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Abstract

Radiation technology, using gamma or electron beams, develops its benefits at highest
yield if macromolecular systems are treated. This is valid equally if build-up processes
(polymerization, crosslinking) or degradative processes (chain scission, depolymerization) are
initiated by radiation.

Radiation-induced degradation is applied to convert polytetrafluoroethylene (Teflon)
scrap into powder and low-molecular-weight products used in the production of other
perfluoro compounds. The Teflon powder is blended with other materials for use as lubricant,
and the perfluorocarboxylic derivatives are employed as surfactants.

Radiation treatment of polymers could play a build-up role in the recycling of polymer
wastes. The non-selective energy transfer from gamma or electron sources to polymer systems
produces many kind of reactive centers such as free radicals, oxydized and peroxydized active
groups, on which further reactions may occur. In presence of monomer-like or oligomer-like
reactive additives grafi-copolymerization may take place, compatibilizing on that way the
originally incompatible polymer components. Such a compatibilization is the key solution of
recycling commingled plastic waste or producing composite materials of fibrous natural
polymers and synthetic thermoplastics.

Introduction

Waste management will be one of the most burning problem of the upcoming 21.
century (1). Plastics wastes are blamed for the pollution of land, forest, deep soil and waters
as well. In fact, the world production of synthetic polymers in 1996 surpassed the 120.000.000
tons/year, starting from a level below 1.000.000 ton/year of 50 years before, in 1946. The
service life of the synthetic polymer raw materials varies widely between the < 1 year use of
(disposable) packaging material, representing 25% of the plastics application, and the > 40
years use of construction material (windows, tubes, building-siding etc.) wich represent
another 25 % of the plastics application. There is no doubt that the main stream of synthetic
polymers - being tough, resistent and multifunctional thermoplastic structural material -
should be recycled in the future.

Similar re-use may be required in a significant portion of biopolymer products and by-
products, wich are reproduced in a > 10 tons/year rate world wide. Radiation technology
could help in the transformation and re-use, i. e. waste management of polymeric structural
materials. Radiation as an efficient, non-selective tool of modifying materials may affect the
polymers either in build up processes (polymerization, graft-copolymerization, cross-linking)

405



or in degradative processes (chain scission, depolymerization) (2). In fact, radiation
technology, using gamma or electron beams, develops its highest yields if macromolecular
systems are treated. Both build-up and degradative processes may be applied in radiation
treating of polymer wastes (3).

Radiation degradation of polymer wastes

Although the covalent bond between the individual members (monomers) of the
polymer chain represents comparable - or even better - bonding energy than that of between
two metall ions (Fe-Fe, Cr-Cr, Ti-Ti, etc.) - however, polymer chains are sensitive to
different kind of thermal-, mechanical-, chemical- and radiation - degradation. The radiation
response of the polymers is greatly determined by their structure, and often both type of main
response: chain scission and crosslinking occurs simultaneously. The resulted dominating
effect depends also on the surrounding atmosphere.

Radiation-induced degradation is applied to convert polytetrafluoroethylene (PTFE,
Teflon) scrap into useful, recycled products (3). Teflon scrap is formed during the special
processing technologies of this corrosion- and heat-resistant technical polymer. The highly
crystalline polytetrafluoroethylene polymer cannot be extruded or injection molded as other
thermoplastics. High-pressure pre-forming is applied on the powder, wich is sintered
afterwords, similarly to the powder - metallurgy of metals. Often shaving, milling and drilling
are applied to make final PTFE products, producing a significant amount of scrap and all
kind of waste.

The radiation dose required to degrade such PTFE scraps is relatively high (> 500
kGy). The high dose and the high dose-rate generates a significant amount of heat, leading to
simultaneous thermal degradation as well. The product of EB-treatment of PTFE depends on
temperature, absorbed dose and the presence of oxygen. The G value of degradation is
growing with the increasing temperature: G = 0,3; 0,9 and 2,1 scission /100eV at 100°, 300°
and 500°, respectively (3). The perfluorohydrocarbons form a range from C6 to C14

compounds. Irradiation of Teflon with several hundreds of kilograys in the presence of
additives gives a fine powder of polytetrafluoroethylene. The powdered Teflon polymer has
additional functional groups that are not present in the original PTFE, e.g. carboxylic acid
groups, if irradiation is carried out in the presence of oxygen or air. The Teflon powder is
blended with other materials for use as a lubricant, and the perfluorocarboxylic acids are
employed as surfactants (4).

The degradative radiation-recycling of PTFE led to successful pilot scale plant (12
tons/year), and later to commercial scale production of PTFE powder at Sumitomo, Japan. At
present no other similar industrial scale plastics-degrading radiation technologies are known,
although several other candidates are very promising. Among other synthetic polymer
products, discarded automobil tires represent a major environmental concern, as they are very
difficult to degrade and recycle. A promising method is mentioned in the literature in which
the vulcanized rubber product is crushed (at low temperature), irradiated at a dose of 100 kGy,
and milled, - repeatedly if necessary. The reclamed ,,de-crosslinked" material can be added to
an extent of 10 - 15% to various new rubber blends (3).

Another degradative radiation recycling technology is proposed for a most abundant
biopolymer, for the cellulose itself. As it is well known, cellulose is not simply a yearly
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renewable raw material, the main component of the biomass. It is a high strength polymer, a
highly crystalline polysaccharide, from which the lower molecular mass oligomers and the
monomers (starch, sugar and derivatives) are important foodstuffs for humans and animals.
The highly complex structure of the lignocellulosic materials, - being in fact an
interpenetrating network (IPN) system of crosslinked lignin and crosslinked cellulose, - is
very difficult to open. On one hand, that is why the paper- and cellulose industry is so
problematic from the point of view of the environment. On the other hand, this IPN structure
makes most part of the biomass inaccessible for animal and human digestion. Radiation
treatment renders the lignocellulose complex more easy to open in subsequent acid hydrolysis
to form mono and oligosaccharides (3). In such a way even sawdust and other wood waste
would be good enough for animal feed, and future prospects could be even more promising. In
a radiation procedure of similar concept, wood pulping and viscose (regenerated cellulose)
production can be intensified, with significant savings in energy and chemical pollution (5).

Radiation - initiated reactive recycling of polymers

Radiation treatment of polymers could play an important role in the recycling of
polymer wastes in case of natural and synthetic polymers as well. The non-selective energy
transfer from gamma or electron sources to polymer systems produces many kind of reactive
centers such as free radicals, oxydized and peroxydized active groups on which further
reactions may occur (6). In presence of monomer-like or oligomer-like reactive additives
graft-copolymerization may take place, compatibilizing on that way the originally
incompatible polymer components. Such a compatibilization is the key solution of recycling
commingled plastic waste.

Radiation processed common recycling of synthetic and natural waste materials may
result in reinforced composite systems as well. A new procedure has been developed to
produce wood-fiber-reinforced plastic composites from thermoplastic matrices and cellulosic
fibers in the presence of selected reactive additives, using electron-beam processing (6). High-
aspect-ratio (L/D > 100) fibers were used as reinforcement for polypropylene homopolymer,
with loadings up to 40 percent. The reactive additives consist of different unsaturated
oligomers and monomers mixed with the matrix polymer and the fibers in a relatively low
concentration ( 1 - 2 %). The electron-beam-processed wood-fiber-reinforced plastic (WFRP)
composite has not only a high modulus of elasticity, but also significantly higher flexural and
tensile strength, and improved thermal tolerance over the conventional wood/polypropylene
blends. The relatively low melt viscosity of the EB-treated wood-fiber-reinforced plastic
makes it easily processed not only by extrusion but also by injection molding. (See Table 1.)

As it is seen on Table 1, by reinforcing PP with wood fiber, we obtain a strong, stiff
PP compound with increased heat-tolerance, by applying a significant amount of fibrous
natural polymer, almost an order of magnitude cheaper than PP. On the other hand we pay for
that benefit with a decrease of impact strength and with a more difficult processability,
reflected in lowered MFI, increased melt viscosity.

The benefits of the radiation processing are more pronounced if we relate the flexural
strength and thermal tolerance to the unit cost (US cents/cm ) of the material. Fig. 1 shows
those cost-related properties, mapping all the major thermoplastics types. The linear
regression line shows that there is a weak correlation between cost - normalized flexural
strength and heat-tolerance, and the WFRP-S type wood fiber reinforced PP composite has a
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TABLE 1. PROPERTIES OF WOOD-FIBER PP COMPOSITES

Name
Manufacturer

HM-PP
BASF

(D)

WF-PP
ICI

(UK)

Woodstock
GOR

(Italy, USA)

WFRP-S
EB-treated

PP
(original)

Composition

Polypropylene (%) 60 60 60 65 100

Wood fiber (%) 40 40 40 35 0

Reactive additive (%) - - - 1,75 -

EB-dose (kGy) - - - 10

43,5 62,5 37,8

2,86 3,46 1,41

24,2 48,8 37,3

3,38 3,89 1,87

11 12

100 116

146

142 51

1,0 4,4 20

Properties

Flexural strength (MPa)

Flexural modulus (GPa)

Tensile strength (MPa)

Tensile modulus (GPa)

Impact strength

/Notched IZOD/ (J/m)

Heat distortion temperature

atl ,85N/mm(°C)

at 0,45 N/mm (°C)

Thermal tolerance* (°C)

Melt Flow Index (g/10 min)

/at230°C,2,16kp/

34,0

4,0

106

31,3

2,17

1.9,3

2,68

52

0,3

* Temperature at 1 GPa flexural modulus

top position, being the cheapest solution when strong, heat-tolerant thermoplastic plates are
required (7). Similar cost normalized data are compiled on Fig. 2, comparing the flexural
modulus in function of the impact strength. Here again, we plot the cost-related features of all
the major plastics including engineering plastics as well.

Fig. 2 reflects the well-known fact that flexural modulus and impact strength - as well
as rigidity and flexibility - are inversely related to each other. WFRP-S shows a modest
impact strength, however it is on the ,,cutting edge" of that hyperbolic function. For its modest
price, WFRP-S offers the best compromise between stiffness and flexibility. The major
advantage of the wood fiber - PP composite is that it is extremely cost-effective, similary to
the most conventional thermosets (PF, MF etc.) However it belongs to the family of
thermoplastics, suitable for extrusion, thermoforming and in its most recent version it can be
injection molded as well (7).
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Fig. 1. Cost-related* (specific) flexural strength of major thermoplastics,
vs. cost-related (specific) thermal tolerance**
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Fig 2. Cost-related (specific) flexural modulus of major thermoplastics
vs. cost-related (specific) impact strength

(Definitions and abbreviations: see Fig. 1)

Impact strength: notched, IZOD

Future prospects in radiation recycling of polymers

The importance of recycling thermoplastics is growing together with the role of
polymer blends, alloys and composites. In all these multiphase structural materials, the final
practical properties depend greatly on the adhesion between the components, on the quality of
the interfacial layer. On the other hand, the compatibility of two different thermoplastics in an
alloy or in a recycled blend is determined by their thermodynamical features:

AGmix = AHmix - TASmix 0

The Gibbs function requires for compatible blends that the change of free energy in mixing
(AGmix) wich is determined by the enthalpy change (AHmix) and the entropy change (ASmix)
should be negative (1). There are further thermodinamical requirements as well, which are
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difficult to fulfill. Most of the high volume thermoplastics: PE, PS, PVC, PET are
incompatible with each other. For their compatibilization in high strength alloys or in recycled
blends radiation treatment is proposed in presence of radiation-reactive compatibilizers (2).

The radiation (pre)-treatment of the otherwise immiscible blends is followed by
conventional plastics processing steps in which reactive centers on the original chain and in
the reactive additive may form strong covalent bonds. That kind of reactive processing - such
as reactive injection molding, reactive extrusion - is of growing importance in the next years
conventional (no-radiation) plastics technologies as well.
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