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The aim of the study was to present the role of polymeric
materials in various industries. The article discusses the
statistics related to the global production of plastics in the
years 1950-2015. The paper presents the properties and
application of polymer materials, and also made the char-
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of the biodegradation process. The work has also raised
issues associated with the development of ever-larger
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Overview

This study is aimed to present the role of polymers
in various economic sectors. The article describes statis-
tics related to international production of plastics in the
years 1950-2015. It provides properties and applications
of polymer materials and characteristics of polymer
degradation processes with details paid to processes
generated by chemical, physical and biological factors.
Special consideration was paid to the characteristics
of the biodegradation process. The study also address-
es issues related to the development of the increasing
amounts of polymer waste.

Introduction

Polymer-based plastics are commonly available as
materials used for making day-to-day items and spe-
cialized products such as prosthesis. They are often used
to replace conventional materials such as wood, glass or
paper. Every year, increasing amounts of polymer mate-
rials are manufactured. Polymer production in Poland
amounts to approximately 2.1 million tons of polymers
per annum (Endo et al., 2008) with global annual pro-
duction reaching 300 million tons (Cordier et al., 2008).
Synthetic polymers are widespread due to their ideal
mechanical, chemical and physical properties. In addi-
tion, these properties greatly improve these materials’
resistance to natural decomposition and microbial ac-
tivity being the main cause of biodegradation and dis-
posal of these materials (Saruchi et al. 2016).

Aim of the study

This study is aimed to review the literature concern-
ing the issues related to polymer material biodegrada-
tion. It addresses statistical data related to the world-

wide manufacture of plastics and presents properties
and applications of polymer materials. It discusses the
polymer degradation process with special attention
paid to biodegradation.

Review methods

This study provides a review of Polish and English
literature devoted to production and biodegradation
processes involving polymer materials up to the year
2016. The literature was searched for in the PubMed as
well as in Elsevier and Springer databases with the use
of the following keywords: polymers, biodegradation,
degradation, polymerization.

Review results

Worldwide production of plastics

Polymers are macromolecular organic compounds
resulting from polymerization, i.e. bonding of single
molecules (mers) into larger sections (polymers). They
comprise the basic component for the production of
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Fig. 1. Plastics production volume in Europe and around
the world in the years 1950-2010

Source: Plastics Manufacturers in Europe Report, 2010.
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plastics (materials made of modified polymers, either
natural or synthetic, and modifying additives, e.g. dyes).

In the recent years, a continuous growth in the pro-
duction of plastics has been observed in Europe and
around the world (Fig. 1). Between 1990-2000, the glob-
al production volume of plastics grew by approx. 100
million tons and further growth is being observed from
year to year (Fig. 2). In 2010, 24% of plastics were pro-
duced in China thus, making this country the world’s
leading manufacturer of plastic. Due to a growing level
of significance of polymer materials, their production
grows on a year-to-year basis (Plastics Manufacturers in
Europe Report, 2010).

In 2014, there was a 5% growth (as compared to
2009) in the production of plastics in China making it
still the largest global manufacturer of plastic materials.
The percentage of Asian countries in global production
of plastics in 2014 was 42% and 20% for the European
countries (Plastics Manufacturers in Europe Report,
2015).

Properties and applications of polymer materials

There is an increasing use of polymer materials due
to their properties such as low weight, easy processing,
durability, mechanical resistance, chemical resistance
and low production costs. They have been applied in
various industry sectors. In addition, they are also used
as composite components to improve their physical and
mechanical properties. This combination allows the
user to obtain materials featuring low weight, biodegra-
dability, high durability and stiffness, corrosion resist-
ance and low friction coefficients. The polymer materi-
als have been applied in numerous industry branches
such as construction and electronic industry, medicine,
transport, and home appliance manufacture.

Fig. 2. Global plastics production growth over the years (in millions of tons per annum)

Source: own elaboration on the basis of Plastics Manufacturers in Europe Report, 2015.
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Fig. 3. Percentage of global production of plastics in 2014; NAFTA (North American Free Trade Agreement

Source: own elaboration on the basis of Plastics Manufacturers of Europe Report, 2015.
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Fig. 4. Plastic material
applications worldwide in 2015

Source: own elaboration on the
basis of Plastics Manufacturers in
Europe Report, 2015.

Just like in the previous years, in 2015, the largest
amount of plastics was used to make various types of
packaging (approx. 39.5%). 22.7% of plastics are used in
the manufacture of home appliances, furniture, sport
and medical articles. Furthermore, polymers are used
in construction and automotive industries as well as
electronics and agriculture (Plastics Manufacturers in
Europe Report, 2015).

The most popular synthetic polymers include
polyethylene (PE), poly(vinyl chloride) (PVC) or
poly(ethylene terephthalate) (PET). The polyethylene
created as a result of polymerization is commonly used
to make plastic bags, bottles, packaging and foil (Shah
et al,, 2008). It also features extreme resistance to deg-
radation. An estimated environmental decomposition
time for polyethylene is approx. 300 years (Kyrikou et
al., 2008) making it an enormously burdensome mate-
rial for the environment. It generates disposal-related
problems. The poly(vinyl chloride) is created as a result
of vinyl chloride polymerization process. It is com-
monly used in the production of leads, cables, carpets,
catheters and syringes. The poly(ethylene terephthalate)
is a synthetic polyester applied in the manufacture of
fast-drying fibers, photographic films, clothing, bot-
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tles and packaging of various types. The environmental
degradation time for poly(ethylene terephthalate) rang-
es from 16 to 48 years (Shah et al., 2008).

Degradation of polymers

Depolymerization and degradation are polymer
chain-destroying processes leading to polymer molec-
ular mass limitations (Porejko and Zakrzewski, 1974;
Rojek, 2011). The depolymerization causes polymers to
be converted into monomers, thus making it a reaction
opposite to polymerization. This process is used, inter
alia, in plastic recycling processes as it allows the user
to recover the monomers that can be reused for synthe-
sis. An example of thermal depolymerization applied
in recycling processes is decomposition of poly(methyl
methacrylate) (the so-called Plexiglas). The monomer
obtained as a result of this reaction comprises a sub-
strate for re-polymerization (Zwir and Spychaj, 2007).
Polymers can also decompose into low-molecular com-
pounds other than monomers. For example, polyolefins
exposed to UV and VIS radiation decompose while
creating macroradicals and hydrogen. Then, under the
influence of atmospheric oxygen, an oxidization pro-
cess occurs that creates polar groups. Consequently, the

polymer becomes brittle, it cracks while changing its
color and losing its mechanical properties. The polymer
decomposition processes may be caused by both physi-
cal factors (temperature, light) and chemical factors
(acids, alkalis). Quite frequently, plastic exploitation
processes involve polymer degradation processes that
cause polymers to be disintegrated into fragments of
large masses (but of smaller molecular masses as com-
pared to those of the original polymer). The degradation
may occur under the influence of physical factors (ion-
izing radiations, ultrasounds, sunlight, high tempera-
tures), biological factors (enzymes, bacteria, fungus)
and chemical factors (air, etc.). The following are found
to be the most important effects of polymer degradation
process:

o Separation of atoms and functional groups from
polymer chain leading to changes in chemical
structure of a single structural unit;

« Random ruptures within main carbon chain;

o Creation of bonds between structural units be-
longing to various polymer chains (cross-linking
process);

« Introduction of lateral substituents into the main
polymer chain (Florjanczyk and Penczek, 2002;
Stevens 1983; Czaja 2005).

Types of polymer degradation

The type of the factor causing multi-molecular com-
pounds to decompose provides the most frequent basis
for the classification of polymer degradation processes
(Kaczmarek and Rabek, 1997; Mucha 2002; Zinowicz et
al., 2003,). The following types of polymer degradation
are distinguished:

Degradations occurring under the influence of
physical factors:

o Mechanical degradation refers to macroscopic
effects that occur in polymers due to fragmenta-
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tion, grinding, freezing, melting, etc. The shearing
forces generate tensions capable of overcoming the
energy of valence bonds between polymer chain
carbon atoms. This results in structural changes of
the material that are either local or can include the
entire surface (Booth, 1963).

o Thermal degradation occurs when a polymer
changes its properties under the influence of high-
er temperature. These changes may be of revers-
ible and irreversible nature. The reversible changes
include phase transformations, supermolecular-
structure disaggregation and transformation of
polymer into viscous liquid state. As regards the
irreversible changes, they refer to above flow-tem-
perature processes which are often accompanied
by the process of freeing low-molecular volatile
compounds such as carbon dioxide, alkanes, al-
kenes, amines and water (Villetti et al., 2002; Ma-
dorsky and Straus, 1959). Quite frequently, plastics
contain additional components (e.g. dyes, fillers,
stabilizers) that may react with polymers in higher
temperatures thus, causing thermal and chemi-
cal degradation.

« Photochemical degradation occurs under the
influence of light. The light-absorbing chromo-
phoric groups in the polymer chain must be pres-
ent for this reaction to occur. The products made of
such polymers are at risk of being exposed to sun-
light or may get damaged as a result of this type of
degradation (Kumari et al., 2001).

« Degradation by radiation occurs under the in-
fluence of X-rays and gamma radiation. It leads to
structural changes in polymers, mainly to cross-
linking, generating volatile products and cycliza-
tion. Degradation triggered by high-power radiation
occurs more rapidly as compared to degradations
imposed by other factors (Zenkiewicz, 2005).

Degradations occurring under the influence of
chemical factors:

o Atmospheric degradation occurs in line with
photo oxidation and thermal oxidation. The photo
oxidation is the result of UV radiation in the pres-
ence of oxygen and occurs mainly on polymer
surface. The thermal oxidation takes place in in-
creased temperatures. The process may occur in
the entire volume of the material. The atmospheric
degradation leads to changes in chemical compo-
sition of polymers and molecular masses and it
also can lead to cracks and gouges on the surface
(Guarrotxena and Millan, 1999).

o Chemical degradation is initiated by chemical
compounds of low molecular masses and leads to
destruction of polymer materials.

Degradations occurring under the influence of bio-
logical factors:

« Biological degradation refers to environmen-
tal decomposition of polymer materials following
a specific period of time due to the activity of en-
zymes discharged by microorganisms under the
conditions that are favorable for their growth.
This consequently leads to shorter polymer cha-
ins, changes in physical and chemical properties
as well as mechanical properties of polymers (Gra-
bowska, 2010).

Generally, a polymer degradation triggered by phys-
ical factors is often referred to as a polymer ageing pro-
cess whereas in case of chemical factor-triggered degra-
dations, it is called a polymer corrosion (Rabek, 1977).

Biodegradation

Biodegradation (gr. bios - life, lat. degradatio - re-
duction) is a specific property of some of polymer ma-
terials and it refers to decomposition of materials under
the influence of biotic factors. Microorganisms treat

polymers as potential sources of organic compounds
(sugars, amino acids, etc.) that can be transformed into
life-sustainable energy. Biodegradation is not a process
limited merely to the world of microorganisms. Micro-
organisms are always present in a material biodegrada-
tion process while part of the whole mechanism may be
of an abiotic character (Shah et al., 2013; Scharnweber,
2016). On the most frequent basis, polymers degrade in
a two-step way by going through initial and final deg-
radation phases (Fig. 5). The first phase includes mac-
roscopic changes such as discolorations, increased brit-
tleness and decreased physical properties of polymer
materials. These modifications occur due to the impact
of sunlight, oxygen, water, temperature, tensions and
microorganisms. The primary carbon-carbon bonds in
the polymer chain are ruptured thus, creating shorter
chains. This leads to a decreased molecular mass which
is the result of hydrolysis in the water environment with
or without the participation of enzymes under the abi-
otic conditions. The reduced number of branches and
molecular mass of the compound causes it to become
more available for microorganisms carrying out a prop-
er biodegradation process. In the second phase, the cre-
ated polymer fragments are mineralized into carbon
dioxide, water and biomass (oxidative conditions) or
methane, carbon dioxide and biomass (non-oxidative
conditions). Standard organic compounds degraded by
microorganisms must first reach the inside of the cell ei-
ther through passive diffusion or specific transport sys-
tems. However, in case of large-size polymer substrates,
the biodegradation process is initiated by extracellular
enzymes which trigger an initial decomposition of the
compound (Lucas et al., 2008; Eubeler et al., 2009; Kr-
zan et al., 2006; Briassoulis, 2006).

A lot of factors, such as polymer type (molecular
mass, crystal and amorphous phase, specific surface de-
velopment degree, porosity level), microorganism type,
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discharged enzyme type and variable conditions during
current reactions (pH, temperature, humidity), impact
the biodegradation process. This process is facilitated
by soils abounding in humus that comprise an envi-
ronment suitable for the development of microorgan-
isms (Kolwzan et al,, 2005). It is assumed that during
biodegradation two types of reaction occur - hydroly-
sis and oxidization. These reactions may occur either
in a simultaneous or consecutive way. Biodegradation
processes tend to be time consuming and changes to
mechanical properties, loss of mass and a decrease in
degradation levels occur gradually (Leja and Lewando-
wicz, 2010; Webb et al., 2013).
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Fig. 5. Polymer degradation process.

Aside from plastics utilization, the biodegradation
process is also applied in sewage treatment plants as
part of fermentation-based purification processes car-
ried out in biological ponds. Biodegradation is also used
for bioremediation (removal of impurities from sub-
soil waters and soils with the help of microorganisms)
or purification of soils contaminated with petroleum
products (Kumar et al., 2011).

Oxo-biodegradation

Oxo-biodegradation of plastics consists in decom-
posing plastic into smaller fragments which are then
subjected to further biodegradation. The process is ac-
celerated by external factors such as a prodegradant
(catalyst) (Rodrigues da Luz et al, 2014). The pro-
degradants are usually salts (stearates, dithiocarba-
mates) of transition metals capable of changing the oxi-
dization level (Fe, Co, Mn, and others) (Paukszta, 2015).
Another stage is the mineralization process with the
participation of microorganisms. The physical factors
that activate the decomposition process include solar
radiation (UV), temperature, pressure and mechanical
damages. The oxo-biodegradable materials degrade in
both open and closed systems and do not require the
presence of water. Their decomposition time is shorter
than for standard plastics and may also be adjusted to
user’s needs by the manufacturer. The oxo-biodegrad-
able plastics may also be manufactured from recovered
raw materials (Gibas and Rymarz, 2009; Portillo et al.,
2016). The oxo-biodegradation of plastics in natural en-
vironment occurs under the influence of oxygen and is
accelerated by solar radiation. Fragments of plastic are
absorbed by the microorganisms which transform it
into carbon dioxide, water and biomass.

Biodegradation vs environment

An ability to succumb to biodegradation processes
is currently a desirable property of plastic products. It
eliminates the long-term waste storage requirement.
The advantage of biodegradable products is that they
decompose quickly into very small fragments. However,
nano- and picoplastic resulting from this process may
be swallowed by live organisms or penetrate through
cell membranes and directly damage the inner organs
of the organisms. On the other hand, traditional plastics
are not biodegradable and remain in the environment
as a growing ecological threat (dangerous plastic com-
ponents may penetrate all trophic levels). Another ad-
vantage of biodegradable plastic packaging is the option
to collect such products together with organic waste
and then to utilize them by composting in industrial
installations to prevent costly recovery. Organic waste
composting processes are based on natural biochemical
processes and are relatively safe in environmental terms
(Stachurek, 2012; Gross and Kalra, 2002; Kucharczak et
al., 2010).

Conclusions

Growing market demand for polymer plastics stim-
ulates increased production of these products and along
with it comes the creation of enormous amounts of
waste (25.8 million tons in 2014 in EU states). Plastics
feature a very extensive decomposition time causing
great difficulties related to their utilization. However,
these materials are pretty comfortable to use and for
this reason new plastic degradation methods are still
being searched for. Expanding our knowledge in this
area is still of great significance as degradation methods
applied nowadays are still far from being perfect.
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