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1. Introduction

Production of polymers has always been coupled with the
challenge of their further utilization after use. A slower devel-
opment within the field of recycling creates a serious problem:
tens of millions of tons of used polymeric materials are being
discarded every year. It leads to ecological and consequently
social problems. Waste deposition in landfills becomes increas-
ingly unattractive because of its low sustainability, increasing
cost, and decreasing available space.[1] Dumping from ships at
sea has already been prohibited in 1990.[2] Moreover, unsus-
tainable methods lead to the exclusion of significant amounts
of materials from the economic cycle. Thus, recycling can not
only solve the first two problems, but can also be economically
very beneficial as the market price of waste plastics as starting
materials is at present particularly low.

At present, the added value created by recycling is also
rather low; as a result, large amounts of used plastics and syn-
thetic textiles can be only partially returned to the economic
cycle. Moreover, recycling of polymers, in contrast to metals
and ceramics, is largely impossible today without at least some
downgrading of properties. On the other hand, it does not
imply that nothing could improve the quality of products
made from recycled polymers up to a desired level.

In the future, voluminous streams of used polymers can
become an important source of raw material for production of
plastics and textile applications, monomers for the synthesis of
other polymers, and also fuel and energy.

Waste streams can be divided in end of waste (EOW), end of
live (EOL), and post-consumer (PC) streams. EOW streams are

generated during production and recycling within technologi-
cal processes. Such pre-consumer waste can be valorized
through the development of energy- and material-saving
methods. EOL—and PC—waste streams consist of products
that are at the end of their useful lifetime. Typical examples of
such waste constituents are short-life packaging materials
(bags, bottles, etc.), used goods (computers, cell phones, furni-
ture, cars, etc.), demolition materials from buildings (insulation,
flooring, pipes, etc.), and disposables. Valorization of these
streams can be optimized through the application of methods
that allows producers to recognize their products in waste
mass (e.g. , use of tracers), more efficient sorting and purifica-
tion of different materials, and identifying sustainable solutions
for streams of undesired components. The latter problem can
be solved, for example, by extraction of such components
from waste or encapsulation of undesirable components in
products made from recycled materials. Therefore, efficient re-
cycling should provide new opportunities for reintegration of
discarded materials into the economic cycle, increase of the
added value of products from recycled materials, creating a sus-
tainable solution of the polymer waste problem, and decrease
of the dependence on businesses utilizing oil to obtain raw
materials and energy. The most common recycling methods
are mechanical and chemical recycling and combustion. Their
positions in a lifecycle of a product and its fabrication are dem-
onstrated in Scheme 1, and their relevant properties are sum-
marized in Table 1.

Sustainability should, of course, not be limited to separate
optimization of recycling and recovery of materials and energy.
Maximal reduction of usage of nonrenewable materials and
energy in products and processes as well as durable optimiza-
tion of consumption of energy sources and fuel remain impor-
tant challenges for our society. These two principles of sustain-
able development are very general and relevant, in particular,
for recycling and material isolation from waste recovery pro-
cesses. Recycling technologies that consume no or small
amounts of energy and do not create secondary environmen-
tal issues are regarded as sustainable recycling technologies.

The purpose of this Review is to provide a snapshot of the
state of art, relevant social developments and market evolu-
tions, and research and development activities in the field of
recycling. Our study is aimed mostly, but not exclusively, at re-
cycling of discarded polymers that are available in large
amounts or can be particularly efficiently reused and reinte-

Plastics are inexpensive, easy to mold, and lightweight. These
and many other advantages make them very promising candi-
dates for commercial applications. In many areas, they have
substantially suppressed traditional materials. However, the
problem of recycling still is a major challenge. There are both
technological and economic issues that restrain the progress
in this field. Herein, a state-of-art overview of recycling is pro-
vided together with an outlook for the future by using popular
polymers such as polyolefins, poly(vinyl chloride), polyur-
ethane, and poly(ethylene terephthalate) as examples. Differ-

ent types of recycling, primary, secondary, tertiary, quaternary,
and biological recycling, are discussed together with related
issues, such as compatibilization and cross-linking. There are
various projects in the European Union on research and appli-
cation of these recycling approaches; selected examples are
provided in this article. Their progress is mirrored by granted
patents, most of which have a very limited scope and narrowly
cover certain technologies. Global introduction of waste utiliza-
tion techniques to the polymer market is currently not fully de-
veloped, but has an enormous potential.

[a] B. Vander Beke
Centexbel-Gent
Technologiepark 7, 9052 Zwijnaarde (Belgium)
Phone : (+ 32) 9-243-82-17
E-mail : bob.vanderbeke@centexbel.be

[b] Dr. I. A. Ignatyev
KU Leuven
Campus Kortrijk
Etienne Sabbelaan 53, 8500 Kortrijk (Belgium)

[c] Prof. Dr. W. Thielemans
Renewable Materials and Nanotechnology Research Group
Science and Technology
KU Leuven
Campus Kortrijk
Etienne Sabbelaan 53, 8500 Kortrijk (Belgium)

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemSusChem 2014, 7, 1579 – 1593 1580

CHEMSUSCHEM
REVIEWS www.chemsuschem.org

www.chemsuschem.org


grated into industrial processes. Therefore, recycling technolo-
gies are illustrated through examples of processing of the
polyolefins (PO) polypropylene (PP) and polyethylene (PE),
polyurethane (PU), hard and soft poly(vinyl chloride) (PVC), and
poly(ethylene terephthalate) (PET).

2. Recycling Methods and Supporting Technol-
ogies

2.1. Primary mechanical recycling

Primary mechanical recycling is the direct reuse of uncontami-
nated discarded polymer into a new product without loss of
properties. In most cases, primary mechanical recycling is con-
ducted by the manufacturer itself for post-industrial waste.[3]

Therefore, this process is often termed closed-loop recycling.
In principle, post-consumer waste can be also subjected to pri-
mary recycling; however, in this case, a number of additional
complications may arise, such as necessity of selective collec-
tion[3] and rough (manual) sorting.[4] Such issues may signifi-
cantly increase the costs of recyclates.[3] Thus, in general, this
method is unpopular among recyclers.

Before reintegration of a used material into a new product,
it normally requires grinding, that is, shredding, crushing, or
milling. These processes make the material more homogene-
ous and easier to blend with additives and other polymers for
further processing. Broken-down material can also be integrat-
ed in a more controllable way into a common production pro-
cess. Moreover, it becomes easier to purify. An additional
cleaning step could be useful or even necessary to avoid prob-
lems that might otherwise occur with the final products.[5]

A recyclate can be given a new shape after melting. The
best-known methods of this type of processing of mechanical
recyclates are injection molding, extrusion, rotational molding,
and heat pressing.[3, 5, 6] Therefore, only thermoplastic polymers,
such as PP, PE, PET, and PVC, can normally be mechanically re-
cycled.

Closed-loop recycling can be efficiently realized as following:

· discarded materials are integrated quickly back into the pro-
duction cycle

· impurities can be removed directly or easily, do not play
any role in the end product or in the layer of recycled mate-
rial in the end product

· the polymer is stable enough to again perform high-tem-
perature processes

· recycled materials are processed in (almost) the same way
as virgin materials.

An interesting case of closed-loop recycling has been recent-
ly demonstrated at the University of Leuven (KU Leuven).[7]

Back covers of flat-screen TV sets that consisted of blends of
polycarbonate with acrylonitrile butadiene styrene with phos-
phor-based flame retardants were converted into new back
covers and testing bars by means of primary recycling. The au-
thors further demonstrated the economic feasibility of the re-
cycling process.

2.2. Secondary mechanical recycling

Exact content and purity grade of EOL- and PC-steams are fre-
quently not known; therefore, they are processed through sec-
ondary mechanical recycling, which involves separation/purifi-
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cation in contrast to primary recycling. As well as in the case
of primary recycling normally only thermoplastic polymers can
be reprocessed.

The polymer is not changed during the secondary recycling,
but its molecular weight falls owing to chain scissions, which
occur in the presence of water and trace amounts of acids.
This may result in the reduction of mechanical properties. This
phenomenon can at least be partially counteracted by inten-
sive drying, application of vacuum degassing, and use of vari-
ous stabilizing additives.[8]

Another reason for the drop in mechanical properties after
recycling is the contamination of the main polymer (matrix)
with other polymers. Most of the polymers are not compatible
with each other (i.e. , their blends have mechanical properties
that are inferior to those of the pure constituents).[9] Examples
are PET impurities in PVC, in which solid PET lumps form in the
PVC-phase. This leads to significantly downgraded properties[10]

and consequently less-valuabale end products.
Efficient separation of different materials before integration

into a new product is a solution. Fourier-transform and near-in-
frared spectroscopy are frequently used to determine the poly-
mer type, whereas an optical color recognition camera is a pop-
ular tool to separate clear and colored materials from each

other.[10] X-ray detection is used
to identify and subsequently iso-
late PVC[11] to avoid the unde-
sired formation of HCl during re-
processing at elevated tempera-
tures.

A new detection method for
electrical and electronic equip-
ment waste and car scrap is
laser sorting. It is also capable of
separating different plastic types
from each other,[10] whereas an-
other upcoming technology is
electrostatic detection.[12]

As well as in the case of pri-
mary recycling, waste is ground
without prior purification, op-
tionally cleaned after grinding,
and integrated into the end
product, mostly through melt-
ing.

Important factors of secondary
recycling are:[3, 5, 10, 12]

· availability of waste materials for recycling (logistics, vol-
umes), costs of (selective) collection, storage, and transpor-
tation

· form or shape (blades, fibers…)
· composition (mono or complex, difference between melting

points of components)
· purity grade (presence of certain admixtures can have nega-

tive effects on recycling or even make it impossible)
· price difference between virgin and recycled materials (sec-

ondary recycling of even small amounts of expensive tech-
nical polymers can be very attractive from a financial point
of view)

· presence of desired and undesired additives (the odor and
the color of recyclate frequently determines possibilities of
integration of recyclate into end products; purification, deo-
dorizing, and decolorizing are reasonable as long as the
prize of the end product is significantly higher than that of
the starting materials)

· availability and costs of techniques and processes (detec-
tion, separation, purification, compounding)

· ecological aspects (generation of dust, noise pollution by
grinding, energy consumption, toxicity of applied solvents).

Scheme 1. Most common polymer recycling methods and their position in a lifecycle of an application.

Table 1. Most common polymer recycling methods.

Input Option Process Output

EOW/EOL/PC preparation for recycling collection and preparation input for recycling, recovery of material and energy
EOW material recovery primary mechanical recycling recyclate or (semi) ready product
EOL/PC material recovery secondary mechanical recycling recyclate or (semi) ready product
EOW/EOL/PC material recovery tertiary or feedstock recycling chemicals (mono- and oligomers, other substances/

reaction mixtures in form of gas, liquid, or solid)
EOW/EOL/PC energy recovery direct or controlled combustion (quaternary recycling) heat, steam, or electricity
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Automotive shredder residue from shredded car compo-
nents is a typical material for secondary recycling. The resulting
products can be further used in the form of composites for
new car components.[13] Secondary recycling is also widely
used for recycling of post-consumer PU foam, for which the
foam is first crushed into flakes and then given a new form by
remolding. However, the quality of the end product is often
not satisfactory as a result of polymer degradation.[14] To tackle
this issue, Papaspyrides et al.[15] used commercially available
stabilizing additives (e.g. , Recyclossorb 550) to conserve the
chain length in closed-loop recycling of post-consumer
streams of polypropylene (PP) and high-density polyethylene
(HDPE). These additives contain antioxidants and various other
stabilizing components. Particularly encouraging results were
achieved in the reuse of HDPE bottle crates.[15b]

A special form of mechanical recycling is the so-called disso-
lution/reprecipitation method: a mixture of polymers is dis-
solved in a suitable organic solvent, which is followed by a se-
lective precipitation of one or some of the components by ad-
dition of a nonsolvent.[16] Achilias and co-workers have demon-
strated the effectiveness of this approach for blends of low-
density polyethylene (LDPE), HDPE, PP, polystyrene (PS), PVC,
and PET on a lab scale. They used xylene, toluene, dichlorome-
thane, and benzyl alcohol as solvents and n-hexane and meth-
anol as nonsolvents.[16a]

The VINYLOOP process envisages such a method for proc-
essing PVC containing additives. It can be applied in the reuse
of electric cables, truck awnings, and other materials with PVC
coatings.[17] Currently, Ferrari operates an industrial installation
for the processing of PVC-coated textiles. A life-cycle assess-
ment of PVC coatings has been performed in cooperation with
Solvay, demonstrating the advantages of the VINYLOOP pro-
cess.[18]

When secondary recycling becomes too expensive or com-
plicated, waste is converted into fuel or incinerated directly.

2.2.3. Compatibilization

The above-mentioned technologies require the use of pure
polymers or envisage preliminary separation or purification of
waste. However, mechanical recycling can be improved by so-
called compatibilization, which allows skipping separation.[19]

The compatibilization methodology has been mentioned in
various publications since the occurrence in the 1950–60s: dif-
ferent polymers are mixed together, and a suitable third com-
ponent, the so-called compatibilizer, is added.[20] Thus, mechan-
ical properties of the final polymer–polymer composite can be
improved significantly. The compatibilizer tends to be a co-
polymer containing a compatible molecular fragment for each
blend component. Therefore, compatibilization is based on
physicochemical interactions of waste polymers with this
hybrid material. The presence of compatibilizers results in
a finer dispersion of the contaminating polymer in the matrix.
A graphic explanation of this process is presented in Figure 1.

For many polymer couples, suitable compatibilizers can be
found in the patent literature. Most of the patents also men-
tion the names of commercial compatibilizers. A good example

is the compatibilizer ethylene–propylene diene rubber (EPDM)
for PP and PE, typical materials for bottles.[21] It is available, for
example, as Keltan 5170P from Lanxess. Another commercially
obtainable compatibilizer is Kraton FG1901X from Kraton Per-
formance Polymers Inc. , which is maleated styrene–ethylene–
butylene–styrene. This additive is suitable for thcompatibiliza-
tion of PET with PP.[21b]

There are also solutions for rare combinations such as
poly(1,1-difluoroethylene) (PVDF) and PVC: an ethylene terpol-
ymer Elaloy HP 661 from Dupont.[22] Another field is compatibi-
lization of non-thermoplastic materials (cork, paper) and
rubber with plastics. One patent, for example, provides a solu-
tion for rubber combinations with polyolefins,[23] whereas an-
other provides one for cork with various plastics.[24]

There are reports as well on the use of radiation-oxidized
polymers as compatibilizers. For example, compatibilization of
PE and polyamide 6 (PA-6) in the presence of modified poly-
ethylene has been demonstrated by different research
groups.[25]

Figure 1. Compatibilization of polymer A and polymer B by a hybrid
material.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemSusChem 2014, 7, 1579 – 1593 1583

CHEMSUSCHEM
REVIEWS www.chemsuschem.org

www.chemsuschem.org


2.3. Tertiary or feedstock recy-
cling

Feedstock or tertiary recycling is
a type of polymer recycling in
which the polymer chains are
converted to smaller molecules
through chemical processes. Ex-
amples of such processes are hy-
drolysis, pyrolysis, hydrocracking,
and gasification.[3, 12, 26] Typical
conversion products are liquids
and gasses, which can be used
as feedstock for the production
of fuels, new polymers, and
other chemicals. Industrial imple-
mentation of this technology re-
quires subsidies because of the low prices of feedstock materi-
als compared with plant and processing costs incurred by de-
polymerizing the plastics.[27]

Polymers formed through polycondensation reactions
(Figure 2), such as polylactic acid (PLA), PET, and PU, can be ef-
ficiently depolymerized through catalytic reactions; thus, the
obtained monomers can be reused to synthesize the original
polymers.[28]

Achilias et al. achieved an efficient depolymerization of
PET[29] and a polycarbonate[30] made from bisphenol A (PC/BPA)
into their monomers and oligomers under microwave irradia-
tion. One of the catalysts proven to be efficient for solvolysis
of both plastics is aqueous
NaOH.[29c, 30]

An important feature of PU
hydrolysis is that it can produce
both polyols and amines
(Figure 3). Polyols can also be
used as fuel, whereas both can
be reused as starting materials
for the synthesis of new PU.
However, hydrolysis of PU is un-
economical, mainly because of
the high energy consumption:
the temperature during the pro-
cess has to be above 280 8C.

A more practical approach is
glycolysis of PU, that is, reaction
with diols at a temperature

above 200 8C (Figure 4). The main goal of this process is the re-
covery of polyols used for PU synthesis.

Another frequently used polymer, which can be depolymer-
ized using this method, is PC/BPA. Liu and co-workers[31] ach-
ieved over 95 % depolymerization of the polymer into its mo-
nomer bisphenol A in the presence of the ionic liquid 1-butyl-
3-methylimidazolium acetate as catalyst.

Other polymers such as PE or PP can generally not be depo-
lymerized to their monomers following the above-discussed
method. They can, however, be degraded through a free radi-
cal mechanism at high temperatures, but this does not result
in the formation of monomers as a major product in most
cases but rather very diverse products owing to random break-
down of the C�C bonds. [8] As a result, heterogeneous mixtures
of gasses, liquids, and tar are produced, which can be further
utilized in petrochemical and chemical industries or used as
combustible gas.[32] In the presence of catalysts, their degrada-
tion goes through a carbenium-ion intermediate, and it is pos-
sible to control the major product types through selection of
the catalyst.[33] For example, pyrolysis of PE results in the selec-
tive formation of aromatic products in the presence of the zeo-
lite H-ZSM5 and aliphatic compounds in the presence of the
montmorillonite K10.[34]

Figure 2. An example of polycondensation.

Figure 3. Hydrolysis of PU.

Figure 4. Glycolysis of PU.
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The essential part of a polymer cracking process is pyrolysis
in a fluidized bed reactor. It leads to formation of a fluid frac-
tion (wax), which is chlorine and heavy metal free. This fraction
is then transferred to thermocatalytic and catalytic crackers of
a refinery for further reprocessing.

Preparation for cracking includes grinding, removal of
metals, and other coarse components. Then, the plastic waste
is fed into a fluidized bed pyrolysis reactor at a temperature of
500 8C for cracking. Dust is removed from the gas phase by
a cyclone. Subsequently, HCl, which is generated by pyrolysis
of chlorine-containing polymers such as PVC, is quenched over
a CaO bed. The gas phase is cooled to isolate its condensable
part. The condensate (wax) is further processed in a refinery.
The non-condensable fraction (C1–C4) is pressurized, heated,
and transported into the reactor as fluidization material. The
excess is used for heat generation.[28]

Certain environmental impacts (e.g. , emission of dioxins)[35]

and intensive energy consumption[36] explain why feedstock re-
cycling is mostly limited to small-scale pilot projects or big in-
dustrial-scale projects under very strict conditions.

Gasoline-, diesel-, and kerosene-range chemicals were pro-
duced by Panda and Singh from waste PP through pyrolysis in
the presence of kaolin clay as the catalyst in a batch reactor.[37]

The maximum oil yield was 87.5 %.
An interesting alternative example of pyrolytic recycling is

plasma torching: diverse plastic waste is degraded by plasma
in an oxygen-starved chamber into an harmless slag, which
can be used in the construction industry, and valuable syngas.
This method has already been applied on large scale in
Japan.[38]

Another interesting method to enhance pyrolysis is to con-
duct it in the presence of a suitable solvent. This way, it is, for
example, possible to increase selectivity towards desired prod-
ucts.[39] For example, Vicente et al.[40] have performed thermal
cracking of HDPE at 400 8C in the presence of phenol, which
promotes this reaction by supporting random scissions and
chain reactions. The main products of this process are olefins,
which are very valuable for the petrochemical business.

Zhuo and Levendis performed a survey of another promising
form of the pyrolytic feedstock recycling: the synthesis of
nanotubes from polymer waste.[41] According to this technolo-
gy, a discarded plastic (e.g. , PE, PP, PS, and many others) can
be pyrolyzed in the presence of an appropriate catalyst, for ex-
ample, nickel[42] or other transition metals, resulting in the for-
mation of carbon nanotubes at suitable conditions. A one-pot
synthesis is possible.[41] These nanotubes have a tremendous
application potential in such fields as electronics,[43] compo-
sites,[44] and biotechnology[45] and form a very interesting possi-
bility to upgrade plastic waste material.

2.4. Biological degradation

Certain polymers can be degraded in the presence of air and
water[46] into smaller molecules by bacteria,[47] fungi,[48] and
some other microorganisms that biosynthesize relevant en-
zymes.[49] This form of degradation is considered by some re-
searchers[10, 41, 50] as a form of recycling (an improved form of

the above-discussed tertiary recycling[10]) as it also clearly pre-
serves the intrinsic value of waste materials and returns them
into the biological cycle.[50b]

In most of the cases, naturally existing polymers and those
purposely designed to resemble them are biodegradable.[51]

However, there are exceptions from this principle. For example,
polythioesthers are synthesized by bacteria through polymeri-
zation of mercaptoalkanoic acids in the presence of polyhy-
droxyalkanoate synthase and cannot be biodegraded.[52] On
the other hand, the biodegradable aromatic polyester poly(bu-
tylene adipate-co-terephthalate) is a petroleum-derived prod-
uct,[53] and it is also possible to design enzymes can biode-
grade PET at a reasonable rate.[54]

Process parameters (pressure, presence of certain microor-
ganisms, pH, etc.) determine whether polymers can be easily
converted into compost or other substances.[55] In general, bio-
synthesized polymers (cellulose, chitin, etc.) can be efficiently
biodegraded under a wide range of process parameters.[56]

There is a labeling system for the classification of polymers
that are biologically degradable and or compostable.

Mathew et al.[57] have demonstrated an efficient biodegrada-
tion of PLA and some of its composites in soil. Another exam-
ple of degradation in soil has been reported by Tserki et al. ,
who combined Bionolle 3020 (copolymer of succinic and
adipic dimethylesters with 1,4 butanediol) with flax, wood, and
hemp fibers and then demonstrated an increased biodegrada-
tion rate of the resulting composites.[58] This result can be at-
tributed to hydrophilic lignocellulosic fibers transporting water
into the composite and thus stimulating degradation of the
composite.

2.5. Incineration or quaternary recycling

Incineration as a method to recover energy may be also classi-
fied as a form of recycling.[8, 41, 59]

Incineration (or quaternary recycling) still remains a very
popular method for waste volume reduction and for energy re-
cuperation.[60] In Europe, it is the most common method of uti-
lizing discarded plastic.[10, 12] This method is especially used for
processing of mixed and heavily contaminated wastes, which
cannot be easily and/or economically recycled by any other
method.[3] Burning of energy-dense waste can create heat,
electricity, or other forms of energy, which can be directly used
in technological processes or for heating of buildings.

Quaternary recycling reduces the waste volume to roughly
1 % of the initial volume[3] and decomposes toxic and conta-
gious waste. It is thus ideal for recycling of medical applica-
tions and packaging of hazardous goods.[61] Inorganic constitu-
ents are converted to inert slag through incineration and can
be used for the construction of roads.[12]

Various setups and methods are used to perform incinera-
tion. Plastic waste is used as an energy-dense fuel for high-
temperature processes: the calorific value of synthetic poly-
mers is generally higher than that of coal.[62] It is suitable, for
example, for cement furnaces, chemical waste incineration fa-
cilities, and metal melting ovens. Integration and clustering of
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incineration facilities directly in factories can make use of heat
and electricity more efficiently.[3]

The design of incinerators and a strategy for their installa-
tion has been significantly influenced by the problems associ-
ated with the emission of soot, polycyclic aromatic hydrocar-
bons, and also dioxins in case of halogen-containing plastics.[63]

Chung et al. have proposed an interesting approach to reduce
the formation of 1,2-dichlorobenzene, CO, and potentially diox-
ins, which resemble chemical structure and toxicity of the
former one, by exploiting the synergistic catalytic effect be-
tween Ti and Fe: through the addition of Fe2O3nanoparticles
covered with a porous layer of TiO2 into PE or PS followed by
incineration in a packed bed reactor significantly less noxious
gasses were detected after the processing in the presence of
the mixed catalyst in comparison to Fe3O4 or TiO2 alone or no
embedded particles in the polymers.[64]

2.6. Cross-linking

Cross-linking is a technique that can be used to improve the
mechanical properties of discarded polymer blends: special
chemical agents are used to create chemical bonds between
polymer chains during reprocessing, for example, in reactive
extrusion.[65] These agents are mostly chemically active systems
that interact with polymer chains, resulting in a decrease in or
absence of degradation of properties.

Such hardening or “stitching” can solve the problem of in-
compatibility, but makes future recycling of cross-linked mate-
rial very challenging because of full or partial loss of thermo-
plasticity, that is, the ability to undergo indefinite inelastic de-
formations at elevated temperatures. Cross-linking transforms
the thermoplastic polymer into a thermoset, which cannot be
easily reshaped.[66] However, such thermoset polymers can be
mixed with analogous thermoplastic virgin materials after
grinding and subsequently be integrated into end products.
This integration can be also improved by chemical or thermal
binding.

Fang et al.[67] tested cross-linking for the treatment of
a blend of LDPE, PVC, PP, and PS, which resembles a typical
tetra-component mixture of discarded polymers. They demon-
strated that dicumyl peroxide is a suitable recycling agent for
a combination of these plastics : mechanical properties of the
blend were significantly improved after compounding.

Another example, which can be relevant for polymer recy-
cling, is the Monosil process, developed by BICC Limited and
Establishments Maillefer SA in 1974. Polyethylene is grafted
with vinyltrimethoxysilane and subsequently cross-linked,
which is induced by moisture.[68]

Another industrial application of cross-linking is hardening
of PE using silanes, peroxides, and erythritol-bis-carbonate.
Cross-linked PE, commonly designated as PEX, is used in elec-
tric cables and gas pipes because of its good thermal resist-
ance.[69] BASF produces cross-linking agents for cotton and
polyester compatibilization (Kaurit). These agents are aqueous
adhesives made up of urea and formaldehyde or melamine
and formaldehyde.[70]

An alternative approach is to use radiation instead of
a chemical cross-linking agent. A successful compatibilization
of EPDM with natural rubber (NR) through exposure to g-rays
(137Cs) at various doses (up to 300 kGy) has been demonstrated
by Zaharescu et al.[71] In this case, free radicals are generated
by interaction between radiation and molecules, leading to the
formation of chemical bond bridges between different poly-
mer chains. This approach might also have potential in recy-
cling.

3. Examples of European Projects

This list is based on publications on the online portal of the
European Commission (http://europa.eu) and includes selected
cases. In addition, the websites of the projects were consulted
when available. Original reference numbers and designations
of the projects are used throughout the text.

In the German project LIFE 00 ENV/D/000348, a pilot plant
has been built for the production of wood–plastic composites.
For the preparation of these products, up to 100 % recycled PP
was used. Decorative finishing of these composites with ther-
moplastics using a belt press system was also investigated.
The products can be used, for example, for flooring and reso-
nance boxes.

LIFE 04 ENV/DK/000070 is a Danish project on complete con-
version of scrap-tire powder to superior rubber products by
using dense phase techniques. Bad-smelling oils are removed
from milled car tires by extraction with supercritical CO2. After
this purification, the treated material is impregnated by means
of the same technology using suitable monomers and polymer
precursors. The reactor is subsequently depressurized, and CO2

is recuperated. The thus recycled material is inter alia usable
for preparing flooring of sport fields, rubber materials, and as-
phalt. A patent application has been submitted to protect this
technology.

L-FIRE is a Dutch project focused on recycling of long fibers
from ropes and optical cables in which Kevlar is used. Kevlar
and other hard components such as optical glass fibers, alumi-
num, and steel make it difficult to shred these materials. In L-
Fire, an alternative solution, the peeling of different compo-
nents, is investigated.

FP7-ENV-2010: IRCOW is a Flemish project conducted by the
Flemish institute for technological research (VITO). The goal is
to develop new strategies for high-grade material recovery
from construction and demolition waste.

FP7-ECOMETEX: 2012–2015 involves three institutions: Euro-
pean carpet and rug association (ECRA), Belgian textile re-
search center (Centexbel), and the Fraunhofer society. The
topic of this research is to develop an environmentally friendly
methodology for recycling textile coverings used in the Euro-
pean construction and transport industry.

Polymer recycling is investigated at the polymer research
center of the University of Surrey. Its topic is a life-cycle and
process optimization approach in the selection and integrated
chain management of polymer materials. Research is focused
on complex materials : PVC-coated cables, laminated glass,
toner containers, and plastics from electronic waste.
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SUPERCLEAN, a project conducted at the Fraunhofer Insti-
tute, focuses on recycling of plastics that comes into contact
with food. It deals mostly with colored and co-extruded PET
bottles. In the context of this project, researchers are trying to
develop an online system for detection of contaminations that
grow from oxo-degradable additives.

Solid-state shear pulverization (S3P) is a new technology
being developed at the polymer technology center of the
Northwestern University in the USA. Some commercialization
projects have already been undertaken in Europe. Using this
method it would be possible to convert multi-colored unsorted
waste, industrial scrap, and virgin resins to a uniform, light-col-
ored, partially reactive powder of controlled particle size and
particle-size distribution.

A British project (DEVULCO2) has been conducted within the
field of high added-value sustainable products from used tires.
The exact goal is to develop a novel, continuous, and effective
devulcanization system based on the combination of supercrit-
ical CO2, chemical devulcanization agents, and extrusion equip-
ment.

PEGASUS is a Spanish project about integrated technologies,
which is relevant for the European automotive sector, and
aims at developing special materials for in situ coloring to re-
place conventional lacquers. Moreover, attention has been
paid to the application of so-called “debond-on-command” ad-
ditives.

ECO/10/277225 SUPERTEX is a European project within the
field of integration of recycled PET into textiles. Next Technolo-
gy (Italy), Centexbel, Devan Chemicals (Belgium), Leitat Techno-
logical Center (Spain), and other organizations have contribut-
ed to this study.

The presented examples of projects illustrate an implemen-
tation of the present innovative industry-orientated and multi-
disciplinary approach generally investigated on a semi-industri-
al scale. Moreover, the researchers elucidate the trend of fur-
ther R&D in this field, which can serve as starting point for
new projects.

4. Patents Overview

Patents and patent applications remain an important source of
information about specific methods and technologies for poly-
mer reuse or conversion into raw materials and energy. Expired
and refused patents can be used without limitations. The cur-
rent status of such documents can be easily checked online. A
retrospective of aged documents can be very useful for the de-
velopment of fresh technologies, and old methods can be ap-
plied in new fields, for example, in combination with modern
methods.

Clearly, it is important to perform an elaborate patent search
during a start of a new project to determine the freedom of
operation. This analysis can be efficiently performed, for exam-
ple, by a collective R&D center or by a special University ser-
vice.

In our overview, we are focusing on the most frequently ap-
plied polymers: PO (PE and PP), PET, PU, and PVC. On the

other hand, we have also taken into account less-known tech-
nologies.

Figure 5 demonstrates the evolution of the amount of pat-
ents covering recycling of four industrially relevant plastic ma-
terials in between 2000 and 2011. In three out of four cases
(PO, PET, PU), a significant growth is recorded in the last three
years. Recycling of PO is the topic of most patents. The biggest
part of patents about PO and PU has been filed by petrochem-
ical multinational companies such as BASF, Bayer, Basell, Mitsu-
bishi, Shell, BP, China Petroleum, and Phoenix Technologies.
The last one produces recycled PET for packing materials, in-
cluding bottles, on a large scale and is an active filer of pat-
ents.

Almost all granted patents cover a specific recycling tech-
nique or method. A lower percentage of patents is focused on
recycling of a specific waste stream such as bottles, fibers,
coated materials, or plastics from car scrap. A highly limited
number of patents covers the integration of recycled polymers
into specific applications: decorative panels or artificial leather.
Production of fixed raw materials (production of paraffin from
PO) is also described in a small fraction of patents. Only two
patents are dedicated to the application of particular additives
that can be introduced before or during recycling: EP1801148
(UV-tracer for PP-bottles)[72] and WO9730112 (stabilizer for
PO).[73]

This patent overview complements the project examples de-
scribed above (Section 3) and also demonstrates in general
a growing interest in polymer recycling, especially from big in-
ternational companies. However, PVC recycling remains tradi-
tionally not developed. It should also be noted that patents
mostly do not offer an integral scheme, that is, “waste!end
product” (they are not linked with a certain waste stream and
not oriented towards an end product from recycled materials).

5. Markets for Recycled Materials

Technical as well as nontechnical drivers and barriers influence
collection, sorting, recycling, and reuse of polymers. Important
factors among others are availability of materials, logistics and
infrastructure, energy consumption, and legislation.[74]

In this part of the Review, we will discuss economic aspects
of involved markets and some other relevant topics.

Figure 5. Evolution of the amount of granted recycling patents per material
in 2000–2011.
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5.1. Polymer market: A general overview

The total worldwide production of polymer materials used as
thermoplastics (ca. 65 %), textile fibers (ca. 13 %), PU foams
(4 %), thermosets, coatings, or glues reached 260 million tons
in 2007. Approximately 24 % is produced in Europe. The most
typical applications of polymers are packaging (40 %), construc-
tion materials (20 %), and textiles (13 %).

Low weight and specific properties such as thermal and
electrical isolation and favorable gas-barrier properties are im-
portant advantages explaining the wide use of polymers and
composites in vehicles, wind turbines, construction business,
packaging, and electronics.

The most important polymers in Europe and their contribu-
tion to total production of polymers are PO (PE and PP; 48 %),
PVC (11 %), PET (8 %), PS (8 %), and PU (7 %). These materials
(price <2 E per kg) also form the major fractions of polymer
waste. To improve performance (e.g. , UV resistance, impact
strength) of polymers, additives or polymer blends are used.
These factors can make recycling of EOL streams more difficult.

Market shares of less popular polymers such as poly-
carbonate, polyimide, or polyether ether ketone are naturally
significantly smaller. Recycling of these polymers requires in
most of the cases special equipment. Owing to their prices (>
4–10 E per kg) they are normally recycled almost exclusively
by the producers themselves or by specialized services. Very
rarely can such materials be found in mixed streams unless
they were initially mixed with or encapsulated in other poly-
mers.

In general, virgin polymers demonstrate better properties
than recyclates and the market price of the former creates
a natural upper limit for the price of the reused material. This
price difference is one of the key factors in market relevance of
recycled polymers. The production price of virgin materials is
determined by the oil price, which has increased significantly
in the last few years. The latter issue has made recycling more
economically viable.[10] Moreover, environmental costs of poly-
mer manufacturing, such as CO2 emission, should be taken
into account and compared with corresponding effects of recy-
cling.[75] However, a standard evaluation system has still to be
developed and generally adopted.

Another nuance worth to be mentioned is that compatibili-
zation of two or more polymers forming a waste stream can
lead to the appearance of an advantageous combination of
properties and/or new properties, which is/are present in the
initial material.[76] For example, contamination of PLA with
linear low-density polyethylene results in a significantly im-
proved impact resistant when these two polymers are compa-
tibilized.[77] It may even lead to a possible price premium for re-
cycled materials.

Moreover, information about availability, quality, and sustain-
ability of recycled polymers can also play a significant role.
This positive trend may continue into the future with the help
of R&D: technological progress may decrease recycling costs
through advances in process efficiency and significant im-
provements in the quality of recycled materials.[10]

5.2. Packaging materials

Packaging, with its market share of 40 %, is the biggest appli-
cation of plastics. The most important polymers used in pack-
aging are PO, especially PE in the form of foil, and PET, which
is used predominately in drinking bottles and flacons, which
have a very short lifetime of about two months.

In many countries, plastic packaging is collected separately
from the rest of the waste. In most of the container parks,
there are also special systems for hard plastics, foils, and Styro-
foam.

Used industrial packaging (which is normally clean enough
and with known content) and post-consumer packaging
(which is frequently very contaminated with remains of packed
materials) are easily available and, therefore, an important
source of recyclates.

The application of recyclates for food packaging is rather
limited because of high safety requirements: toxic chemicals
can be adsorbed into the polymers and diffuse later into the
food. However, recycled polymer parts that have not come
into direct contact with food can still be used.[78] Moreover,
with sufficient cleaning, it is possible to reuse polymers in food
packaging without limitation as demonstrated with PET.[79]

5.3. Construction materials

Construction is the second biggest application of plastics with
a market share of 20 %. In contrast to packaging, construction
materials (pipes, frameworks, insulation…) and interior ele-
ments linked with building (carpeting, shades, mattresses…)
have an average lifetime of more than 10 years. Therefore,
manufacturers’ efforts within the field of ecodesign of such ar-
ticles can have an impact on recycling only on a long-term
basis.

Taking into account its big scale and the existing demand
for building materials, construction can be considered as a po-
tentially large and promising area for the application of recy-
clates. The most frequently used polymers in construction are
PVC (doors, frameworks, cables, pipes), PU and expanded poly-
styrene foams (insulation materials), and PO (pipes, carpets, ge-
otextiles).

Certain waste streams, for example, PVC, are sorted directly
on the construction site.[80] Discarded PVC products are collect-
ed selectively in many countries. A project by European PVC
producers Recovynil has been started to advance collection
and recycling of used PVC. Stichnothe and Azapagic[81] re-
vealed the environmental benefits (e.g. , less CO2 emission) of
using recycled PVC in new window frames. This approach is
still in its embryonic state, and suitable market stimulation is
needed for its development and implementation. Another im-
portant polymer in this context is HDPE. Lu and Korman con-
ducted a study that demonstrated the potential of recycled
HDPE reinforced with industrial hemp fiber for the use in con-
struction.[82] It is also interesting to mention that recycled PS
has been proven by Wang and Meyer to be usable as a sub-
stituent for sand in cement mortar.[83]
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5.4. Textiles

With 13 % of the market share, textiles are also an important
source of man-made polymers. The share of synthetic textile
fibers continues to grow. Reasons for this are an increase of
the world population and a general increase in wealth in the
BRIC countries (Brazil, Russia, India, and China), where textile
consumption per capita is higher, shifting from natural to man-
made materials (e.g. , wool carpets are being replaced by PP
carpets), higher hygienic awareness, which requires more dis-
posable nonwoven towels, and a growing number of technical
textile applications (pipes, carpets, geotextiles, materials for
cars).

A relatively high portion of the textiles creates fresh oppor-
tunities for recycled polymers to be reintegrated into end
products. For example, the Hong Kong Green Label Scheme
encourages fabrication of new textile products (http://
www.greencouncil.org) from reused polymers.

Interesting research has been conducted in South Korea by
Kim and co-workers : they mixed recycled PET (obtained from
discarded PET bottles) supplied by the TK Chemical Corpora-
tion with virgin PET for the production of PET fibers.[84] One of
the positive results of their approach is an improved thermal
stability of the final material.

5.5. European market data

In 2009, almost 25 million tons of post-consumer waste were
collected in Europe. Specific governmental initiatives (taxes,
legislature, etc.) and rising environmental awareness in the so-
cieties results in an increased volume. More than 90 % of col-
lected materials are thermoplastics and approximately 55 % of
these polymers are POs (PE and PP). Seventy percent of all col-
lected polymeric materials are components of used packaging.

A part of collected post-consumer polymeric waste (exact
quantities vary from country to country and fluctuate between
1.2 and 22.2 %) were mechanically recycled to raw materials in
2010. Another fraction was thermo-recycled (1.5–31.5 %), and
the rest was landfilled (2.7–45.8 %).[85]

Conversion of collected waste into feedstock, materials, and
energy is influenced by the following factors:

· selectivity of collecting
· purity grade
· difference between prices of recyclates and virgin materials
· economic demand in certain countries for streams of specif-

ic plastics.

Secondary mechanical recycling is one of the most popular
methods of recycling. In Europe, there are approximately
3000 companies dealing with mechanical recycling, and ap-
proximately 100 companies that receive mechanically pro-
cessed recycled plastics. This type of recycling results predomi-
nantly in intermediary products or half fabricates such as pel-
lets and flakes. Only 13 % is directly integrated into end prod-
ucts, which are mostly low-value floor coverings, grilles, and
plant pots.[86] However, the amount of mechanically recycled

materials has grown annually by more than 10 % over the last
couple of years. The reasons for this are effective collection of
drink packaging and improvement of related technological
processes.

According to the Institute for Prospective Technological
Studies of the European Commission, there is an annual ca-
pacity in the EU of 5 million tons for mechanical recycling and
only 50 000 tons for chemical recycling. Existing consumption
of 62 million tons per annum in Europe dwarfs both numbers
and existing systems cannot fulfill even 10 % of the demand
for reused polymers.[87] Currently, only around 30 % of all col-
lected polymeric waste are effectively converted into feedstock
and new materials.

For example, in Flanders recycling of polymers is executed
only partially within the country: 27 % of the collected material
is recycled abroad. In 2007, 84 000 tons of used packaging
were exported for recycling, which made Belgium the fifth big-
gest exporter in Europe.[87]

Organization of a recycling system is defined by local legisla-
ture, rules, application of certain fiscal rules (e.g. , so-called
“green points”[10]), and habits. In Europe, the recyclates market
is certainly not yet mature: a more intensive and efficient inter-
action is needed between recycling businesses and end-prod-
uct producers. The following aspects clearly require attention:

· most of the recycling companies are small and medium en-
terprises with a limited capacity

· availability of desired recyclate and flow of recycled materi-
als from recycling companies to industrial recipients are fre-
quently seriously hampered; if a supplier is uncertain, then
export of recyclates will be preferred or already established
specific contacts with eventual recipients will be used

· for a company processing recyclates, quality of input mate-
rial is of very high importance to manage its own produc-
tion.

A dramatic increase in the demand for plastics (especially for
food packaging, construction, agriculture, and nonwoven hy-
giene products) and a great availability of EOW and EOL
streams in Europe should become important assets for our
companies. Intensification and optimization of recycling can
also decrease the dependence on oil-based raw materials.

Consolidation and integration of the complete value chain
are essential to limit costs of waste collection, processing, and
application of recycled materials and to create a high enough
added value to an end product. All of these aspects are sub-
stantial for keeping new value chains economically feasible.
Momentarily, a direct cooperation between manufacturers, re-
tailers, and recyclers is still unusual in the EU. It results in an in-
efficient transfer of information about the exact content of the
product. This phenomenon seriously hampers the develop-
ment of the recycling industry.[88]

Conversion of used short-lifetime packaging in products
with a long lifetime is a very interesting option for the sustain-
able development with regard to, among others, reduced con-
sumption of natural resources and energy or lower CO2 foot-
print. For example, a large fraction of PET bottles are convert-
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ed into PET textile fibers, which are frequently integrated into
fleece products.[89] This can be a clothing item with a lifetime
of more than three years or a (car) carpet felt with a lifetime of
more than seven years. Moreover, producers of drink bottles
are becoming more and more interested in self-recycling their
own products into new bottles. This specific PET recycling has
increased the price of recycled PET, which is momentarily com-
parable with the price of virgin PET.

A large part of collected polymers with a high calorific value
is currently recycled mostly for energy recuperation as men-
tioned above (through simple incineration, as fuel for cement
furnaces and for metal recycling) or depolymerized by ther-
mocracking into feedstock used inter alia in petrochemical in-
dustry.

Some plastics are halogenated and form highly toxic dioxins
when incinerated. Because of this, such materials are less suita-
ble for energy recuperation. European producers and process-
ing plants of PVC have recently created some new recycling ef-
forts aimed at both hard and soft PVC. The Vinylplus program
is one example; a minimum of 800 000 tons of PVC are plan-
ned to be recycled by 2020.

In contrast to mono-component materials, separation, purifi-
cation, and recycling of thermosets, mixed materials, compo-
sites, coated and laminated plastics, and textiles remain a big
challenge. Various methods have been developed for small-
scale recycling of such complex materials, but they are too se-
lective, difficult, and not yet economically feasible. Incineration,
export, and landfilling remain unfortunately still common.
Through legal amendments, societies are trying to limit or stop
these activities.

6. Outlook

The speed of waste generation is expected to increase in the
future owing to a growing world population, increasing living
standards, and consequently, increasing demand for poly-
mers.[90] Polymers continue to replace traditional materials
(wood, glass, metal, etc.) because of their lower weight, flexi-
bility, and simple processing. The plastics industry has been
hampered by the global recession in 2008, but a steady
growth has been detected since 2009.[12] The rate of recycling
of polymers is expected to exhibit a trend similar to their pro-
duction.[10]

The existing recycling business is mainly determined by eco-
nomic interests with less attention paid to environmental
issues. However, new legislations are expected to improve the
current situation and increase the incentives to recycle.[12]

Moreover, it is more economically advantageous to apply in-
tensive processes with reduced waste generation.[90a] A thor-
ough life-cycle analysis will become a useful tool for strategic
planning and estimation of technological processes and it can
give a boost for the production of goods from recycled materi-
als.[74]

The amount of incinerated waste is expected to decrease:
incineration can be a solution to reduce landfill volumes, but
does not reduce the demand for fossil fuels as most of the in-
dustrial polymers are made of oil products.[91] Furthermore, this

method has negative environmental and health-related side ef-
fects because of the emission of toxic gasses.[92] The latter
problem can be at least partially solved by the use of catalysts
to oxidize noxious gasses in situ.[93] Therefore, design of new
active and selective catalysts for these oxidation reactions can
significantly contribute to the solution of the recycling prob-
lem in the future.

Current trends reveal that regulations to reduce dumping at
sea have been relatively successful. However, the rising
demand for plastics is expected to lead to a worsening of the
existing situation with a significant increase in plastic debris
volume anticipated to occur even in the deep sea.[2] Therefore,
a creative solution is needed for the challenge of efficient col-
lection and reuse of polymeric waste from the oceans.

Curbside collection schemes, a waste collection system for
domestic waste, can be complemented by a new “on-the-go”
and “office recycling.” Bring schemes are less efficient unless
people are highly environmentally conscious or a direct depos-
it refund is provided. The public attitude is determined, among
other factors, by responsible usage of terms such as “recycla-
ble” and “recycled” by companies and governments: overstat-
ed claims can undermine confidence.[10]

On the other hand, it is essential to limit plastics consump-
tion, for example, through usage of high-quality products with
long lifetimes (shopping bags, head phones), and to develop
more bio-based and biodegradable alternatives in the future.
This way, waste accumulation would be partially prevented. In
general, societies and industry have to pay attention to the
cradle-to-cradle loop closure, which envisages that all products
are fully recyclable or biodegradable.[94]

Further improvement of the online detection of polymer
type and subsequent automatic separation are expected to ad-
vance recycling efficiency and eco-friendliness. Collection of
single-polymer products, for example, in rigid containers can
significantly simplify recycling: no separation or isolation step
would be required.[10, 95]

Another promising method is the incorporation of molecular
fragments into polymer chains, which enables depolymeriza-
tion by an external trigger. For example, integration of light-
sensitive fragments into polymer chains can be used to induce
and improve UV-initiated degradation.[96] On the opposite side,
further development of stabilizing additives[15] containing anti-
oxidants and light stabilizers and their wider implementation
in recycling may help to preserve the chain length of reused
polymers and, consequently, the initial level of performance.
Therefore, future research in these opposite fields can be very
useful for polymer recycling.

Development of recycling technologies should be coupled
with research on the combination of both the most effective
and environmentally benign developments.[12] It is especially
important for the recycling of composites purposely designed
to be stable even under extreme conditions.[97] For this type of
materials it may be reasonable to identify pioneering ideas in
the future to be able to efficiently isolate inorganic constitu-
ents after use. In one such example, Kamavaram et al. reported
successful recycling of an aluminum metal matrix composite
through electrolysis in 1-butyl-3-methylimidazolium chloride.[98]
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Biomass starts to be considered as a raw material for new
biodegradable plastics (PLA, starch-based materials). A big-
scale introduction of such materials to the market, which is
possible in the future, would require large volumes of bio-
based feedstock. Currently, only 5 % of the European chemical
production uses raw biological material.[99] Amongst those, half
of all textile applications is already bio-based.[90a] Subsequently,
a serious adjustment of waste management will be essential to
ensure efficient recycling of non-biodegradable bio-based
polymers and the controlled degradation of biodegradable
plastics.[90b, 100]

Furthermore, gasification of biomass combined with conven-
tional plastics into fuel gasses is a low-threshold technology: it
increases recovered content of hydrogen gas and decreases
the yield of toxic carbon monoxide.[101] Another interesting ap-
proach has been applied by Pang and co-workers on a lab
scale: They successfully performed biodegradation of a PP/
thermoplastic starch blend by burying it in soil.[102] In the
future, this or a similar techniques of mixing bio- and synthetic
polymers for recycling may be applied on a large scale for
a wide spectrum of discarded polymers.[96] Likewise, more re-
search on breeding of plastic-degrading microorganism strains
is also a potential solution.[96, 103] Later, it may be possible to in-
troduce them for example into plastic land fill zones after care-
ful testing of their impact on the environment. Thus, further
development of fundamental knowledge of the processes oc-
curring in gasification, biodegradation of non-biodegradable
plastics in soil, and plastic degradation by microorganisms are
needed to widen the available options for dealing with the
polymer waste problem.

Mixed plastics still remain one of the biggest challenges of
current waste management. Processing of such blends without
prior separation normally leads to products with poor mechan-
ical properties.[10] Prospective solutions can be compatibiliza-
tion and the dissolution/reprecipitation method.[19a] Another
option would be catalytic feedstock recycling.[33d, 104] This
method is, in principle, economically feasible,[12] and for exam-
ple, development of more efficient and selective catalysts[3, 105]

including enzymes[96] can improve the applicability of this
route in the future. Therefore, further research in polymer com-
patibilization and catalytic/enzymatic depolymerization can
have a major impact.

Radiation can be also used to improve feedstock recycling
of various waste types.[106] For example, Zhao et al. studied the
pyrolysis of PP after exposure to g-rays from 60Co in air. They
observed that pyrolysis can then be conducted at lower tem-
peratures, allowing better control over the final products.[107]

Similar techniques could be tested on plastic blends to estab-
lish applicability, to develop a better understanding of the un-
derlying processes, and to develop more efficient techniques.

Ionic liquids (ILs) provide an alternative approach within the
context of feedstock recycling. Seddon and co-workers per-
formed efficient catalytic cracking of PE to light alkanes in
chloroaluminate(III) ILs.[108] Kamimura and Yamamoto depoly-
merized polyamide plastics in several ILs, underlining the recy-
clability of the latter ones.[109] Use of ILs in general reduces the
required temperature, pressure, and amount of catalyst re-

quired for a reaction.[110] The development of benign ILs for
these applications and efficient separation technologies to re-
cover the reaction products would certainly offer real tangible
progress and potentially have a large impact.

7. Concluding Remarks

In this Review, we have discussed various established recycling
technologies and examples of their big-scale implementations.
However, the problem of plastic waste still remains to a large
extent unsolved as many fundamental issues, for example,
plastic blends, have not been solved both scientifically and
economically. Moreover, logistical issues such as garbage col-
lection schemes and interaction between recycling businesses
and recyclate recipients are not always well managed.

The above-mentioned problems result at present in vast
amounts of discarded polymer materials, especially in third-
world countries. Moreover, water areas, such as lakes and
oceans, also become significantly contaminated.

Therefore, more R&D activities are required to reverse this
increasing waste problem. They should include large-scale
tests and careful economic analyses. More attention has to be
paid also to less-known techniques, such as radiation methods,
compatibilization, cross-linking, and application of ionic liquids.
The latter ones are expected to become significantly more eco-
nomically attractive in case of their wider industrial application
and efficient r-use in the future.[110a, 111] In general, application
of lab-based methods may lead to the development of new
unexpected but at the same time practical solutions for the re-
cycling industry.

List of Abbreviations

EOL end of life
EOW end of waste
EPDM ethylene–propylene diene rubber
IL ionic liquid
HDPE high-density polyethylene
NR natural rubber
PC post-consumer
PC/BPA polycarbonate made from bisphenol A
PE polyethylene
PET poly(ethylene terephthalate)
PLA polylactic acid
PO polyolefines
PP polypropylene
PS polystyrene
PU polyurethanes
PVC poly(vinyl chloride)

Keywords: plastics · polymers · recycling · textiles · waste
management

[1] K. H. Zia, H. N. Bhatti, I. A. Bhatti, React. Funct. Polym. 2007, 67, 675 –
692.

[2] D. K. A. Barnes, F. Galgani, R. C. Thompson, M. Barlaz, Philos. Trans. R.
Soc. London Ser. B 2009, 364, 1985 – 1998.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemSusChem 2014, 7, 1579 – 1593 1591

CHEMSUSCHEM
REVIEWS www.chemsuschem.org

http://dx.doi.org/10.1016/j.reactfunctpolym.2007.05.004
http://dx.doi.org/10.1016/j.reactfunctpolym.2007.05.004
http://dx.doi.org/10.1016/j.reactfunctpolym.2007.05.004
http://dx.doi.org/10.1098/rstb.2008.0205
http://dx.doi.org/10.1098/rstb.2008.0205
http://dx.doi.org/10.1098/rstb.2008.0205
http://dx.doi.org/10.1098/rstb.2008.0205
www.chemsuschem.org


[3] S. M. Al-Salem, P. Lettieri, J. Baeyens, Prog. Energy Combust. Sci. 2010,
36, 103 – 129.

[4] C. Baillie, D. Matovic, T. Thamae, S. Vaja, Resour. Conserv. Recycl. 2011,
55, 973 – 978.

[5] V. Goodship, Sci. Prog. 2007, 90, 245 – 268.
[6] a) J. C. Garc�a, A. Marcilla, M. Beltr�n, Polymer 1998, 39, 2261 – 2267;

b) C. C. Kao, O. R. Ghita, K. R. Hallam, P. J. Heard, K. E. Evans, Composites
Part A 2012, 43, 398 – 406.

[7] J. R. Peeters, P. Vanegas, T. Devoldere, W. Dewulf, J. R. Duflou in Elec-
tronics Goes Green 2012 + , Berlin, 2012, p. 28.

[8] D. S. Achilias in Material Recycling—Trends and Perspectives (Ed. : D. S.
Achilias), Intech, 2012, p. 406.

[9] A. Dobry, F. Boyer-Kawenoki, J. Polym. Sci. 1947, 2, 90 – 100.
[10] J. Hopewell, R. Dvorak, E. Kosior, Philos. Trans. R. Soc. London Ser. B

2009, 364, 2115 – 2126.
[11] I. Arvanitoyannis, L. Bosnea, Food Rev. Int. 2001, 17, 291 – 346.
[12] A. Brems, J. Baeyens, R. Dewil, Therm. Sci. 2012, 16, 669 – 685.
[13] I. Vermeulen, J. V. Caneghem, C. Block, J. Baeyens, C. Vandecasteele, J.

Hazard. Mater. 2011, 190, 8 – 27.
[14] W. Yang, Q. Dong, S. Liu, H. Xie, L. Liu, J. Li, Proc. Environ. Sci. 2012, 16,

167 – 175.
[15] a) C. N. Kartalis, C. D. Papaspyrides, R. Pfaendner, J. Appl. Polym. Sci.

2003, 89, 1311 – 1318; b) C. N. Kartalis, C. D. Papaspyrides, R. Pfaendner,
K. Hoffmann, H. Herbst, Macromol. Mater. Eng. 2003, 288, 124 – 136.

[16] a) D. S. Achilias, A. Giannoulis, G. Z. Papageorgiou, Polym. Bull. 2009,
63, 449 – 465; b) A. J. Hadi, G. F. Najmuldeen, I. Ahmed, APCBEE Proce-
dia 2012, 3, 281 – 286; c) A. J. Hadi, G. F. Najmuldeen, K. B. Yusoh, J.
Polym. Eng. 2013, 33, 471 – 481.

[17] a) M. Lindahl, M. Winsnes in Fourth International Symposium on Envi-
ronmentally Conscious Design and Inverse Manufacturing, Tokyo, 2005,
pp. 539 – 546; b) D. Menke, H. Fiedler, H. Zwahr, Waste Manage. Res.
2003, 21, 172 – 177.

[18] J. H. Schut, Plast. Technol. 2001, 47, 58 – 61.
[19] a) P. Le Corroller, B. D. Favis, Macromol. Chem. Phys. 2012, 213, 2062 –

2074; b) P. S. Hope, J. G. Bonner, A. F. Miles, Plast. Rubber Compos. Pro-
cess. Appl. 1994, 22, 147 – 158; c) A. Xanthos, A. Patel, S. Dey, S. S.
Dagli, C. Jakob, T. J. Nosker, R. W. Renfree, Adv. Polym. Technol. 1994,
13, 231 – 239.

[20] a) G. M. Bristow, J. Appl. Polym. Sci. 1959, 2, 120; b) F. M. Merrett,
Rubber Chem. Technol. 1958, 31, 819 – 828; c) G. E. Molau, J. Polym. Sci.
Part A 1965, 3, 1267 – 1278.

[21] a) M. Xanthos, Science 2012, 337, 700 – 702; b) C. P. Papadopoulou,
N. K. Kalfoglou, Polymer 2000, 41, 2543 – 2555.

[22] Q. Jiang, P. Kroushi, US2011/0281050A1, 2011.
[23] H.-M. Chen, US2010/0102468A1, 2010.
[24] J. A. M. D. Chagas, E. M. Fernandes, R. L. G. D. Reis, V. M. C. D. Silva,

WO2009/072914A1, 2009.
[25] a) V. M. Aderikha, Y. N. Pleskachevskii, V. V. Smirnov, G. E. Yankova, High

Energy Chem. 1998, 32, 156 – 158; b) G. Spadaro, A. Valenza, E. Calder-
aro, V. Brucato, Thermochim. Acta 1993, 227, 75 – 82.

[26] M. M. Fisher in Plastics and the Environment (Ed. : A. L. Andrady), Wiley,
Hoboken, NJ, USA, 2005, pp. 563 – 627.

[27] M. Patel, N. v. Thienen, E. Jochem, E. Worrell, Resour. Conserv. Recycl.
2000, 29, 65 – 90.

[28] J. Aguado, D. P. Serrano, J. H. Clark in Feedstock Recycling of Plastic
Wastes, Royal Society of Chemistry, Cambridge, 1999, p. 220.

[29] a) D. S. Achilias, G. P. Tsintzou, A. K. Nikolaidis, D. N. Bikiaris, G. P. Kar-
ayannidis, Polym. Int. 2011, 60, 500 – 506; b) D. S. Achilias, H. H.
Redhwi, M. N. Siddiqui, A. K. Nikolaidis, D. N. Bikiaris, G. P. Karayannidis,
J. Appl. Polym. Sci. 2010, 118, 3066 – 3073; c) M. N. Siddiqui, D. S. Achi-
lias, H. H. Redhwi, D. N. Bikiaris, K. A. G. Katsogiannis, G. P. Karayannidis,
Macromol. Mater. Eng. 2010, 295, 575 – 584.

[30] G. P. Tsintzou, D. S. Achilias, Waste Biomass Valorization 2013, 4, 3 – 7.
[31] F. Liu, L. Li, S. Yu, Z. Lv, X. Ge, J. Hazard. Mater. 2011, 189, 249 – 254.
[32] N. Kiran Ciliza, E. Ekincib, C. E. Snapec, Waste Manage. 2004, 24, 173 –

181.
[33] a) D. W. Park, E. Y. Hwang, J. R. Kim, J. K. Choi, Y. A. Kim, H. C. Woo,

Polym. Degrad. Stab. 1999, 65, 193 – 198; b) A. Corma, J. Planelles, J.
S�nchez-Mar�n, F. Tom�s, J. Catal. 1985, 93, 30 – 37; c) V. B. Kazansky,
Catal. Today 1999, 51, 419 – 434; d) M. A. Keane, ChemSusChem 2009,
2, 207 – 214.

[34] A. De Stefanis, P. Cafarelli, F. Gallese, E. Borsella, A. Nana, J. Anal. Appl.
Pyrolysis 2013, 104, 479 – 484.

[35] T. Yamawaki, Fire Mater. 2003, 27, 315 – 319.
[36] A. A. Garforth, S. Ali, J. Hern�ndez-Mart�nez, A. Akah, Curr. Opin. Solid

State Mater. Sci. 2004, 8, 419 – 425.
[37] A. K. Panda, R. K. Singh, AEE 2013, 1, 74 – 84.
[38] D. Cyranoski, Nature 2006, 444, 262 – 263.
[39] K. Hamad, M. Kaseem, F. Deri, Polym. Degrad. Stab. 2013, 98, 2801 –

2812.
[40] G. Vicente, J. Aguado, D. P. Serrano, N. S�nchez, J. Anal. Appl. Pyrolysis

2009, 85, 366 – 371.
[41] C. Zhuo, Y. A. Levendis, J. Appl. Polym. Sci. 2013, 131, 39931.
[42] Z. Jiang, R. Song, W. Bi, J. Lu, T. Tang, Carbon 2007, 45, 449 – 458.
[43] A. A. Kuznetzov, S. B. Lee, M. Zhang, R. H. Baughman, A. A. Zakhidov,

Carbon 2010, 48, 41 – 46.
[44] W. Lee, S. B. Lee, O. Choi, J. W. Yi, M. K. Um, J. H. Byun, E. T. Thostenson,

T. W. Chou, J. Mater. Sci. 2011, 46, 2359 – 2364.
[45] C. R. Martin, P. Kohli, Nat. Rev. Drug Discovery 2003, 2, 29 – 37.
[46] R. M�lhaupt, Macromol. Chem. Phys. 2013, 214, 159 – 174.
[47] H. S. Cho, H. S. Moon, M. Kim, K. Nam, J. Y. Kim, Waste Manage. 2011,

31, 475 – 480.
[48] A. Schn�rer, J. Schn�rer, Waste Manage. 2006, 26, 1205 – 1211.
[49] R. A. Gross, B. Kalra, Science 2002, 297, 803 – 807.
[50] a) F. Li, Y. Zhan, D. Liu, D. Liu, H. Xia, S. Chen, J. Polym. Environ. 2013,

21, 1143 – 1149; b) G. Scott in Degradable Polymers : Principles and Ap-
plications (Ed. : G. Scott), Kluwer Academic Publishing, Dordrecht,
2002, pp. 1 – 15.

[51] J. G. C. Gomez, B. S. M�ndez, P. I. Nikel, M. J. Pettinari, M. A. Prieto, L. F.
Silva in Advances in Applied Biotechnology (Ed. : M. Petre), Intech, 2012,
pp. 41 – 62.

[52] a) A. Steinb�chel, Curr. Opin. Biotechnol. 2005, 16, 607 – 613; b) V. Ojijo,
S. S. Ray, Prog. Polym. Sci. 2013, 38, 1543 – 1589.

[53] Y. X. Weng, Y. J. Jin, Q. Y. Meng, L. Wang, M. Zhang, Y. Z. Wang, Polym.
Test. 2013, 32, 918 – 926.

[54] R. J. Mueller, Process Biochem. 2006, 41, 2124 – 2128.
[55] G. U. Davis, Waste Manage. 2005, 25, 401 – 407.
[56] J. D. Gu, Int. Biodeterior. Biodegrad. 2003, 52, 69 – 91.
[57] A. P. Mathew, K. Oksman, M. Sain, J. Appl. Polym. Sci. 2005, 97, 2014 –

2025.
[58] V. Tserki, P. Matzinos, N. E. Zafeiropoulos, C. Panayiotou, J. Appl. Polym.

Sci. 2006, 100, 4703 – 4710.
[59] C. Guti�rrez, M. T. Garc�a, I. Gracia, A. d. Lucas, J. F. Rodr�guez, Waste

Biomass Valorization 2013, 4, 29 – 36.
[60] E. Butler, G. Devlin, K. McDonnell, Waste Biomass Valorization 2011, 2,

227 – 255.
[61] M. S. Hossain, A. Santhanam, N. A. N. Norulaini, A. K. M. Omar, Waste

Manage. 2011, 31, 754 – 766.
[62] G. Davis, J. H. Song, Ind. Crops Prod. 2006, 23, 147 – 161.
[63] G. McKay, Chem. Eng. J. 2002, 86, 343 – 368.
[64] J. S. Choi, H. K. Youn, B. H. Kwak, Q. Wang, K. S. Yang, J. S. Chung, Appl.

Catal. B 2009, 91, 210 – 216.
[65] P. R. Gruber, M. H. Hartmann, J. J. Kolstad, D. R. Witzke, A. L. Brosch,

US5594095,. , 1997.
[66] D. A. Kourtides, Polym.-Plast. Technol. Eng. 1978, 11, 159 – 198.
[67] Z. Fang, M. Zeng, G. Cai, C. Xu, J. Appl. Polym. Sci. 2001, 82, 2947 –

2952.
[68] G. M. Gale, Appl. Organomet. Chem. 1988, 2, 17 – 31.
[69] J. Morshedian, P. M. Hoseinpour, Iran. Polym. J. 2009, 18, 103 – 128.
[70] a) A. C. De Groot, C. J. L. Coz, G. J. Lensen, M. A. Flyvholm, H. I. Mai-

bach, P. J. Coenraads, Contact Dermatitis 2010, 62, 259 – 271; b) I.
Holme, S. R. Pater, J. Soc. Dyers Colour. 1980, 96, 224 – 237.

[71] T. Zaharescu, S. Jipa, M. Giurginca, J. M. S.-Pure Appl. Chem. 1998, A35,
1093 – 1102.

[72] E. Humbeeck (Total Petrochemicals), EP1801148, 2007.
[73] R. Pfaendner, H. Herbst, K. Hoffmann (Ciba Geigy), WO9730112, 1997.
[74] S. Pimenta, S. T. Pinho, Waste Manage. 2011, 31, 378 – 292.
[75] a) S. N. M. Menikpura, S. H. Gheewala, S. Bonnet, C. Chiemchaisri,

Waste Biomass Valorization 2013, 4, 237 – 257; b) A. L. Craighill, J. C.
Powell, Resour. Conserv. Recycl. 1996, 17, 75 – 96.

[76] A. J. Ryan, Nat. Mater. 2002, 1, 8 – 10.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemSusChem 2014, 7, 1579 – 1593 1592

CHEMSUSCHEM
REVIEWS www.chemsuschem.org

http://dx.doi.org/10.1016/j.pecs.2009.09.001
http://dx.doi.org/10.1016/j.pecs.2009.09.001
http://dx.doi.org/10.1016/j.pecs.2009.09.001
http://dx.doi.org/10.1016/j.pecs.2009.09.001
http://dx.doi.org/10.1016/j.resconrec.2011.05.006
http://dx.doi.org/10.1016/j.resconrec.2011.05.006
http://dx.doi.org/10.1016/j.resconrec.2011.05.006
http://dx.doi.org/10.1016/j.resconrec.2011.05.006
http://dx.doi.org/10.1016/S0032-3861(97)00495-3
http://dx.doi.org/10.1016/S0032-3861(97)00495-3
http://dx.doi.org/10.1016/S0032-3861(97)00495-3
http://dx.doi.org/10.1016/j.compositesa.2011.11.011
http://dx.doi.org/10.1016/j.compositesa.2011.11.011
http://dx.doi.org/10.1016/j.compositesa.2011.11.011
http://dx.doi.org/10.1016/j.compositesa.2011.11.011
http://dx.doi.org/10.1002/pol.1947.120020111
http://dx.doi.org/10.1002/pol.1947.120020111
http://dx.doi.org/10.1002/pol.1947.120020111
http://dx.doi.org/10.1098/rstb.2008.0311
http://dx.doi.org/10.1098/rstb.2008.0311
http://dx.doi.org/10.1098/rstb.2008.0311
http://dx.doi.org/10.1098/rstb.2008.0311
http://dx.doi.org/10.1081/FRI-100104703
http://dx.doi.org/10.1081/FRI-100104703
http://dx.doi.org/10.1081/FRI-100104703
http://dx.doi.org/10.2298/TSCI120111121B
http://dx.doi.org/10.2298/TSCI120111121B
http://dx.doi.org/10.2298/TSCI120111121B
http://dx.doi.org/10.1016/j.jhazmat.2011.02.088
http://dx.doi.org/10.1016/j.jhazmat.2011.02.088
http://dx.doi.org/10.1016/j.jhazmat.2011.02.088
http://dx.doi.org/10.1016/j.jhazmat.2011.02.088
http://dx.doi.org/10.1016/j.proenv.2012.10.023
http://dx.doi.org/10.1016/j.proenv.2012.10.023
http://dx.doi.org/10.1016/j.proenv.2012.10.023
http://dx.doi.org/10.1016/j.proenv.2012.10.023
http://dx.doi.org/10.1002/app.12261
http://dx.doi.org/10.1002/app.12261
http://dx.doi.org/10.1002/app.12261
http://dx.doi.org/10.1002/app.12261
http://dx.doi.org/10.1002/mame.200390005
http://dx.doi.org/10.1002/mame.200390005
http://dx.doi.org/10.1002/mame.200390005
http://dx.doi.org/10.1007/s00289-009-0104-5
http://dx.doi.org/10.1007/s00289-009-0104-5
http://dx.doi.org/10.1007/s00289-009-0104-5
http://dx.doi.org/10.1007/s00289-009-0104-5
http://dx.doi.org/10.1016/j.apcbee.2012.06.083
http://dx.doi.org/10.1016/j.apcbee.2012.06.083
http://dx.doi.org/10.1016/j.apcbee.2012.06.083
http://dx.doi.org/10.1016/j.apcbee.2012.06.083
http://dx.doi.org/10.1177/0734242X0302100211
http://dx.doi.org/10.1177/0734242X0302100211
http://dx.doi.org/10.1177/0734242X0302100211
http://dx.doi.org/10.1177/0734242X0302100211
http://dx.doi.org/10.1002/macp.201200297
http://dx.doi.org/10.1002/macp.201200297
http://dx.doi.org/10.1002/macp.201200297
http://dx.doi.org/10.1002/adv.1994.060130306
http://dx.doi.org/10.1002/adv.1994.060130306
http://dx.doi.org/10.1002/adv.1994.060130306
http://dx.doi.org/10.1002/adv.1994.060130306
http://dx.doi.org/10.1002/app.1959.070020418
http://dx.doi.org/10.5254/1.3542343
http://dx.doi.org/10.5254/1.3542343
http://dx.doi.org/10.5254/1.3542343
http://dx.doi.org/10.1126/science.1221806
http://dx.doi.org/10.1126/science.1221806
http://dx.doi.org/10.1126/science.1221806
http://dx.doi.org/10.1016/S0032-3861(99)00442-5
http://dx.doi.org/10.1016/S0032-3861(99)00442-5
http://dx.doi.org/10.1016/S0032-3861(99)00442-5
http://dx.doi.org/10.1016/0040-6031(93)80251-5
http://dx.doi.org/10.1016/0040-6031(93)80251-5
http://dx.doi.org/10.1016/0040-6031(93)80251-5
http://dx.doi.org/10.1016/S0921-3449(99)00058-0
http://dx.doi.org/10.1016/S0921-3449(99)00058-0
http://dx.doi.org/10.1016/S0921-3449(99)00058-0
http://dx.doi.org/10.1016/S0921-3449(99)00058-0
http://dx.doi.org/10.1002/pi.2976
http://dx.doi.org/10.1002/pi.2976
http://dx.doi.org/10.1002/pi.2976
http://dx.doi.org/10.1002/app.32737
http://dx.doi.org/10.1002/app.32737
http://dx.doi.org/10.1002/app.32737
http://dx.doi.org/10.1002/mame.201000050
http://dx.doi.org/10.1002/mame.201000050
http://dx.doi.org/10.1002/mame.201000050
http://dx.doi.org/10.1007/s12649-012-9125-7
http://dx.doi.org/10.1007/s12649-012-9125-7
http://dx.doi.org/10.1007/s12649-012-9125-7
http://dx.doi.org/10.1016/j.jhazmat.2011.02.032
http://dx.doi.org/10.1016/j.jhazmat.2011.02.032
http://dx.doi.org/10.1016/j.jhazmat.2011.02.032
http://dx.doi.org/10.1016/j.wasman.2003.06.002
http://dx.doi.org/10.1016/j.wasman.2003.06.002
http://dx.doi.org/10.1016/j.wasman.2003.06.002
http://dx.doi.org/10.1016/S0141-3910(99)00004-X
http://dx.doi.org/10.1016/S0141-3910(99)00004-X
http://dx.doi.org/10.1016/S0141-3910(99)00004-X
http://dx.doi.org/10.1016/0021-9517(85)90148-4
http://dx.doi.org/10.1016/0021-9517(85)90148-4
http://dx.doi.org/10.1016/0021-9517(85)90148-4
http://dx.doi.org/10.1016/S0920-5861(99)00031-0
http://dx.doi.org/10.1016/S0920-5861(99)00031-0
http://dx.doi.org/10.1016/S0920-5861(99)00031-0
http://dx.doi.org/10.1002/cssc.200900001
http://dx.doi.org/10.1002/cssc.200900001
http://dx.doi.org/10.1002/cssc.200900001
http://dx.doi.org/10.1002/cssc.200900001
http://dx.doi.org/10.1016/j.jaap.2013.05.023
http://dx.doi.org/10.1016/j.jaap.2013.05.023
http://dx.doi.org/10.1016/j.jaap.2013.05.023
http://dx.doi.org/10.1016/j.jaap.2013.05.023
http://dx.doi.org/10.1002/fam.833
http://dx.doi.org/10.1002/fam.833
http://dx.doi.org/10.1002/fam.833
http://dx.doi.org/10.1016/j.cossms.2005.04.003
http://dx.doi.org/10.1016/j.cossms.2005.04.003
http://dx.doi.org/10.1016/j.cossms.2005.04.003
http://dx.doi.org/10.1016/j.cossms.2005.04.003
http://dx.doi.org/10.1038/444262a
http://dx.doi.org/10.1038/444262a
http://dx.doi.org/10.1038/444262a
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.025
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.025
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.025
http://dx.doi.org/10.1016/j.jaap.2008.10.007
http://dx.doi.org/10.1016/j.jaap.2008.10.007
http://dx.doi.org/10.1016/j.jaap.2008.10.007
http://dx.doi.org/10.1016/j.jaap.2008.10.007
http://dx.doi.org/10.1016/j.carbon.2006.08.012
http://dx.doi.org/10.1016/j.carbon.2006.08.012
http://dx.doi.org/10.1016/j.carbon.2006.08.012
http://dx.doi.org/10.1016/j.carbon.2009.08.009
http://dx.doi.org/10.1016/j.carbon.2009.08.009
http://dx.doi.org/10.1016/j.carbon.2009.08.009
http://dx.doi.org/10.1007/s10853-010-5082-3
http://dx.doi.org/10.1007/s10853-010-5082-3
http://dx.doi.org/10.1007/s10853-010-5082-3
http://dx.doi.org/10.1038/nrd988
http://dx.doi.org/10.1038/nrd988
http://dx.doi.org/10.1038/nrd988
http://dx.doi.org/10.1002/macp.201200439
http://dx.doi.org/10.1002/macp.201200439
http://dx.doi.org/10.1002/macp.201200439
http://dx.doi.org/10.1016/j.wasman.2010.10.029
http://dx.doi.org/10.1016/j.wasman.2010.10.029
http://dx.doi.org/10.1016/j.wasman.2010.10.029
http://dx.doi.org/10.1016/j.wasman.2010.10.029
http://dx.doi.org/10.1016/j.wasman.2005.09.007
http://dx.doi.org/10.1016/j.wasman.2005.09.007
http://dx.doi.org/10.1016/j.wasman.2005.09.007
http://dx.doi.org/10.1126/science.297.5582.803
http://dx.doi.org/10.1126/science.297.5582.803
http://dx.doi.org/10.1126/science.297.5582.803
http://dx.doi.org/10.1007/s10924-013-0590-2
http://dx.doi.org/10.1007/s10924-013-0590-2
http://dx.doi.org/10.1007/s10924-013-0590-2
http://dx.doi.org/10.1007/s10924-013-0590-2
http://dx.doi.org/10.1016/j.progpolymsci.2013.05.011
http://dx.doi.org/10.1016/j.progpolymsci.2013.05.011
http://dx.doi.org/10.1016/j.progpolymsci.2013.05.011
http://dx.doi.org/10.1016/j.polymertesting.2013.05.001
http://dx.doi.org/10.1016/j.polymertesting.2013.05.001
http://dx.doi.org/10.1016/j.polymertesting.2013.05.001
http://dx.doi.org/10.1016/j.polymertesting.2013.05.001
http://dx.doi.org/10.1016/j.procbio.2006.05.018
http://dx.doi.org/10.1016/j.procbio.2006.05.018
http://dx.doi.org/10.1016/j.procbio.2006.05.018
http://dx.doi.org/10.1016/j.wasman.2005.02.016
http://dx.doi.org/10.1016/j.wasman.2005.02.016
http://dx.doi.org/10.1016/j.wasman.2005.02.016
http://dx.doi.org/10.1016/S0964-8305(02)00177-4
http://dx.doi.org/10.1016/S0964-8305(02)00177-4
http://dx.doi.org/10.1016/S0964-8305(02)00177-4
http://dx.doi.org/10.1002/app.21779
http://dx.doi.org/10.1002/app.21779
http://dx.doi.org/10.1002/app.21779
http://dx.doi.org/10.1002/app.23240
http://dx.doi.org/10.1002/app.23240
http://dx.doi.org/10.1002/app.23240
http://dx.doi.org/10.1002/app.23240
http://dx.doi.org/10.1007/s12649-012-9131-9
http://dx.doi.org/10.1007/s12649-012-9131-9
http://dx.doi.org/10.1007/s12649-012-9131-9
http://dx.doi.org/10.1007/s12649-012-9131-9
http://dx.doi.org/10.1007/s12649-011-9067-5
http://dx.doi.org/10.1007/s12649-011-9067-5
http://dx.doi.org/10.1007/s12649-011-9067-5
http://dx.doi.org/10.1007/s12649-011-9067-5
http://dx.doi.org/10.1016/j.wasman.2010.11.008
http://dx.doi.org/10.1016/j.wasman.2010.11.008
http://dx.doi.org/10.1016/j.wasman.2010.11.008
http://dx.doi.org/10.1016/j.wasman.2010.11.008
http://dx.doi.org/10.1016/j.indcrop.2005.05.004
http://dx.doi.org/10.1016/j.indcrop.2005.05.004
http://dx.doi.org/10.1016/j.indcrop.2005.05.004
http://dx.doi.org/10.1016/S1385-8947(01)00228-5
http://dx.doi.org/10.1016/S1385-8947(01)00228-5
http://dx.doi.org/10.1016/S1385-8947(01)00228-5
http://dx.doi.org/10.1016/j.apcatb.2009.05.026
http://dx.doi.org/10.1016/j.apcatb.2009.05.026
http://dx.doi.org/10.1016/j.apcatb.2009.05.026
http://dx.doi.org/10.1016/j.apcatb.2009.05.026
http://dx.doi.org/10.1080/03602557808067661
http://dx.doi.org/10.1080/03602557808067661
http://dx.doi.org/10.1080/03602557808067661
http://dx.doi.org/10.1002/app.2150
http://dx.doi.org/10.1002/app.2150
http://dx.doi.org/10.1002/app.2150
http://dx.doi.org/10.1002/aoc.590020104
http://dx.doi.org/10.1002/aoc.590020104
http://dx.doi.org/10.1002/aoc.590020104
http://dx.doi.org/10.1111/j.1600-0536.2009.01675.x
http://dx.doi.org/10.1111/j.1600-0536.2009.01675.x
http://dx.doi.org/10.1111/j.1600-0536.2009.01675.x
http://dx.doi.org/10.1016/j.wasman.2010.09.019
http://dx.doi.org/10.1016/j.wasman.2010.09.019
http://dx.doi.org/10.1016/j.wasman.2010.09.019
http://dx.doi.org/10.1007/s12649-012-9119-5
http://dx.doi.org/10.1007/s12649-012-9119-5
http://dx.doi.org/10.1007/s12649-012-9119-5
http://dx.doi.org/10.1016/0921-3449(96)01105-6
http://dx.doi.org/10.1016/0921-3449(96)01105-6
http://dx.doi.org/10.1016/0921-3449(96)01105-6
http://dx.doi.org/10.1038/nmat720
http://dx.doi.org/10.1038/nmat720
http://dx.doi.org/10.1038/nmat720
www.chemsuschem.org


[77] K. S. Anderson, S. H. Lim, M. A. Hillmyer, J. Appl. Polym. Sci. 2003, 89,
3757 – 3768.

[78] A. Akelah in Functionalized Polymeric Materials in Agriculture and the
Food Industry, Springer, London, 2013, pp. 293 – 347.

[79] V. I. Triantafyllou, A. G. Karamani, K. Akrida-Demertzi, P. G. Demertzis,
Eur. Food Res. Technol. 2002, 215, 243 – 248.

[80] S. M. D. Prestes, S. D. Mancini, J. A. Rodolfo, R. C. Keiroglo, Waste
Manage. Res. 2012, 30, 115 – 121.

[81] H. Stichnothe, A. Azapagic, Resour. Conserv. Recycl. 2013, 71, 40 – 47.
[82] N. Lu, T. Korman, J. Archit. Eng. 2013, 19, 204 – 208.
[83] R. Wang, C. Meyer, Cem. Concr. Compos. 2012, 34, 975 – 981.
[84] J. H. Lee, K. S. Lim, W. G. Hahm, S. H. Kim, J. Appl. Polym. Sci. 2013, 128,

1250 – 1256.
[85] in Plastics-the facts 2010, available online on www.plasticseurope.org,

2010.
[86] J. Aguado, D. P. Serrano, G. S. Miguel, Global Nest J. 2007, 9, 12 – 19.
[87] in End-of-waste criteria for waste plastic for conversion. Second work-

ing document. Available online at susproc.jrc.ec.europa.eu, 2012.
[88] A. K. Parlikad, Contr. Eng. Pract. 2007, 15, 1348.
[89] A. L. Andrady, M. A. Neal, Philos. Trans. R. Soc. London Ser. B 2009, 364,

1977 – 1984.
[90] a) W. Soetaert, E. Vandamme, Biotechnol. J. 2006, 1, 756 – 769; b) J. H.

Song, R. J. Murphy, R. Narayan, G. B. H. Davies, Philos. Trans. R. Soc.
London Ser. B 2009, 364, 2127 – 2139.

[91] M. A. Dub�, S. Salehpour, Macromol. React. Eng. 2014, 8, 7 – 28.
[92] M. Allsopp, P. Costner, P. Johnston, Environ. Sci. Pollut. Res. Int. 2001, 8,

141 – 145.
[93] a) S. Galvagno, F. Fortuna, G. Cornacchia, S. Casu, T. Coppola, V. K.

Sharma, Energy Convers. Manage. 2001, 42, 573 – 586; b) D. Jankowski,
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