low toxicity and fast 
biodegradability. 

Vinyl ester-based 
polymer composites 

(carbon fiber 
reinforced vinyl ester 

composites) 

To obtain 
microbe-rich soil 
samples from 
biofilm 
incubation, soil 
was extracted 
from a location 
at Picnic Point 
near Lake 
Mendota, 
WI, USA. 

24 weeks microbial biofilms were 
collected carefully from 
the polymer composite 
surface; microorganisms 
from bacterial lineages 
Chlorobi, 
Deltaproteobacteria, 
Candidate Phyla 
Radiation/ 
Patescibacteria, and 
Chloroflexi were the 
most abundant 
members of the biofilm. 

TG analysis 
MALDI-TOF 
analysis 
FT-IR 
nano-mechanical 
measurements 
dissolved organic 
carbon 

Understanding interactions 
between next-generation 
structural materials with 
their natural environment 
can predict their 
durability and make future 
designs. 

(Breister et al. 
2020) 
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Several conventional plastics, modified with additives to enhance their 

biodegradability, and natural fiber composites were tested under standardized laboratory-

scale in three environments (soil incubation, composting, and anaerobic digestion) (Gómez 

and Michel 2013). The biodegradability of polymers such as PE and PP was not improved 

by adding natural additives. At the same time, co-polyester-based composites, or corn-

based plastics with coconut coir materials presented some surface changes, but 

polyhydroxyalkanoate-based plastics underwent important biodegradation. During 

anaerobic digestion for 50 days, 20 to 25% of the bio-based materials but less than 2% of 

the additive containing plastics were converted to biogas (CH4+CO2). After 115 days of 

composting, 0.6% of an additive modified PP, 50% of a starch-based material, and 12% of 

a soy wax permeated paper pulp was converted to CO2. This study considered only the 

natural materials used as additives or components in blends, with no interest in the natural 

materials used as fillers or fibers in composites (Pires et al. 2022).  

The biodegradability in soil burial of flax fiber reinforced PLA composites was 

influenced by the presence of amphiphilic additives used as accelerators for biodegradation 

(Kumar et al. 2010). The composites showed accelerated biodegradation with 20 to 25% 

loss in weight after 50 to 60 days in the presence of mandelic acid, and only 5 to 10% loss 

in weight even after 80 to 90 days in the presence of dicumyl peroxide.  

The interface of composites based on PP as matrix and natural fibers (kenaf, 

coconut and wood) as fillers is stabilized by montmorillonite nanoclay, even though that 

mineral is hydrophilic (Islam et al. 2017). The results showed that biodegradability of these 

composites was decreased by limiting the access of moisture inside the material in early 

stages of soil burial, and by increasing water absorption in higher amounts at later stages 

of biodegradation. 

A soil burial experiment on biodegradable composites prepared from poly(butylene 

succinate) (PBS) and sugarcane rind fiber (SRF) lasted for 100 days under natural soil 

conditions (Huang et al. 2018). The maximum weight loss, the degree of erosion, 

crystallization temperature, and degree of crystallinity of SRF/PBS composites were higher 

than those of pure PBS, and they reached a maximum value when the SRF content was 5 

wt%. Another study looked at changing the mechanical properties of starch-based 

composites reinforced with various lignocellulosic fibers (i.e., flax, date palm, banana, and 

bagasse) during soil-burial composting, and the influence of the filler type on the process 

of biodegradation of the corresponding biopolymer (Ibrahim et al. 2018). The tensile 

strength and modulus of elasticity for all composites decreased significantly during the first 

week (more than 50%), then further gradual deterioration took place until the end of 

composting. 

The effect of the incorporation of cellulose nanofibers (CNF) on the biodegradation 

of poly(vinyl alcohol) (PVA) in the compost was investigated (Salehpour et al. 2018). It 

was observed that the PVA/nanocellulose had lower biodegradation rates than the neat 

PVA. This can be attributed to the difficult access of water molecules to the polymer 

matrix. Consequently, it contributed to the reduced microbial growth and activity and to 

the good interfacial bonding between CNF and PVA that makes it very difficult to break 

the strong bonds of the film. Another remarkable observation during the thermal analysis 

was the increase in the biopolymer crystallinity over the composting time. This can be 

explained by the evidence that microbes easily degrade the random amorphous component 

of the polymer, rather than the crystalline segments.  

Plant-based natural jute fiber reinforced polypropylene (PP) matrix composites (20 

wt% fiber) and animal based natural B. mori silk fiber reinforced polypropylene (PP) 
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matrix composites (20 wt% fiber) were subjected to degradation in soil up to twelve weeks 

(Shubhra et al. 2010). It was found that jute fiber/PP composite lost more of its strength 

than silk fiber/PP composite, for the same interval of composting. While the mechanical 

properties of silk/PP composites are superior to those of jute/PP composites, the jute/PP 

composites are more degradable than silk/PP composites; i.e., silk/PP composites retain 

their strength for a longer period than jute/PP composites. 

Water uptake and soil degradation tests of the coir and abaca fiber-reinforced linear 

low-density polyethylene (LLDPE) composites (30 wt% fiber) were performed in soil, at 

ambient conditions, for up to 60 days (Zaman et al. 2011). Simultaneously, 3% starch 

treated coir fiber/LLDPE composite (SC), and 5% starch treated abaca fiber/LLDPE 

composite (SA) samples (about 60 mm in length) were subjected to biodegradation under 

the same conditions. It was found that for the composite samples, both tensile strength (TS) 

and tensile modulus (TM) decreased slowly with time. After 120 days of soil degradation, 

SC and SA composite samples lost almost 21% and 29% of TS and 13% and 19% of TM 

respectively, but the untreated coir and abaca composite samples lost almost 33% and 38% 

of TS and 26% and 21% of TM, respectively. During soil degradation tests (soil contains 

only 3% water), water penetrates from the cutting edges of the composites and degradation 

of cellulose occurred in the composites and as a result, the mechanical properties of the 

composites decreased significantly. 

Soil degradation testing of short jute fiber/PP and short E-glass fiber/PP-based 

composites (20% fiber by weight) revealed that the jute/PP composites significantly lost 

much of their mechanical properties (Khan et al. 2012). On the contrary, the E-glass/PP 

composites retained a major portion of their original integrity after the degradation test. 

During soil degradation tests, water penetrates from the cutting edges of the composites in 

jute-based samples and degradation of cellulose occurred in jute; as a result, the mechanical 

properties of the composites decreased significantly. But E-glass based composites are 

strongly hydrophobic and repel water, thus they retained much of their integrity during in- 

soil testing. 

The weight loss of untreated and treated elephant grass fiber/PLA composites with 

varying fiber loading after composting for 90 days in comparison with plain PLA was 

found to linearly increase with number of days of soil burial (Gunti et al. 2018). The higher 

weight loss of untreated fiber reinforced PLA composites as compared to surface modified 

composites may be attributed to the poor fiber matrix adhesion, leading to an accelerated 

degradation. The alkali treatment has led to an increase in the hydrophobic nature of fibers 

and, hence, less moisture absorption by the composite from the soil, leading to a reduction 

in the degradation rate for the composite with surface modified fibers. 

The biodegradation of a composite made of a poly(hydroxybutyrate-co-

hydroxyvalerate) matrix reinforced with curaua fibers (with and without alkaline 

treatment) in simulated soil, according to the ASTM G160-03 method, was found to be 

mainly caused by erosion of the surface layer resulting from microorganisms’ activity 

(Beltrami et al. 2014). Thermogravimetric analysis revealed reduced thermal stability of 

the samples, and results of differential scanning calorimetry showed that the degree of 

crystallinity increased and then decreased progressively throughout the degradation period, 

indicating that enzymatic degradation primarily occurs in the amorphous phase of the 

material and thereafter in the crystalline phase. For curaua composite fibers, reductions in 

tensile strength and elastic modulus are more significant, indicating that the presence of 

fibers promotes biodegradation of the composite.  
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Another study investigated the influence of flax fiber reinforcements on the 

decaying process of poly(lactic acid) (PLA) in flax – PLA composites under composting 

conditions (Bayerl et al. 2014). The experimental results indicated that the fibers enhanced 

the biodegradation by enlarging the potential surface, thus contributing to the decaying 

process. At the same time, the fibers acted as channels and distributed water 

and microorganisms inside the composite. The decaying process is attributed to fiber 

decomposition and hydrolysis of PLA, which led to increased degradation rates for 

composites with high fiber weight content. The degradation (weight loss) increased with 

both fiber content and time in the compost. Neat PLA samples, having no fibers, underwent 

only marginal degradation on the outside surfaces, even over eight weeks. The presence of 

fibers and the architecture of fiber structure in a PLA composite can intensely affect the 

degradation behavior of the composite. 

Taking into consideration the conclusions provided by literature reports, it can be 

stated that natural fiber-polymer composites are a source of plastic residues. Even the 

presence of natural fibers favors and accelerates their in-soil degradation. Although the 

mechanisms of degradation are different, the decomposition of polymeric materials and 

natural fibers-polymer composites in soil became increasingly dangerous for ecosystems 

upon their accumulation. Plastic particles of micrometer dimensions can be transported 

(rains, floods, airflow) to different sites (on land or in water), where they continue to 

accumulate and undergo further degradation. 

 

 

MICROPLASTICS AND SOIL BIOREMEDIATION 
 

Another related issue has risen in the last decades, namely soil contamination with 

microplastics. Typically, they are defined as plastic fragments (fibers, particles) no larger 

than 5 mm in diameter (Guo et al. 2020) and are products of partial degradation of plastics 

under environmental conditions (enzyme-mediated reactions, weathering, catalytic 

hydrolysis). Huge amounts of plastic waste are to be found in landfills (approx. 79% of 

global plastic waste (Horton et al. 2017; Ng et al. 2018), from where they further migrate 

into the groundwater and water streams, and air. Furthermore, their presence in soil and 

water makes them readily available for plants and animals, thus increasing their toxic 

effects (Huerta Lwanga et al. 2017; Panebianco et al. 2019; Grasserová et al. 2020).  

Microplastics’ migration in soil depends on the soil residual water, biota, pores, 

aggregation, and dynamics of agricultural practices. The presence of vegetation and 

animals can create passageways to other components of the ecosystem. On the other hand, 

microplastics’ properties can also influence their migration. In example, microfibers can 

interact with soil aggregates and block the movements (de Souza Machado et al. 2018).  

Recent studies confirmed the completion of the cycle soil-water-air-soil for 

microplastics: first evidences of microplastics (mostly PET fibers that travelled approx. 

6000 km) in Antarctic snow have been reported based on samples collected from 19 sites 

in Ross Island (Aves et al. 2022). Previously, microplastics were also found in an Antarctic 

inland fresh water source from a protected area (González-Pleiter et al. 2020). 

The presence of microplastics in soil alters its structure and properties (e.g., soil 

saturated hydraulic conductivity), function, and biologic diversity, finally resulting in 

changes, with unexpected ecologic impact. Various approaches of bioremediation must be 

considered, taking into account that some of them (i.e., ex situ methods) can contribute to 

further contamination of adjacent areas due to mobilization of the contaminant particles by 
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flushing or airflow drive. Therefore, in situ remediation should be the prevalent choice 

(Sales da Silva et al. 2020). This comprises two groups of methods: (1) intrinsic 

bioremediation, and (2) projected bioremediation (a collection of techniques applied 

selectively according to local needs and requirements: use of permeable reactive barriers; 

bioslurping; bioventing; biosparging; phyto-, fungal, and bacterial remediation; 

bioaugmentation; biostimulation) (Zeneli et al. 2019; Quintella et al. 2019; Cristaldi et al. 

2020; Raffa and Chiampo 2021; Medaura et al. 2021; Geng et al. 2022). The selection of 

a certain bioremediation approach is made in close correlation with the soil characteristics, 

level of contamination, concentration of pollutant(s), biota availability, etc. (Valizadeh et 

al. 2021; Karimi et al. 2022; Yuan et al. 2022). In a holistic approach, in-soil degradation 

of waste and bioremediation of soil are complex, interrelated processes, and both of them 

have significant environmental impact.     

 
 
CONCLUSIONS AND FUTURE TRENDS 
 

Polymers and natural fibers-polymer materials are a significant part of municipal 

solid waste, which is largely disposed in landfills. Therefore, their degradation in soil and 

under environmental conditions must be considered in relation with the environmental 

impact of these processes. 

This paper systematically presented a review of the most relevant aspects, namely: 

the degradation of plastics (made of natural and/or synthetic polymers) and natural fibers 

waste, and waste of natural fiber-polymer composites; the most common methods of 

characterization for the polymers and natural fiber-reinforced polymer composites 

submitted to composting; and the role of factors that contribute to the waste biodegradation. 

At the same time, this survey considered some of the most recent literature reports on waste 

composting (materials and experimental protocols), highlighting some new concepts and 

trends, such as soil bioremediation by ex situ and in situ methods. 

The transfer of the composting tests from laboratory scale to field experiments has 

encountered a series of difficulties (incomplete analysis of factors, inappropriate design, 

poor control, and inaccurate results). Consequently, only a small part of reported data can 

be successfully applied in practice. 

Microplastics accumulated in soil are by-products of biodegradation of polymers 

and polymer materials waste, and they represent a serious problem. The phenomenon can 

be considered as a secondary pollution of soil and, subsequently, water and atmosphere, as 

evidenced by analyzing the recent snow layers in Antarctic areas. Bioremediation of 

contaminated soils is an approach with a positive environmental impact, as it allows soil 

recovery and restoration of ecosystems, thus contributing to the preservation of 

biodiversity and limiting the human health risk. 
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