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The main problems in post-consumer plastics recycling are due to the degradation of polymers during
processing steps and during lifetime. In the recycling of heterogeneous waste, the incompatibility
among the different phases also poses substantial difficulty. The influence of both degradation and in-
compatibility on the structure and on the properties of the recycled “secondary materials” is shortly re-
viewed.

INTRODUCTION

Plastics recycling is a very recent technology, or rather a group of technologies,
which has not yet found firm base.1-4 In effect, the term recycling is generally
taken to mean a series of processing operations carried out on plastics to produce
“secondary materials” for manufacturing of various types of articles.

Post-consumer plastics recycling is not only a high-priority item for today’s
public opinion, it has become an urgent necessity. It is obvious that simple recy-
cling to produce “secondary materials” cannot by itself solve the environmental
problems caused by discarded plastics not only because of large quantities in-
volved, but also because of the many types of polymers difficult to separate or
process together. In the latter case, in particular, articles produced with the re-
cycled material would have poor mechanical properties and few possibilities of
application.

In this paper, the main problems arising during recycling of post-consumer
plastic materials are briefly discussed in order to form some basic concepts on
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these processing operations. The discussion concentrates on the melt processing
operations without any considerations about the preliminary operations such as
washing, drying, etc.

MAIN PROBLEMS IN PLASTICS RECYCLING

Post-consumer plastics recycling is complicated by two main problems:
• degradation during processing and lifetime (thermomechanical degrada-

tion, photooxidation, etc.)
• incompatibility between different polymers.

This latter point is only important for recycling of mixed heterogeneous
plastics.

Other problems can arise from:
• different melting points of the polymers in mixed plastics
• different size and shape of the materials
• low apparent density.

The degradation during lifetime is mainly caused by photooxidation pro-
cesses. The changes in the structure of the polymers are similar to those induced
by thermomechanical degradation and differing by reactions with oxygen, in
general not present in the processing machines, leading to the formation of oxy-
genated groups in the macromolecular chain. The presence of different poly-
meric materials can remarkably increase the difficulty of recycling operations.
In particular, different melting points can induce degradation of some compo-
nents of the mixtures, whereas the incompatibility among the different phases
can give rise to materials with poor mechanical characteristics.

In the following, the influence of the degradation on structure and proper-
ties of the polymeric materials will be reviewed, considering in particular the
thermomechanical degradation. As for the blends, the basic concepts regarding
the behavior of polyphasic systems and compatibilization will be presented.

DEGRADATION

During the processing and lifetime of the plastic articles, heat, mechanical
stress, and ultraviolet radiation can deeply change the structure and the mor-
phology of polymer. Although photooxidation and thermomechanical degrada-
tion induce variable changes in the structure of the plastic materials, it is
possible to categorize the effects of these degradative processes as:

• change in molecular weight and molecular weight distribution
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• formation of chain branching
• formation of oxygenated compounds, unsaturations, etc.

It is worth noticing that the change of molecular weight can induce also
changes in the crystallinity.

The degree and type of degradation depend on the processing conditions
and on the nature of polymer, but all changes to which chemical structure was
subjected are followed by the changes in the properties of the material. Most pro-
cessing operations use fairly mild processing parameters and polymers of mod-
erate molecular weight: under these conditions degradation is, generally,
modest. More severe processing conditions, polymers with high molecular
weight, or repeated processing operations can cause significant decrease in
polymer characteristics.

As an example, Figure 1 shows the change of molecular weight and elonga-
tion at break versus the number of extrusions of polyethyleneterephthalate
taken from carbonate beverage bottles.5 Figure 2 reports the elongation at break
of a polyethylene, taken from greenhouse film, as a function of the
photooxidation time.6
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Figure 1. Molecular weight and elongation at break vs. number of extrusions of PET sample.



The reduction of molecular weight and elongation at break of PET sub-
jected to several extrusions processes is rapid in the first steps (first recycling),
and it becomes less pronounced during the following recycling steps. The molec-
ular weight and then the viscosity of the recycled material does not allow for its
use in blow-molding operations, where high viscosity is required, and gives rise
to a significant reduction of the elongation at break.

The influence of the photooxidative degradation on the elongation at break
of polymers is also very dramatic. This effect has been attributed to the degrada-
tion of the macromolecules but also to the formation of physical and chemical de-
fects on the surface.6

INFLUENCE OF STRUCTURE AND MORPHOLOGY
ON THE BEHAVIOR OF POLYMERS

The changes in the structure of polymers during degradation processes, pro-
duce, in their turn, changes in the properties of these materials. Each modifica-
tion influences differently the behavior of the polymeric material. Indeed,
changes of molecular weight, Mw, molecular weight distribution, MWD, and for-
mation of long and short chain branching induce remarkable changes in the
melt properties of polymers and smaller variations in the solid properties. On
the contrary, the formation of long and short chain branches and the increase of
crystallinity dramatically influence the solid properties. Finally, the formation
of new chemical bonds and new chemical groups (in particular double bonds and
oxygenated groups) strongly influence the chemical and physical resistance and
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Figure 2. Elongation at break vs. photooxidation time for PE sample.



in particular the photooxidation behavior. All these considerations are schemat-
ically reported in Table 1.

The influence of Mw, MWD, and branching, which can remarkably change
during recycling operations, on the rheological and mechanical properties7,8 of
the “secondary materials”, is discussed below.

MOLECULAR WEIGHT

The molecular weight has a strong influence on the rheological behavior of poly-
meric systems. This means that small changes in molecular weight can deeply
change the viscosity of molten polymer. It is worth noticing, however, that in
most processing operations, the variations of molecular weight induced by
thermomechanical stress are very small, as a consequence only the Newtonian
viscosity or the viscosity at low shear rates is strongly influenced by the molecu-
lar weight. In Figure 3, the flow curves of a polypropylene sample recycled sev-
eral times by injection molding are reported. It is evident that while the
Newtonian viscosity or the viscosity at low shear rates drastically decreases
with the number of recycling steps, (i.e., increasing the amount of degradation
and decreasing the molecular weight), the viscosity at high shear rates is, on the
contrary, less affected by the processing. In particular, in the shear rate range
typical for the industrial processing operations (100-1000 s-1), only a change of a
factor of about five in the viscosity occurs whereas the Newtonian viscosity dif-
fers by about two decades. This means, that during usual processing operations,
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Table 1: Influence of the structure and morphology on rheological
and mechanical properties and photoxidation resistance

Parameter
Properties

rheological mechanical photooxidation resistance

Mw, MWD PP P P

Branching (long) PP PP PP

Branching (short) P P PP

New chemical groups − − PP

Crystallinity − PP P

PP strongly influenced, P influenced, − not influenced or unpredictible



small changes of molecular weight, would cause no significant variations of the
viscosity and the extrusion pressure or torque. The above example refers to poly-
mers which undergo chain scission during melt processing. However,
thermomechanical stress can also induce increase of molecular weight and then
viscosity.9 This behavior depends on the nature of the polymer. For example,
HDPE mostly undergoes branching and crosslinking with increase of Mw, while
PP does not. Also, the processing conditions limit changes in polymer. At high
temperatures, for example, high density polyethylene shows a small but signifi-
cant reduction of viscosity.

In other types of flow, in particular in elongational flow, the influence of the
molecular weight of the molten polymer may be remarkable. A decrease of the
molecular weight (decrease of polymer viscosity) can induce a smaller resistance
of melt during drawing in fiber spinning, film blowing, and blow-molding. In
Figure 4 the melt strength, i.e., the force sustained by the melt during drawing
(non-isothermal elongational flow) is plotted as a function of the molecular
weight for a sample of low density polyethylene.10 A decrease of the molecular
weight gives rise to a decrease of melt strength; the polymer cannot sustain the
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Figure 3. Flow curves of PP samples; virgin (TQ), and recycled one (S1), two (S2), three (S3), and
four (S4) times.



stress of drawing and its own weight, and the melt breaks. The formation of the
products becomes impossible. This behavior suggests that in most cases the re-
cycled polymers cannot be processed in the same processing operations used for
the virgin material.

BRANCHING

The formation of short and long chain branching can occur during melt process-
ing of polymers as a result of chain scission and recombination of radicals. The
polyethylenes are the typical polymers which can undergo this structural modi-
fication. As said previously, long chain branching strongly influences the rheo-
logical and mechanical properties, whereas the presence of short branches
influences mainly the solid properties. Both types of branches worsen the
photooxidation resistance.

The presence of long chain branching decreases viscosity, and in particular
the Newtonian viscosity, compared to linear polymers with about the same mo-
lecular weight, and, in general, gives rise to a more pronounced non-Newtonian
behavior and instability phenomena (melt fracture) at lower output flow rates.
As far as the mechanical properties are concerned, both short and long chain
branching, causing a dramatic reduction of crystallinity, give rise to a drastic
decrease of these characteristics. However, this feature is more remarkable
with the long chain branching. This behavior is evidenced in Table 2 where
modulus and tensile strength of three samples of polyethylene (linear and hav-
ing either short or long chain branching) of comparable molecular weight, are
reported.
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Figure 4. Melt strength as a function of the molecular weight.



The presence of branches leads to reduced crystallinity and then a decrease
in the rigidity of the material. On the other hand, elongation at break and im-
pact strength can improve.

POLYMER BLENDS

It is a well-known fact that only a few polymer pairs are compatible. Moreover,
the concept of compatibility is in itself difficult to define and quantify. Although,
it is not completely correct, for our purposes, we can define the compatibility on
the basis of the property-composition curve, where properties are taken as mac-
roscopic characteristics such as mechanical or rheological properties, etc. Figure
5 plots the qualitative trends of property-composition curves for blends which
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Table 2: Mechanical properties of polyethylenes
with different degrees of branching

Sample Modulus (MPa) Tensile strength (MPa)

HDPE 400 32

LLDPE 220 25

LDPE 70 15

Figure 5. Typical property-composition curves.



are compatible, partially compatible or incompatible. The synergistic effect
(maximum in this curve) is found only in blends with strong interactions be-
tween the two phases. Instead, the antagonistic effect is typical of those polymer
pairs with strong repulsion (for example, apolar polymers and strongly polar
polymers). In most cases, the properties of blends are intermediate between
those of the two components, (partially compatible or semi-compatible), al-
though, most of them show values lower than expected on the basis of an addi-
tive law. More over, for the same blend not all properties behave in the same
way. In Figure 6,11 we can see how, for a typical incompatible blend,
LDPE/polyamide-6, the tensile strength values are intermediate between those
of homopolymers, while elongation at break shows a deep minimum. The mor-
phology of this blend, SEM micrograph of Figure 7, suggests that the poor me-
chanical properties are due to the very scarce adhesion between the two phases.

A third component may be added to the blend in a small amount to act as a
bonding agent between the two incompatible phases. This macromolecular com-
pound is, in most cases, a copolymer formed from the monomers of the two
homopolymers making up the mixture. The copolymer is thus miscible in the
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Figure 6. Tensile strength and elongation at break vs. polyamide content in LDPE/polyamide-6
blends.



two phases, creating a bond between the two completely immiscible phases.
Adding these compatibilizing agents produces an effect on several mechanical
properties which can be clearly seen in Figure 8,12 where the addition of poly-
propylene functionalized with maleic anhydride, PPmal, increases the elonga-
tion at break of incompatible polypropylene/polyamide-6 mixtures. In this case,
there is not only a physical bond produced by the compatibilizing agent, but also
a chemical bond, since the carbonyl groups in the functionalized polypropylene
react with the amine groups of polyamide, anchoring the two phases even more
firmly. The improvement of adhesion is evident from SEM micrographs of the
PP/Ny blend with and without compatibilizer, Figure 9 a and b, respectively.
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Figure 7. SEM micrograph of a LDPE/Ny-6 blend with 10% Ny.



Lastly, we must bear in mind that even in the presence of an excellent
compatibilizing agent, it is not possible to improve all the properties of the mix-
ture with respect to properties of both components, and in some cases, it is im-
possible to avoid the minimum in some property-composition curves.

Incompatibility and antagonistic effects can arise not only from blending
polymers with different structures, but also from blending polymers with very
similar structures. This can occur when blends are prepared from the same poly-
mer (virgin and recycled).

Figure 10,13 shows the curves of elongation at break as a function of the
amount of virgin polypropylene blended with several degraded polypropylene
samples. The elongation at break-composition curves show a significant mini-
mum whose depth and amplitude depend on the characteristics of the degraded
material. High elongation at break may be obtained only with very high percent-
ages of virgin material. These blends show then a strong incompatible behavior
that has been attributed to the different crystalline structure of the two compo-
nents. Polypropylenes of similar molecular weight show well-interconnected ag-
gregates of similar size. As degradation increases, the recycled polypropylene
with a lower molecular weight and increased number of oxygenated groups,
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Figure 8. Elongation at break vs polyamide content for PP/polyamide-6 blends.



crystallizes into aggregates of larger sizes. This causes a heterogeneous struc-
ture with weak interconnections, leading to modest elongation at break val-
ues.13

Generally speaking, it is not possible to predict the physical properties of a
mixture containing recycled material. Consequently, when degraded polymers
are used, it is a good idea to add only limited amount to the virgin material if the
mechanical properties of virgin polymer are to be maintained.
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Figure 9. SEM micrographs of a PP/Ny blend without (a) and (b) with compatibilizer.



CONCLUSIONS

• The recycling of homogeneous post-consumer plastics presents many prob-
lems mainly because of degradation of the polymeric materials during pro-
cessing and lifetime. The degradation processes, which can become very
important in recycled materials subjected to many repeated processing op-
erations, lead to drastic reductions of the mechanical properties of the sec-
ondary materials.

• In the case of recycling of heterogeneous plastics, the situation is still more
complicated mainly due to the incompatibility between different polymeric
phases. The properties of the recycled materials are in general poor and can
not be predicted only on the basis of the properties of individual compo-
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Figure 10. Elongation at break vs. recycled PP content for PP/PPdeg blends. The degradation de-
gree increases from £, �, l, to n.



nents. Improvements of the mechanical properties can be achieved by add-
ing compatibilizing agents.

• In the case of blends made with the same polymer (virgin and recycled), the
incompatible blends can result and only small amounts of recycled mate-
rial can be used to avoid drastic decrease in the mechanical properties.
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