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Abstract
The progressing degradation of the natural environment taking place over the last few decades and resulting from the 
systematically growing production of synthetic polymer materials led to the search for technological innovations aimed at 
producing environmentally friendly materials. Moreover, the increasing importance of sustainability promotes the develop-
ment of bio-based and biodegradable polymers, sometimes misleadingly referred to as “bioplastics”. Inability to degrade 
synthetic polymer materials and the problem of their persistence in the environment even for hundreds of years have caused 
the production of polymer materials with the addition of components that may accelerate their degradation more and more 
important in recent years. Additionally, the growing interest in environmental issues makes the requirements for new materials 
that will not significantly burden the environment higher. In Poland 29.1% and 26.8% of post-consumer polymer materials, 
respectively, were recovered and recycled, which means that up to 44.1% of post-consumer polymer materials were sent to 
municipal landfills. In 2017, for the first time in Poland, more plastics were recovered (55.9%) than stored (44.1%). However, 
by 2020, the level of energy recovery and recycling of post-consumer polymer materials in Poland should cover a total of 
84.5%. When looking at the average values for Europe (recycling 31.1%, recovery 41.6%, storage 27.3%), it should be noted 
that Poland has much to catch up in this area and decisive actions should be taken to actually solve this problem. For this 
reason, it is extremely important to know the mechanisms responsible for the degradation of polymer materials and under-
stand the interaction between these materials and abiotic and biotic factors that cause structural changes in polymers. Recent 
studies show that knowledge of the conditions determining the decomposition of polyethylene polymer materials and their 
impact on the natural environment is still insufficient. The literature reports reveal many contradictory theories, especially 
those that relate to the degradation of polymer materials in the soil environment. This study constitutes a comprehensive 
review of researches on (bio)degradation of polymer materials over the last decades, various methods of polymer structure 
modification to increase the degree of their degradability, as well as methods of recycling post-consumer polymer materials. 
Because there is a need to assess the performance of polymer innovations in terms of their biodegradability, especially under 
realistic waste management and environmental conditions, to avoid the unwanted release of plastic degradation products to 
the environment.
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Introduction

Polymers are macromolecular compounds that con-
sist of macromolecules built from repeated structural 
units (mers). They are usually a mixture of compounds 
(homologs) with different chain length, i.e. compounds 
of different molecular weights [1, 2]. Molecular weight 
is an important feature that determines the properties of a 
polymer and is closely related to polymerisation, i.e. one 
of the ways of macromolecular compound formation. The 
polymer polymerisation degree is a non-nominal number 
informing about how many times a particular element 
(mer) is repeated in the structure of a molecular compound 
[2–5]. In practice, three main methods of monomer poly-
merisation are known and used: radical polymerisation 
(initiated by organic low molecular substances), ionic 
(initiated by anions and cations), and coordination poly-
merisation (initiated by transition metal atoms, surrounded 
by ligands) [6, 7]. Considering the above, it can be con-
cluded that the structure of the resulting polymer can be 
controlled by choosing the appropriate polymerisation 
conditions and initiators. Many authors emphasise that 
the spatial structure of a polymer is very important for 
its properties, as it decides, among others, about its den-
sity, thermal stability, and mechanical strength [1, 3, 8]. 
However, the use of polymers with unmodified and single-
component structures is currently relatively rare. Polymers 
generally contain numerous auxiliary substances that give 
them the desired characteristics and, in this form, they 
are called polymer materials. The most common auxiliary 

substances used in the production of polymer materials 
are: anti-aging and cross-linking agents, softeners, disper-
sants, activators, and fillers [9].

By origin, polymers are divided into: natural polymers 
(biopolymers), synthetic polymers (obtained by chemical 
synthesis), and modified polymers (natural or synthetic poly-
mers whose structure was chemically or physically changed) 
[1, 4, 5]. Natural polymers are an indispensable element of 
the animate world (e.g. carbohydrates, proteins, fats, nucleic 
acids, cellulose, starches, oils), and are subject to natural 
decomposition processes in the environment (photodegra-
dation, chemical degradation, mechanical degradation, bio-
degradation). These processes take place simultaneously and 
complement each other [1]. In turn, synthetic polymers are 
produced mainly from petrochemical feedstocks (crude oil, 
natural gas), and usually constitute a foreign body in the 
environment, whose decomposition can last from dozens to 
even hundreds of years. It is estimated that synthetic poly-
mers are nearly 98% of currently produced polymer materi-
als, of which over 80% is produced by the petrochemical 
industry [2, 10].

Literature Review

Over the past decades, there has been a progressive intensi-
fication of the production and use of polymer materials [10, 
11]. Literature data show that since 1950, global production 
of polymer materials has increased from 1.3 to 335 million 
tonnes in 2017, and the forecasted increase in their produc-
tion in the following years will be approx. 1.5–2.5% per year 
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[12]. The dynamic increase in the production of polymer 
materials is closely related to their widespread and multi-
directional use in many branches of the economy [13, 14]. 
In addition, simple processing by which polymer materials 
are obtained, as well as low prices of products that signifi-
cantly improve the quality and comfort of life have made 
these materials become popular products of everyday use. 
Due to their diversity, polymer materials have a wide range 
of physicochemical properties that make them increasingly 
replace the wood, glass, and wood packaging used so far.

Since the first synthetic polymer materials have been 
obtained, technological progress has focused primarily on 
improving the synthesis methods in order to obtain a product 
of high durability, resistance to external factors and, above 
all, good functional properties [10, 15]. Unfortunately, the 
beneficial functional characteristics of polymer materials 
become their disadvantage after their use, and the disposal 
of their waste creates very serious problems [5, 16]. Fre-
quently, the problem is compounded by the significant diver-
sification of waste going to municipal landfills. According 
to data published by PlasticsEurope [12], storage remains 
the dominant way of neutralising post-consumer polymer 
materials in many countries of the European Union. Also, 
the National Waste Management Plan (NWMP) [16] reveals 
that the management of post-consumer polymer materials 
in Poland is still ineffective. However, in 2016, 29.1% and 
26.8% of these materials, respectively, were recovered and 
recycled, which means that up to 44.1% of post-consumer 

polymer materials were sent to municipal landfills. In 2017, 
for the first time in Poland, more plastics were recovered 
(55.9%) than stored (44.1%). As it results from the NWMP 
[17], by 2020, the level of energy recovery and recycling 
of post-consumer polymer materials should cover a total 
of 84.5%. When looking at the average values for Europe 
(recycling 31.1%, recovery 41.6%, storage 27.3%), it should 
be noted that Poland has much to catch up in this area and 
decisive actions should be taken to actually solve this prob-
lem. Currently, the share of polymer materials in the mass 
of waste taken to landfills in Poland is 15.5% [17] (Fig. 1). 
According to PlasticsEurope [12], over 3.5 million tonnes of 
polymer materials were used in Poland in 2017 (nearly 75 kg 
per capita). In this respect, Poland was classified 6th among 
the European Union member states. However, it should be 
noted that the growth rate of the polymer material consump-
tion in Poland is clearly higher that the EU average value.

Polymer material waste is considered one of the most 
onerous waste [11, 18], constituting an enormous threat to 
the natural environment [4, 14, 16]. For this reason, recy-
cling of polymer materials is currently one of the most 
important waste management problems [5, 10, 15]. As it 
was mentioned above, the management and disposal of 
post-consumer polymer materials in the European Union 
member states is currently implemented by three methods: 
recycling, energy recovery, and storage. At the same time, 
according to the applicable trends related to the methods of 
polymer material waste management, it is recommended to 
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subject them to chemical recycling (e.g. fuel oil production), 
feedstock recycling (processing into feedstocks from which 
these materials were made) or material recycling (fragmen-
tation – applies only to clean and homogeneous materials) 
[19]. These methods are somewhat different approach from 
the waste hierarchy recommended by the European Union 
authorities (in order from most to least desirable): preven-
tion, reuse, recycling, disposal [20].

Problems related to environmental protection, relatively 
expensive methods of recycling synthetic polymer materials, 
as well as sustainable development aspects have changed the 
image of multidirectional functionality of polymer materi-
als in recent years. Therefore, at present, intensive scientific 
studies are being carried out worldwide in many research 
and development facilities, aimed at finding technologies for 
the production of environmentally-friendly polymer mate-
rials, while maintaining their current functions [5, 11, 14, 
21, 22].

Nowadays, polyethylene (PE) is one of the most popular 
and most widely used polymer in the world [8, 10]. Due to 
its specific functional properties, this polymer has become 
commonly used in the production of various packaging 
materials. Unfortunately, after a relatively short time of use, 
it becomes extremely resistant to biodegradation, constitut-
ing a burden on the environment. The polyethylene’s resist-
ance to degradation results from the high molecular weight 
of this polymer and its content of antioxidants and stabilisers 
[9, 10]. According to these authors, the addition of these 
substances protects polyethylene against oxidation already 
at the production stage. Pająk et al. [8] and Szumigaj-Tar-
nowska [21] reported that the resistance of polyethylene to 
degradation is higher compared to other thermoplastics and 
it is increased even more by the absence of heteroatoms and 
double bonds in the chain.

Methods to Accelerate the Degradation 
of Polyethylene Polymer Materials

One way to accelerate the degradation of polyethylene is the 
use of the so-called prooxidants (prodegradants) added in the 
amount of 1–5%, which initiate and propagate free-radical 
chain reactions in the presence of atmospheric oxygen [3]. 
These processes lead to a partial decomposition of PE, i.e. 
fragmentation of long polyethylene chains into short-chain 
fragments which are most often ended with functional (car-
boxyl, ketone, and alcohol) groups [23]. However, some-
times these fragments are still too long to penetrate through 
the cell wall of microorganisms. For this reason, they are 
first attacked by extracellular enzymes. Subsequently, by dint 
of extracellular biosurfactants secreted by microorganisms, 
polyethylene fragments undergo adhesion to the cell wall 
and thus easier penetrate inside the cells of microorganisms 

[3]. Consequently, the molecular weight of PE is systemati-
cally reduced [6, 23]. Studies carried out by Roy et al. [24] 
showed that two weeks after the addition of prooxidants to 
polyethylene the material weight loss after abiotic degrada-
tion and subsequent degradation with the use of Bacillus 
pumilus, Bacillus cereus and Bacillus halodenitrificans was 
8.4%. Studies carried out by Briassoulis et al. [25] with the 
use of 20 mm films with peroxidants showed that, after hav-
ing been buried for 6 years and 10 months, films underwent 
a slight fragmentation.

Other methods accelerating the decomposition of poly-
ethylene are: subjecting this polymer to initial abiotic 
oxidation by thermo- and photo-oxidation, sensitising 
to hydrolytic degradation or subjecting it to the chemical 
treatment process [3]. For the first time, the mechanism of 
biodegradation of low-molecular weight polyethylene frag-
ments was described by Albertson et al. [26]. According to 
these authors, their biodegradation is similar to ß-oxidation 
of fatty acids and paraffins. ß-oxidation is a process that 
involves the oxidation of the hydrocarbon chain of ß-car-
bon. This process’ consequence is the removal of further 
two-carbon acetyl-CoA fragments from the chain and their 
inclusion in the citric acid cycle whose final products are 
carbon dioxide and water. Studies on the effect of thermod-
egradation on the polyethylene decomposition in the pres-
ence of Rhodococcus ruber under laboratory conditions 
were carried out by, among others, Gilan et al. [27]. These 
authors demonstrated that the temperature factor led to the 
formation of small-molecule organic acids which were the 
source of food for microorganisms. As a result of the deg-
radation, the molecular weight of polyethylene increased, 
which, in turn, proved that shorter polymer chains undergo 
thermo- and biodegradation as the very first. Other study 
results were presented by Yamada-Onodera et al. [28], who 
showed that the earlier chemical and thermal degradation 
of polyethylene and its subsequent treatments with Penicil-
lium simplicissimum resulted in a significant reduction in 
its molecular weight. Thus, the authors confirmed that there 
are microorganisms which are capable of degrading long 
macromolecules.

In last time, the increasingly used solution to the prob-
lem of degradation of polyethylene is its combination with 
natural polymers, such as starch, cellulose or gelatine [9, 
21]. The solution is based on the statement that the combi-
nation of a synthetic polymer (resistant to decomposition) 
with a natural polymer (prone to biodegradation) in one 
product will give a material whose chemical structure will 
partially degrade under the influence of biological factors, 
while its internal structure will be permanently damaged 
[29]. It can therefore be assumed that if such a composition 
contains a sufficient amount of a biodegradable component, 
it is possible that after a certain time, it will be completely 
degraded. The resulting degradation products will become 
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an integral part of the environment and not pose a greater 
threat to living organisms [23]. However, the intermediate 
stage in the environment will be micro- and later nanoplas-
tics [30]. Currently, starch is one of the most commonly used 
plant feedstocks for modifying the structure of polyethylene. 
This is confirmed by the relatively large number of scientific 
papers investigating the properties of starch and polyethyl-
ene mixtures [5, 29–35]. Starch is an easily available and 
cheap vegetable feedstock and, thanks to its properties, it is 
widely used in many branches of the economy, above all, in 
the industry of high-molecular-weight plastics as a biode-
gradable filler [1]. As it was demonstrated by Broeren et al. 
[36], the possibility of obtaining starch for the production 
of biodegradable polymer materials does not only concern 
plant feedstocks. Starch can also be recovered from sew-
age, which can significantly affect the economic aspect of its 
production. Moreover, these authors emphasize yet another 
very important aspect related to the use of starch, namely the 
possibility of reducing greenhouse gas emission and non-
renewably energy consumption.

Modification of Polyethylene with Starch

It was Griffin [37] who in the 1970s began studies on the 
modification of polyethylene with starch in order to increase 
its biodegradability. His studies showed that on the one 
hand, the addition of starch increased the hydrophilicity of 
polyethylene film and facilitated its oxidation process, but 
on the other hand, the polymer material lost its durability. 
For this reason, the next stage of study carried out by Griffin 
[37] involved coating the starch surface with silane. How-
ever, this gave an opposite effect, i.e. increased hydropho-
bicity of the material. The author perfected the process and, 
after nearly 20 years of research, he received a composite 
containing unmodified starch and unsaturated polyethylene. 
Other studies carried out by Łabużek et al. [38] with the 
use of polyethylene films modified with polyester (the trade 
name: “Bionolle®”), obtained in the process of polycon-
densation of glycols with dicarboxylic acids, showed that 
the degradation of this composite occurred as a result of 
removing polyester from the film. Łabużka et al. [38] also 
demonstrated that up to 30% additions of polyester resulted 
in significant changes in the chemical structure of polyethyl-
ene. The FTIR spectra analysis carried out by these authors 
showed the appearance of new bands derived from ketone, 
ester, aldehyde, and hydroxyl groups, whose presence clearly 
confirmed degradation of both composite components. In 
the course of their studies, Kormin et al. [39] discovered 
significant physical and mechanical changes of low density 
polyethylene (LDPE) after modifying it with starch obtained 
from different biomasses. In addition to the significant dete-
rioration of mechanical properties (mechanical resistance, 

breaking capacity), their study revealed increased water 
uptake with the increased addition of starch. This conclusion 
is significant from the point of view of the possibility and 
rate of biodegradation of the composites produced (Table 1).

A good knowledge of starch properties, resulting from 
many years of research, finally led to the conclusion that 
native (unmodified) starch has a very limited application due 
to its poor solubility, strong hydrophobic properties, as well 
as unfavourable mechanical properties [33–35]. As stated 
by Żuchowska et al. [1], the structure of primary starch, i.e. 
grain size, depends on many factors directly related to the 
type of plant from which it is obtained, as well as its grow-
ing conditions. According to Kormin et al. [39], different 
properties of starch (used for the preparation of composites 
from LDPE) and resulting from acquiring it from various 
plant species may decide on the intended use of the materials 
obtained. The starch properties are also strongly conditioned 
by humidity. Considering that starch contains about 70% of 
amylopectin and 30% of amylose on average, and the molec-
ular weight of amylopectin and amylose is 5·  106 g ·  mol−1 
and nearly  105 g ·  mol−1, respectively, its glass transition 
temperature can reach about 25 °C or 62 °C. However, the 
values of glass transition temperature depend significantly 
on humidity and, for the given temperatures, the humidity 
should exceed 20% or be equal to 15%, respectively. There-
fore, these specific properties create many technological 
difficulties during the preparation of polymer-starch com-
posites [1]. These authors argued that the following are also 
significant problems: the lack of adhesion at the polymer/
starch grains boundary and low thermal resistance of starch, 
limiting the number of synthetic polymers whose structure 
can be modified with starch (Table 2).

As stated by Korol [35], reduced hydrophobicity of 
starch is possible through its chemical modification, but 
this process leads to the creation of products toxic to the 
environment and is expensive. For these reasons, another 
commonly used method of modifying native starch is its 
thermoplasticisation in the form of plasticisers during 
extrusion [35]. This author stated that this process leads 
to the disruption of the crystalline structure of starch, 
resulting from breaking of hydrogen bonds and its trans-
formation into an amorphous form of thermoplastic starch, 
which is fully biodegradable. One of the few disadvan-
tages of this material is sensitivity to moisture and brittle-
ness, but in combination with synthetic polymers, it acts 
as a factor that increases their susceptibility to degrada-
tion [35]. Świerz-Motysia et al. [34] highlighted that the 
homogeneity and effective compatibility are key param-
eters affecting the final properties of the polyethylene-
starch composite. Modern technological processes allow 
the introduction of 20–80% by weight of starch to the 
composite [33]. Of course, the susceptibility of the poly-
mer-starch composite to biodegradation increases with the 
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increasing proportion of starch. Apart from the addition of 
thermoplastic starch, the degradability of polyethylene is 
more commonly increased by enriching its structure with 
a compatibiliser. This material not only contains reactive 
functional groups, but also increases interfacial adhesion 
and compatibility of the mixture of polyethylene and ther-
moplastic corn starch [34].

(Bio)degradation of Polyethylene Polymer 
Materials

Studies on the addition of biodegradable starch as a filler 
of polymers, which is an easily assimilated carbon source 
for microorganisms were carried out by, among others, 

Table 1  List of microorganisms associated with polyethylene degradation

Polymer type Microorganisms/culture method Evaluation of biodegradation (technique/
observation)

References

Polyethylene Brevibacillus borstelensis, Comamonas acido-
vorans TB-35, Pseudomonas chlororaphis, 
P. aeruginosa, P. fluorescens, Rhodococcus 
erythropolis, R. rubber, R. rhodochrous, 
Staphylococcus cohnii, S. epidermidis, S. 
xylosus

Streptomyces badius, S. setonii, S. viridospo-
rus, Bacillus amyloliquefaciens, B. brevis, 
B. cereus, B. circulans, B. circulans, B. 
halodenitrificans, B. mycoides, B.pumilus, 
B. sphaericus, B. thuringiensis, Arthrobac-
ter paraffineus, A. viscosus, Acinetobacter 
baumannii, Microbacterium paraoxydans, 
Nocardia asteroides, Micrococcus luteus, 
M. lylae, Lysinibacillus xylanilyticus, 
Aspergillus niger, A. versicolor, A. flavus, 
Cladosporium cladosporioides, Fusarium 
redolens, Fusarium spp. AF4, Penicillium 
simplicissimum YK, P. simplicissimum, 
P. pinophilum, P. frequentans, Phanero-
chaete chrysosporium, Verticillium lecanii, 
Glioclodium virens, Mucor circinelloides, 
Acremonium Kiliense, Phanerochaete 
chrysosporium

FTIR (Visual changes in the polymer struc-
ture), SEM, plate assay and  CO2 production, 
 CO2 evolution test

[16, 40–44]

Low density polyethylene film Aspergillus spp., Fusarium spp., Aspergillus 
Versicolor, Microbacterium spp., Pseu-
domonas putida, Bacterium, Pseudomonas 
aeruginosa, Aspergillius fumigatus, Penicil-
lium spp., (Fusarium spp., Penicillium spp., 
Mucor spp., Aspergillus niger, A. japonicas 
and A

flavus

SEM, FTIR,  CO2 Evolution test, DSC (Difer-
ential scanning

calorimetry), Weight loss study

[45–49]

High-density polyethylene (HDPE) Arthrobacter sp. and Pseudomonas sp SEM, FTIR [50]

Table 2  Various polymer degradation routes [16, 51]

Factors (requirement/activity) Photo-degradation Thermooxidative degradation Biodegradation

Active agent UV-light or high-energy radiation Heat and oxygen Microbial agents
Requirement of heat Not required Higher than ambient required

temperature
Not required

Rate of degradation Initiation is slow. But propagation is fast Fast Moderate
Other consideration Environment friendly if high-energy

radiation is not used
Environmentally not
acceptable

Environment friendly

Overall acceptance Acceptable but costly Not acceptable Cheap and very much
acceptable
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Chandra and Rustugi [52], as well as Boryniec et al. [29]. 
The authors mentioned above confirmed that the addi-
tion of starch significantly affects the rate of degradation 
of polymer materials, which, after using this component 
from the material structure by microorganisms, lose their 
integrity. On the other hand, Austin [53] determined under 
laboratory conditions that after 10 months, the structure 
of polyethylene containing 6% addition of starch does not 
change at all. Similar results were obtained by Johanson 
et al. [54], who tested the degradability of polyethylene 
films containing 5–9% of starch under the composting 
process conditions and showed only a slight degradation 
of polyethylene. These authors obtained greater changes 
in the surface structure of the tested films. Studies involv-
ing higher addition of starch to polyethylene films were 
carried out by Żakowska et al. [32]. The authors dem-
onstrated that the introduction of 10–30% dose of starch 
into polyethylene resulted in significant changes in the film 
structure after its 6-month incubation in soil. As part of 
the same project, Boryniec et al. [29] confirmed changes 
in polyethylene structure at the supramolecular level by 
the X-ray scattering (SAXS) method. Another form of 
polyethylene structure modification is the addition of 
mineral compounds. Such research was carried out by 
Szumigaj-Tarnowska et al. [21]. These authors evaluated 
changes in the physical properties of polyethylene films 
modified with mineral compounds (dolomite, calcite) after 
12-month degradation of these materials in soil incubated 
in two temperature ranges (30 °C and 45 °C). SEM images 
obtained by Szumigaj-Tarnowska et al. [21] showed that 
the incubation of polymer materials enriched with mineral 
compounds at none of the temperatures caused changes 
in their surface structure. However, the incubation tem-
perature increase to 45 °C intensified the microbiological 
processes and increased the number of microorganisms 
forming the biofilm on the film surfaces.

The important role of biofilms in the decomposition of 
polymer materials was noted by Gilan et al. [27] as well as 
Mohan and Srivastava [23]. According to these authors, the 
colonisation of the surface of polymer materials by micro-
organisms which contribute to the formation of biofilms on 
their surface is a prerequisite for starting the initial decom-
position of these materials. Biofilm is a non-adhesive protec-
tive layer for various types of bacteria, consisting in 80–95% 
of a hydrated matrix of biopolymers and water, which give 
it a spatial character. As reported by Mohan and Srivastava 
[23], covering the surface of polymer with a biofilm layer 
can cause its micro-swelling and, as a consequence, lead to 
the loss of mechanical stability of polymer material. Thus, 
the disturbed structure of the polymer surface can become 
more susceptible to the action of microorganisms. However, 
Arutchelvi et al. [7] highlighted that the polymer degrada-
tion rate clearly depends on the type of their surface, i.e. 

polymers with a rough (non-homogeneous) surface are faster 
degraded than those with a smooth one.

The study examples presented above are an expression of 
the aspiration to reduce the nuisance of polymer materials 
for the natural environment and emphasise the importance 
of processes supporting the protection of the natural envi-
ronment. For this reason, the development of modern and 
waste-free (the so-called ‘clean’) technologies, minimising 
the emission of pollutants into the environment, has been 
observed in recent years, in addition to the analysis of eco-
logical threats [33]. The broadly understood recycling of 
polymer materials, mentioned at the beginning of the chap-
ter, is considered one of the most ecological and rational 
solutions [5, 16].

The Management of Post‑consumer Polymer 
Materials

Energy Recycling

The literature data show that in the highly developed coun-
tries of the European Union, the dominant method of deal-
ing with polymer material waste is their energy recycling, 
i.e. combustion with energy recovery [2, 12]. This method 
is especially popular in Switzerland where about 90% of 
waste is thermally converted [12]. Stachurek [2] reported 
that nearly 10% of the initial waste volume is generated as a 
result of a combustion process and it can no longer be used 
again. Thermal conversion is carried out at up to 1000 °C 
for approx. 2 h, and the heat obtained from this process can 
be used for the production of thermal energy or electricity 
[2, 33]. According to data published by PlasticsEurope [12], 
only 16% of polymer material waste is currently combusted 
with energy recovery in the world, and just over 4% with-
out energy recovery. Unfortunately, besides the reduction 
of waste mass and partial energy recovery, this method can 
pose a significant threat to the environment. During the com-
bustion of polymer materials, waste gases are formed, which 
contain many toxic and harmful substances [2, 55]. These 
substances include toxic hydrocarbon oxides and particularly 
hazardous dioxins  (C4H8O2) and furans  (C4H4O), which 
pose a serious threat to the environment and human health 
[2]. However, there are reports stating that carbon monoxide 
(CO) is the most dangerous and most common gas present 
in the combustion products of polymer materials. Addi-
tionally, depending on the type of polymer material, other 
compounds, such as: carbon dioxide  (CO2), hydrogen cya-
nide (HCN), hydrogen chloride (HCl), phosgene  (COCl2), 
phosphine  (PH3), NOx and SOx, phenol, or formaldehyde 
can be formed [39, 56]. Therefore, the applicable regula-
tions require the installation owners to mount the so-called 
afterburner chambers in which products generated during the 
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process will be burned. The afterburning of exhaust gases 
is aimed at reducing the concentration of toxic substances 
to contents regulated by legal requirements [2, 56]. How-
ever, these authors highlighted that the afterburning of gases 
reduces the energy efficiency of the process and significantly 
increases the costs associated with the exhaust gases purifi-
cation. As stated by Dacko [33], thermal utilisation of poly-
mer materials is much more difficult due to their diversity 
and costs 6 times more on average than organic recycling.

Organic Recycling

One of the methods of organic recycling is composting. It is 
a biochemical process of transforming materials under con-
trolled conditions with the participation of aerobic micro-
organisms in various temperature ranges [2, 11, 14, 57, 58]. 
Three main phases of this process can be distinguished: mes-
ophilic, thermophilic, and the compost stabilisation phase 
[58, 59]. The final products of biological transformation of 
biomass are: water, carbon dioxide, and a relatively stable 
fraction of organic matter [11, 14, 58, 60]. The introduction 
of new generation polymer materials into the composting 
process, i.e. containing biocomponent derived from natural 
feedstocks, may not only improve the structure of composted 
biomass, positively affecting the rate and direction of the 
process, but also prevent the formation of waste from poly-
mer materials and the release of environmentally dangerous 
emissions [14, 60, 61]. This solution is additionally sup-
ported by savings in the natural resource management and 
reduced burden on the natural environment, resulting from 
smaller amounts of polymer waste deposited in municipal 
waste landfills [5, 11, 33]. The suitability of artificial poly-
mer for biological transformation is confirmed by the certi-
fication process.

However, the introduction of polymer materials with the 
addition of plant biocomponent into the composting pro-
cess is dependent on many factors that result mainly from 
the specific properties of polymer materials [14]. First of 
all, the problem of biological transformation of polymer 
materials with biocomponent may be due to difficulties 
with their proper preparation to the process, i.e. their frag-
mentation to increase the area inhabited by microorganisms 
[60]. Secondly, one should take into account the possibility 
of forming intermediate substances during polymer mate-
rial decomposition, able to limit the enzymatic activity of 
microorganisms. This thesis is partially confirmed by the 
studies of Mierzwa-Hersztek et al. [62]. Although the results 
obtained by these authors do not directly concern microor-
ganisms active in the composting process, they clearly show 
that extracts from composts with the addition of polymer 
materials produced from polyethylene and maize starch 
inhibited the linear growth of fungi. Therefore, the addition 
of polymer materials to the composted biomass should be 

performed so that it does not lead to deterioration of optimal 
process conditions [23, 63]. One of the most important fac-
tors conditioning the proper composting process is the C/N 
ratio, which, according to the literature, should be approx. 
30/1 [14, 59, 64]. Such a C/N ratio in biomass prepared for 
composting significantly affects the metabolic activity of 
microorganisms and thus the composting effectiveness. It 
can be of great importance for the addition of polymer mate-
rials. Kim and Rhee [57] noted that the limited availability 
of a key energy component, i.e. carbon, or a key structure 
component, i.e. nitrogen, for microorganisms may reduce 
their activity and slow down their metabolic processes.

Many authors admitted that the compost environment 
creates the best conditions for the polymer material decom-
position (temperature, high humidity, presence of various 
physiological groups of microorganisms, air, changing pH, 
access of light) [2, 11, 14, 16, 64, 65]. These authors argued 
that, undoubtedly, water is the most important factor in the 
environmental degradation of polymers among these men-
tioned above. However, its effect depends on the physical 
and chemical properties, as well as reactivity of polymer 
material. On the one hand, according to Adamcová and 
Vaverková [65], the presence of water causes the hydrolysis 
of a bond between polymer and filler and promotes the for-
mation of hydroxyl radicals or other reactive groups initiat-
ing free radical reactions. On the other hand, the presence 
of water is crucial for the development of microorganisms 
and favours enzymatic reactions causing microbiological 
degradation [6, 16, 23].

In the European Union, the suitability of packaging for 
organic recycling (composting) is confirmed on the basis 
of PN – EN 13432:2002 [66], which is harmonised with 
Directive 94/62/EC. In the scope of the standard there are 
procedures determining the suitability for composting and 
processing of packaging and packaging materials under 
anaerobic conditions. Four properties are taken into account: 
(1) biodegradability, (2) fragmentation during biological 
processing, (3) impact on the biological processing, (4) 
impact on the quality of the compost obtained. Also, cer-
tification systems are introduced due to the complexity of 
procedures related to the assessment of packaging material 
carried out in terms of biodegradation and its further use in 
the composting process.

Material Recycling

It is based on the use of post-consumer polymer materials in 
the production of new items. An important element of mate-
rial recycling is the system of separate collection of plas-
tics. The collection of plastics is a great problem through-
out the whole recycling chain. Making the society aware 
of the problem and finding the way to motivate it is enor-
mously important here, as with this method, it is possible to 
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recover materials with relatively small expenditure on the 
material sorting and cleaning. On the other hand, there is 
a rapid development of automatic separation with the use 
of optoseparators, which may increase the obtained purity 
of polymer waste. Materials obtained in this way can be a 
valuable raw material, not much different in properties from 
the original material [67].

Chemical Recycling

Chemical recycling involves treating polymer material with 
water or other chemical compounds under conditions of 
elevated pressure and temperature, which leads to the for-
mation of low molecular weight compounds constituting a 
valuable raw material for the re-obtaining of, among others, 
pure polymers [68].

Types and Factors Affecting the Degradation 
of Polymers

The susceptibility of polymer materials to decomposition 
depends not only on environmental conditions (pH, tempera-
ture, air availability, humidity) and physiological diversity 
of individual groups of microorganisms colonising their 
surface, but also on their chemical structure (molecular 
weight, number and type of bonds, crystallinity) [6, 7, 21, 
23, 26, 51] (Table 2). Literature data indicate that amor-
phous polymers with a linear structure are subject to faster 
degradation, and that crystalline polymers with branched 
structure are decomposed much slower [8, 26]. Heterochain 
and hydrophilic polymers as well as polymers with higher 
flexibility and low molecular weight are also more prone 
to decomposition. The type of functional groups present in 
polymer is also an important criterion. Depending on the 
degree of microbial degradation, it can be arranged as fol-
low: ester > etheric > amide > urethane [2]. The aging of the 
material should also be taken into account, which, although 
very slow, leads to significant structural changes in polymer 
[69]. Pająk et al. [8] distinguished the following types and 
factors affecting the degradation of polymers:

• thermal degradation—caused by elevated temperature,
• photodegradation—caused by solar radiation,
• thermooxidative degradation—caused by air,
• oxidative degradation—caused by molecular oxygen, 

atomic oxygen, and ozone,
• radiation degradation—caused by ionising radiation,
• ultrasonic degradation—caused by ultrasounds,
• hydrolytic degradation—caused by water, acids, and 

bases,
• corrosion degradation—caused by acids, bases, strong 

oxidants, chemical compounds,

• atmospheric degradation—caused by atmospheric condi-
tions,

• mechanical degradation—caused by mechanical forces 
(rolling, stretching, grinding),

• biodegradation—caused by biological factors (microor-
ganisms).

Stages of Polymer Material Decomposition

The decomposition of polymer materials is complex under 
natural conditions and, therefore, it is impossible to indi-
cate one factor or mechanism responsible for this process 
[63]. Usually, the process occurs due to the presence of 
several simultaneous and synergistic factors and runs in 
several stages. The first stages take place outside the bacte-
rial cell and usually involve many physical, chemical, and 
biological factors listed by Pająk et al. [8], which result in 
the change and deterioration of the basic material properties 
(folding, breaking, fragmentation, etc.) [65]. These changes 
are caused by shortening of the polymer chain (depolymer-
isation) and thus the reduction of the polymer molecular 
weight (Fig. 2). In the next stages, the resulting products 
of the polymer decomposition process: oligomers, dimers, 
(water-soluble) monomers, can pass the semipermeable cell 
membrane and be used as a source of carbon (energy) for 
microorganisms [6]. Carbon dioxide and water, being com-
pletely safe for the environment, are the final products of 
mineralisation of intermediate polymer degradation products 
by microorganisms [2].

Although polymer material degradation does not relate 
to the microbiological world exclusively, microorganisms 
are among the most important (bio)degradation factors in 
nature [2]. According to Pathak and Navneet [61] biologi-
cal agents and their methabolic products (enzymes) can be 
used as tools in the polymer degradation. According to these 
authors, bacterial and fungal species are the most abundant 

Fig. 2  Reaction pathways during degradation of polymers
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biological agents found in nature and have distinct degrada-
tion abilities for natural and synthetic polymers. According 
to Kale et al. [40], bacteria and fungi are microorganisms 
that play the greatest role in the biological degradation 
of polymers. The authors stated that the predominance of 
microorganisms over abiotic factors is due to the fact that 
they have genetic and physiological adaptation mechanisms 
enabling degradation of completely new and, sometimes, 
theoretically resistant polymer compositions.

Decomposition of compounds contained in polymer 
materials occurs as a result of metabolic processes, i.e. 
biochemical reactions which are catalysed by enzymes 
produced by microorganisms [65]. As indicated by Mohan 
and Srivastava [23], the presence of polymer induces or 
increases the microbial (especially extracellular) synthesis 
of enzymes. Once they are released into the environment and 
adsorbed on the surface of polymer material, these enzymes 
lead to its enzymatic degradation, mainly as a result of 
hydrolysis. However, it should be noted that in the case of 
polymer materials containing in their structure the addition 
of plant component, including starch, the material decom-
position primarily involves the removal of starch grains by 
microorganisms surrounding the material [7, 8, 23]. The 
limiting factor are the material thickness and the degree of 
starch granules coating. The removal of starch from polymer 
material weakens its cohesiveness, increases its surface-to-
volume ratio and leads to loosening of the polymer material 
structure. In places with decomposed starch, free spaces are 
created, which become active centres for further material 
degradation factors [40]. This theory is confirmed by the 
studies of Pająk et al. [8], who proved that the decomposi-
tion of polyethylene material containing 15% of starch and 
vegetable oil occurs in two stages, and starch and vegetable 
oil are photoinitiators in soil. The authors claimed that starch 
and vegetable oil removed from the polyethylene structure 
are transferred to the soil in close proximity to the material. 
Photoinitiators then come in contact with metal salts present 
in the soil. This, in turn, leads to the formation of peroxides 
that cause degradation of the polyethylene chain.

However, the complete degradation of currently produced 
polymer materials under composting conditions is relatively 
rare or insignificant, which is confirmed by numerous scien-
tific reports [21, 29, 53, 54, 60, 70, 71]. This is caused not 
only by the very complex, diverse, and specific structure 
of polymer materials, but also the time required for their 
complete degradation [2]. Given that composting can last 
several months depending on feedstocks used in the process 
[59, 60, 70], and the polymer material degradation usually 
lasts from a few to several decades [23], the composting 
should be treated as a process supporting degradation of this 
type of materials before their further (natural) use. Similar 
studies were carried out by Dave et al. [72] after introduc-
ing polyethylene films (mixed with compost at 1:1 ratio), 

which contained 25% and 30% addition of starch, into the 
soil. These authors demonstrated that during 48-week incu-
bation, there was a loss in the weight of film with 25% and 
30% additions of starch, by 3.18% and 8.36%, respectively. 
The next stage of the study conducted by Dave et al. [72] 
involved the incubation of polymers separated from soil with 
microorganisms cultures (Bacillus, Streptomyces, and Asper-
gillus) isolated from previously composted materials. The 
application of such an inoculum caused that, after the next 
6 weeks of incubation, the weight loss of polyethylene films 
with 25% and 30% additions of starch was 11.2% and 68.9%, 
respectively. The composting process of plant biomass with 
5% addition of polymer materials with different polyethylene 
content and thermoplastic corn starch was also carried out by 
Mierzwa-Hersztek et al., Mierzwa et al. [62, 70] and Gondek 
et al. [60]. The authors demonstrated that due to microbio-
logical diversity and elevated temperature, the composting 
process creates an active degradation environment for poly-
mer materials. However, composts produced with the addi-
tion of polymer materials with lower polyethylene content 
have better physical, chemical, and biological parameters. 
These authors also carried out 2-year field studies on soils 
with diverse properties, in which they applied composts with 
the addition of polymer materials (unpublished data). They 
showed that the increase in the share of plant biocomponent 
in the polymer material structure promotes its degradation 
in the environment under the influence of biotic and abiotic 
factors. However, the authors mentioned above did not dem-
onstrate a clear effect of composts amended with polymer 
materials on the yield and chemical composition of peren-
nial ryegrass. Unfortunately, the subject literature lacks other 
reports on the application of composted polymer materials in 
agriculture or for soil reclamation purposes. The researchers’ 
concerns are valid taking into account the absence of the 
possibility to determine the time limit for polymer degra-
dation in the soil environment. This is due to the diversity 
of polymers, their chemical and physical properties. The 
adopted 6-month limit for degradation in the composting 
process is, in many cases, only the beginning of the process. 
The fundamental questions are what is the size of oligomers 
that could be introduced into the soil environment, how long 
would it take for complete biodegradation to occur in this 
environment, and whether the various plasticisers used are 
the source of additional pollution.

Conclusions and Future Research

The subject literature shows that previous studies focused 
primarily on the assessment of changes in the properties of 
various types of polymer materials in the composting pro-
cess [14, 64], after introducing into the soil [27, 28] or on 
a simultaneous comparison of the composting process and 
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the effect of the soil environment on the polymer material 
degradation [73]. Also Gauthier et al. [74] and Vargla et al. 
[75] emphasised the fact that the majority of previous tests 
to determine the degree of polymer material degradation 
were carried out under controlled conditions and that the 
information relating to natural conditions is very limited, 
as such tests usually concern the possibility of using poly-
mer materials for agricultural crops under protective covers. 
Gauthier et al. [74] argued that this is caused by the diffi-
culty to determine the impact of individual environmental 
factors (e.g. geographical location, weather conditions, use 
of fertilisers and plant protection products) on the rate of 
polymer material degradation. These authors suggested that 
the variability and severity of different environmental factors 
(e.g. precipitation, wind, frost, solar radiation) and factors 
associated with the intended human activity are not taken 
into account under laboratory conditions. Gauthier et al. [74] 
also emphasised that the soil properties, the transformation 
of organic matter and the trace element in particular, have a 
significant effect on the degree of polymer material degrada-
tion. The latest literature shows that there are already studies 
on the use of biodegradable mulches in agricultural produc-
tion systems [62, 76]. Bandopadhyay et al. [76] indicated 
that mulches obtained from polyethylene must be removed 
from the soil, while biodegradable mulches may remain in it. 
However, there are many doubts and uncertainties about the 
effect of this type of materials on soil ecosystem, especially 
in the long term. According to Bandopadhyay et al. [76] 
biodegradable mulches potentially influence soil microbial 
communities in two ways: first, as a surface barrier prior to 
soil incorporation, indirectly affecting soil microclimate and 
atmosphere (similar to PE films) and second, after soil incor-
poration, as a direct input of physical fragments, which add 
carbon, microorganisms, additives, and adherent chemicals.

The facts presented above prove that knowledge of the 
conditions determining the decomposition of polymer 
materials and their impact on the natural environment is 
still insufficient. The recent literature reports reveal many 
contradictory theories, especially those that relate to the deg-
radation of polymer materials in the soil environment. One 
should also note that the vast majority of studies do not take 
into account the vegetation effect on the decomposition of 
polymer materials in soil. For this reason, there is a real need 
for a comprehensive assessment of the effect of polymers 
with modified primary structure on the composting process 
as well as the effect of the application of compost with the 
addition of polymer material under natural conditions. The 
authors are aware of the hazards to humans caused by micro- 
and nanoparticles, and thus products of incomplete degrada-
tion. However, one should remember that artificial polymers 
will be introduced into the agricultural environment con-
sciously, as in the case of compost from municipal waste 
or coated seeds. It is important, despite the current lack of 

permission to introduce polymers into the environment, to 
learn about the time and cycle of degradation products in 
the environment.
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