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The term “sustainable” is often assumed to be synonymous with “renewable”. However, polymers made
from renewable natural resources are not necessarily eco-efficient. Cellulose-based polymers utilize more
nonrenewable fossil fuels and are more polluting during manufacture than petro-based polymers. Sustainable
polymers also have to be industrially acceptable, and although ultimate biodegradability in the natural
environment is important, polymer-based products are required to biodegrade in a controlled way. Service
life may be a year or more before the commencement of environmental degradation occurs. Many natural
polymers such as rubber, lignin, and humus, like the synthetic polyolefins, biodegrade by an oxidative
mechanism (oxo-biodegradation), and consequently much of nature’s biological waste cannot satisfy the
rapid mineralization criteria currently advocated by standards committees for synthetic polymers. Although
biometric tests are more convenient to use than full composting tests, they are meaningless when applied to
hydrocarbon polymers, whether natural or synthetic, since oxo-biodegradation is a slower process than hydro-
biodegradation at ambient temperatures. Biodegradation standards currently proposed are unrealistic and
will need to be modified on the basis of recent scientific evidence.

Technological Advantages of the Polyolefins Table 1. Commercial Degradable Polyolefins

Degradable polyolefins have a long history. During the ~ Photolytic polymers _
1970s, a number of products based on polyethylene were 225::2::\C/f:\r;oknegﬁziﬂgilizﬁrgnglyfe?JoE Guilled
commer_uallzed (Table 1). It was re_cog_mzed at that tlrr_1e that oxo-biodegradable polymers
polyolefins as produced were oxidatively unstable in the

4 A A antioxidant-controlled, transition-metal-catalyzed photo- and
environment, and early investigations showed that the reason thermooxidizable polymers; Plastor (G. Scott—D. Gilead),

for their instability was the presence of sensitizing impurities TDPA (EPI)
in the polymert~ The most important of these were carbonyl ~ PE—starch blends
(>C=0)**4and hydroperoxide groups-QOH)->8 formed PE blended with starch (and subsequently with prooxidants)

during manufacture of plastics products. This led to extensive Coloroll, St. Lawrence Starch (G. J. L. Griffin)
studies in the polymer industries and later in universities
directed toward extending the lifetime of polymers by using
heat and light stabilizefs:}? The consequent understanding

of how the effects of sensitizers resulting from peroxidation
could be controlled in polymers was subsequently applied
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Table 2. Energy Used and Pollution Generated during the Bio-based polymers such as cellulose and starch are not
Manutfacture of 50 000 Carrier Bags® so conducive to mechanical recycling, and they also have a
environmental burden polyethylene paper lower calorific value on incineration. Nevertheless, biomass
energy (GJ) during manufacture 29 67 from energy crops grown on marginal land is an increasingly
air pollution (kg) important source of fuel, and it seems that it may be possible
SO 9.9 28.1 some time in the future to close the energy loop for the
('\:'gj g:g 1_05'8 manufacture of biopolymers from renewable resources by
co 10 6.4 using fast-growing grasses and soft wood crops as a source
dust 05 38 of fuel during manufacture thus conserving fossil resources
water burden (kg) for polymer manufacture (Figure 1).
chemical oxygen demand 0.5 107.8
biological oxygen demand 0.02 43.1 Fossil Resources

Energy
a Reference 31. \\\\/ 23 \,
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It is relevant to ask why the polyolefins were selected as waste biomass
a basis for biodegradable polymers rather than natural ”
products such as cellulose, already used as cellulose acetate Polyolefins — Land Utilisation—<a&—  Biopolymers
in packaging. Cellulose acetate was known to be slowly N
biodegradable but suffered from a number of technical Air “water,
deficiencies of which the most important was that the ai
extraction of cellulose from natural products was both energy

intensive and polluting. Furthermore, the modification of Pollution
cellulose by acetylation to give technologically acceptable
products sharply reduced the environmental biodegradability Major —— 3
Potential imimnin—e Insignificant ——=

of the polymer so that the correct balance between techno-
logical acceptability and ultimate biodegradability was dif-
ficult to achieve.

By contrast, the polyolefins had already achieved a central
position in the distribution of consumer goods because of  The second criterion of eco-efficiency is the minimization
their combination of flexibility, toughness, and excellent of unwanted byproducts and associated pollution (Table 2).
barrier properties, which has made them the materials of This is generally less during the manufacture of polyolefins
choice for packaging applications. They were particularly than during the production of pap&rSolid waste and water-
important in blown film technology and injection moulding  borne pollution is particularly severe in the case of agricultural-
because of their ease of conversion and low cost. The presenthased polymers. Since the disposal of wastes and the
day efficient distribution of perishable foodstuffs is a direct purification of water are themselves energy-absorbing pro-
consequence of the resistance of the polyolefins and othercesses, they also contribute to the wastage of fossil re-
carbon-chain polymers to water and water-borne microor- soyrces°
ganisms?® and in agriculture, the new technology of plas-  The third factor is land utilization. Although little informa-
ticulture based on polyethylene was already making an tion has so far been published on the areas and qualities of
impact on the growing of soft fruits and vegetable®:%*2°  |anq that would be utilized if and when bio-based polymers
were ever to approach the scale of production of the
polyolefins, some reasonable estimates can be made from

Three main factors have to be considered when evaluatingdata already available: If the total U.S. plastics production
the life-cycle eco-efficiency of polymers (Figure %)The were to be based on cellulose, a land area equivalent to seven
first is energy input during manufacture and disposal that is states the size of Michigan, Louisiana, and Virginia would
in turn reflected in the life-cycle cost of products. Low energy be required! At 30% yield of PHA from an oilseed crop,
utilization during manufacture is of course an ecologically 7% of the total worldwide land area at present used for the
desirable objective since it also minimizes carbon dioxide production of oilseed food crops would be required to
generation. The polyolefins are based on low value oil produce only 7% of the U.S. requirements for packaging
fractions, and the energy utilized in the production of the plastics®
same volume container is much lower than for paper (Table This suggests that crops for the manufacture of chemicals
2). The polyolefins can also be recycled for second-life use and polymers would very quickly come into competition with
in a number of way%’ If the waste is clean, it can be food crops. The argument that plastics could be made from
mechanically recycled, and if incinerated with energy surplus crops is of course parochial, applying primarily to
recovery, waste polyolefins have a calorific value almost some developed and relatively affluent countries. It is not a
identical to the oil from which they are manufactured. In basis for the sustainable development of polymers worldwide.
this respect, they are less polluting than fossil fuels. As will By contrast, the land utilization of the petrochemical and
be discussed below, hydrocarbon polymers also make apolymer industries is negligible in comparison and it seems
positive contribution to compost by biological recycling. probable that biopolymers will be restricted to the manu-

Minor e

Figure 1. Eco-efficiency of polymers during manufacture and
disposal.

Eco-Efficiency of Petro-Based and Bio-Based Polymers
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facture of speciality polymers, particularly for biomedical to peroxidation and biodegradation as commercial products

applications for the foreseeable future, and that petrochemi-due to the presence of antioxidants and stabiliZef§ They

cals will remain the basis of commodity plastics provided are also highly resistant to hydrolysis, and for this reason

they are environmentally acceptable after discard. they cannot hydro-biodegrade. However, it has been shown
It is clear then that the long-term eco-sustainability of that they can be made oxo-biodegradable by the use of

plastics based on renewable resources has not yet beeprooxidant additive’s~171%-27.32Jeading to hydrophilic sur-

established. It is equally clear that the socioeconomic benefitsface modification friendly to microorganisms that are thus

of the synthetic hydrocarbon polymers also have to be takenable to bioassimilate the low molar mass oxidation products

into account in comparing synthetic polymers with natural (see below).

polymers (see below). However, it is instructive to see how

the present attitude to synthetic plastics has arisen. Balancing Environmental Acceptability against
Technological Utility
The Popular Image of Plastics The polyolefins and the polysaccharides stand at the
opposite ends of a spectrum of polymer properties (Figure

Plastics made from petrochemical feedstocks are portraye
by the “green” lobby as ecologically undesirable because
they are made from fossil carbon resources and it is assumed Increase in biodegradability
that they are very resistant to biodegradation in the environ- : =
ment. It is ironical that the very physical properties (water — p i olefins oxidason Bi0Odegradable
and microbe resistance) that have made the polyolefins so (hydrophobic, __, carboxylic acids,

).

commercially successful are a disadvantage when the materi- bioinert) alcohols, ete.
als appear in the waste stream. Biodegradable Hydrolysis  Polysaccharides
. . sacharides, =~ Polyesters
In the 1960s, a well-known environmentalist, Barry carboxylic (hydrophilic)
Commoner, suggested that because no biological organisms acids, alcohols

were known that could attack plastics, the earth would soon

be buried in 10 feet of plastics waste! Thirty years later, he _ '

expressed the same views in rather a different way when heFlgure 2. Te_chnologlcally and environmentally acceptable polymers
) from polyolefins and natural products.

stated in a report for Greenpeate,

Increase in technological usefulness

“Materials made from naturally occurring or bio- The naturally occurring hydro-biodegradable polymers
logically produced polymers are the only truly such as cellulose, starch, and so forth are water wettable or
biodegradable ‘plastics’ available. Since living water swellable. Consequently, to be technologically useful,
things construct these materials, living things can they have to be made less hydrophilic with sacrifice of
metabolise them.” biodegradation rate. The properties of synthetic hydrocarbon

However, many naturally produced materials also persist POlymers are a mirror image of thi$They are resistant to
in the environment for very long periods. For example, Water, which is their main attribute in packaging, but in their
certain types of wood such as the sequoia can survive forconventional commercial versions, they do not biodegrade
500 years in the biotic environment after being felled due to at @ practically acceptable rate in the natural environment
the high concentration of the antioxidant/antibacterial tannin @nd they in turn have to be made more oxo-biodegradable
in the bark32 Natural rubber ¢is-polyisoprene) is a hydro- by prior thermo- or photooxidation. Between these two
carbon polymer, which oxo-biodegrades naturally in the form €xtremes are the hydro-biodegradable aliphatic polyesters
of latex as it comes from the rubber tree. However, it can such as polylactic acid (PLA) and the poly(hydroxyal-
also be synthesized in a chemical plant, and syntlwgic ~ kanoates) (PHA). Theseg, like the hydro-biodegradable polysac-
polyisoprene shows exactly the same behavior in a bioactivecharides are on a “knife-edge” balance between the achieve-
environment. The same is true of other hydrocarbon rubbersment of useful technological performance and end-of-life
(e.g., polybutadiene) not found in nature. Strikingly, however, biodegradability. The polyolefins, by contrast, can be given
both natural and synthetic rubbers after formulation with a programmed lifetime by the use of antioxidants. Sustain-
antioxidants in automotive tires, like sequoia wood, do not ability must in practice be a compromise between commercial
detectably biodegrade for many decades in the outdoorviability (i.e., cost-performance) and environmental accept-
environment. This is because the antioxidants added duringability. This must ultimately mean adaptability, namely, the
manufacture inhibit the formation of low molar mass potential for adapting polymers (both bio-based and petro-
oxidation products that are absorbed and utilized as a sourcebased) to the needs of the environment and to the needs of
of energy by bacteria and fungi. The nonbiodegradability of society. Bio-based polymers have already found important
commercial rubber products is then not a consequence ofniche applications (for example in medicine) where cost is
the nonbiodegradability of the rubber molecule whether much less important than function. However, cost with
natural or synthetic but of the inhibition of its oxidation by environmental acceptability will continue to dominate the
antioxidants* consumer market, and it seems very unlikely that biodegrad-

Polyolefins are hydrophobic hydrocarbon polymers similar able petro-based polymers will be displaced from their
to the rubbers, and like the rubbers, they are very resistantcurrent role in packaging and agriculture.
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Programmed-Life Polyolefins

It is implicit in the above discussion that bioassimilation — ##=%
of plastics residues in the environment is an essential but s
not the only requirement of technologically useful packaging *
plastic. In most cases, plastics require a controlled lifetime
before physical degradation commences. Figure 3 shows the
behavior of an ideal degradable plastic.

Time ———

' | BT S8 - \-‘_' N\ R
28 days after laying (October 27 1999)

—Ipa > Bioassimilation—

1Py >

Figure 3. The ideal behavior of a degradable plastic in the environ-
ment (ref 32). E, = elongation at break; IP, and IP, are induction
periods during which no change in chemical, physical, or mechanical
properties should occur; * is the point at which the sample disinte-
grates (generally ~85—90% loss of Ep).

There should be no change in the physical and mechanical v > ,95—. B ".:’ r ; C -
characteristics of the polymer during the induction period 92 .
: days after lay

(IP). Moreover, the IP must be variable {IPP,) and ys after laying (Dcember 30 1999)
controllable in the end environment if the full potential of Fhigl:(fed‘l- PfogfamTed-life mulching fri]lms in Taiwan. PrintedlwithI

- : : - : the kind permission of Dr. S-R. Yang at the Tainan District Agricultural
the plas_tlcs_ls to be realizéd.Photolysis and therm_oly3|s Station.
of peroxidation products (nhotably,C=0 and POOH) is the
primary cause of the loss of mechanical properties of Products Formed by Peroxidation of Polyolefins

hydrocarbon polymers in the environmeén:#24.25:24n The mechanism of abiotic peroxidation of hydrocar-
many applications and particularly in plas_tlculturg, mulching pons has been extensively studied over the past 50
f|rl]ms anoftzlggggzl‘it;ssed to gont_rol ghe rr(;llcr.oenwrogmint of yea!-sl.,Z,S,&1-2,3}-35,48The primary products of the pero>_<idati_on
the plan must be timed to disintegratéy chain reaction in (1) and (2) are hydroperoxides which either

10%) under slight pressure at the end of their useful life. If thermolyze Q) or photolyze k), particularly in the presence
the films break too early, there will be a significant loss in

crop yield, and if they break down too late the partially P + 0,—POO 1)
degraded plastic will clog the automatic harvester.
The photographs in Figure 4 illustrates two different grades POO + PH—POOH+P 2

of polyethylene mulching film that differ only in the  of transition metal ions (see below) with chain scission and
induction period before physical disintegration commences. the production of biodegradable low molar mass oxidation
In this case, the IP of #131 is 5 times that of #221 which products such as carboxylic acids, alcohols, aldehydes, and
enables a second crop to be grown over the same film theketones (Scheme 1). Many of these oxidation products are
following season. The subsequent physical fragmentation andjost by volatilization during thermal oxidation in an open
ultimate bioassimilation occurs at a similar rate. atmosphere, and carbon dioxide has been recognized to be
Many auxiliary plastics products used in agriculture and a significant product under these conditiéis'* Albertsson,

horticulture also require an extended lifetime before losing Karlsson, and co-workers have recently paid particular
mechanical strength. Important examples are polypropyleneattention to the low molar mass products, and a wide range
baler twines, polyethylene stretch-wrap silage films, bird of carboxylic acids, alcohols, hydroxy alcohols and esters,
protective netting, and agricultural packagfdf.is crucially and low molar mass hydrocarbon waxes have been identified
important then to understand how the hydrocarbon polymersin the thermal and photooxidation of commercial degradable
degrade in the environment by a combination of peroxidation polyethyleneg®44 The process involves the formation of
and bioassimilation and how the free radical chain mecha- vicinal hydroperoxides by the well-established “back-biting”
nism can be controlled by antioxidants. mechanisnt>46 and in the case of polypropylene, 90% of
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of the Ecolyte polymerd! E-CO plastics do not appear to
biodegrade rapidly after photolysis.

Like the hydrolysis products from hydro-biodegradable
polymers, the low molar mass oxidation products formed
by peroxidation of the polyolefins can also be utilized by
microorganisms as nutrients to produce cell bionfags?!’>2

Rubbers, if they do not contain antioxidants, oxo-biodegrade

much more rapidly than the polyolefins. Aliphatic polyesters

Scott and Wiles

Thus, polyethylene, PF resins, lignin, humic acid, and tannic
acid oxo-biodegrade relatively slowly but all are ultimately
converted to carbon dioxide and water. Humus is a complex
mixture of polyphenolic and quinonoid compounds, and the
slower mineralization occurs, the more beneficial is this
organic matter to the fertility of the soil.

The Time Scale for Bioassimilation into the
Environment

are more oxidatively stable, but they are hydrophilic and are Biodegradable plastics may end up in sewage systems, in
hydrolyzed and bioassimilated rapidly in an aqueous biotic compost, or on the soil as litter (Figure 6). The CEN standard
environment in much the same way as starch and cellulose for synthetic polymers in compost, EN 13432, stipulates that
The development of standard tests to measure the rate othey must be substantially (i.290%) converted to carbon

biodegradation of polymers is necessary in order to ensuredioxide and biomass in an aqueous biotic environment within
that residues from plastics packaging do not create a long-6 months® This is to simulate the behavior of pure cellulose

term pollution problem in the environment. Unfortunately, which is rarely found as such in nature. The presence of
carbon-chain polymers, including many natural products, do |ignin in natural products such as leaves and twigs slows

not pass the tests laid down by the American Society for down this process in an ambient biotic environment for the
Testing Materials (ASTM) in the U.S. and ComEgrropen reasons already discussed.

de Normalisation (CEN) in Europe. Quite unscientific
explanations are put forward to explain why synthetic
polymers, but not natural polymers, must be shown to be
mineralized within a very short time, for example, in
compost. It is argued that there is no need to demonstrate
that natural materials such as leaves and twigs (which contain
the relatively slowly oxo-biodegrading lignin) do not need
to mineralize during composting but that synthetic hydro-
carbon polymers are “differen®. The following rationale :
is given by CEN to explain why this distinction can be made.

..........

Sewage

__________

e
=N
it

Compost

Soil a b Covrerered d E

No change in chemical or mechanical properties; a requirement of all polymers
Chemical and physical degradation; loss of mechanical properties

¢... d Formation of cell biomass and carbon dioxide, leading ultimately to complete
mineralisation

“Natural products (leaves, wood, small stones
are...generally known to be non-toxic. They are
universally recognised as biodegradable. On the
other hand, residues of synthetic polymers would
be perceived by the general public as being
contamination of the compost”

Figure 6. Biodegradation time scale for polymers in different
environments (ref 32).

A good deal of packaging based on cellulose in combina-
tion with lignin and/or other bonding agents does not satisfy
this requirement, raising serious doubts about the ecological
validity of this test.

In reality, rapid mineralization brings no benefit to compost
or to the soil since it increases the £@reenhouse” effect.
Rapidly mineralizing polymers are not therefore “recover-
able” in the sense required by the European Directive since
carbon dioxide is not a useful product. Rapid mineralization
is thus a waste of resources, and to make it a requirement
that synthetic polymers entering the compost or soil environ-
ment must be rapidly mineralized is ecologically counter-
productive.

The proposed standards are causing a great deal of concern
to manufacturers of degradable polyolefins because of their
arbitrary nature. No oxo-biodegradable polymers including
; . : . those found in nature can possibly pass the mineralization

”On'Chem'Gﬁ‘_”Y modified materials as biodegrad- test demanded by EN 13432. The effect of this standard will
ableby definitiort be to discriminate in the future against the manufacturers of

This extension of the popular views of Greenpeace degradable hydrocarbon polymers throughout the countries
discussed above is not a good basis for the development ofof the enlarged European Union. At the same time, it will
science-based standards. In particular, it ignores the extensivdavor less ecologically efficient bio-based polymers with
studies on the oxo-biodegradation of polyolefins. Nor does consequent detrimental effects on the environment.
it recognize that lignin, a major constituent of natural A number of specialists in polymer degradation have
products, is also an oxo-biodegradable polymer similar in pointed out that EN 13432 does not take into account
structure to the synthetic phenol-formaldehyde resins and likeresearch carried out during the past 10 years on the
the latter, it is very stable due to the presence of the biodegradation of the polyolefins. Laboratory biometric tests
polyphenolic antioxidant functions in the polymer chain. are based on CCevolution or oxygen absorption at ambient

The basis for this statement is that

“The accumulation of lignin in the environment is
a natural event which is beneficial for the fertility
of the soil. On the other hand, the accumulation of
other foreign materials cannot be encouraged
because, while it is well known that lignin is
ultimately degradable and helps environment and
soil structure, this cannot be claimed for synthetic
products whose behaviour in the environment is
not known”

From this, it is reasoned that
“the CEN scheme considers lignin and the natural
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temperatures in an aqueous environment. These tests (e.glable 3. Hierarchy of Tests
the Sturm test) were originally developed to evaluate the
biodegradability of aqueous detergents, and while they are
entirely satisfactory for characterizing polymers that have
to biodegrade rapidly in sewage systems (Figure 6) they are
not effective in characterizing the behavior of polymers in
compost at elevated temperatures. The compost environment
accelerates the peroxidation of the oxo-biodegradable poly-
olefins and also permits the assessment of ecotoxicity on
the final product in the field under real conditions. Equally
important tests are laboratory measurement of abiotic per-
oxidation and the rate of subsequent bioassimilation of low
molar mass oxidation products. These provide complemen-
tary information that can be used to assess the time Scalepolyethylene in the environment. For example, it has been
for ulimate absorption of the polyolefins into the environ- ghown that soil bacteria and fungi can utilize peroxidized
ment. The following is an excerpt representing the views of polyethylene in the absence of any other source of carbon
scientists active in the field of polymer degradat®én. leading to bioerosion of the polymer surfa@eBiometric

full scale composting trials
particle size reduction
visual impact
ecotoxicity measurements
plant germination and growth rate
accumulation of transition metals in stems, leaves and fruit
effect on macroorganisms (worms, daphnia, etc.)
background scientific studies
rate of abiotic peroxidation at composting temperatures
rate of biomass formation and polymer weight loss
biometric measurements on peroxidized polymer
correlation of bioerosion with extent of peroxidation

“Biodegradability tests that have been developed
largely reflect the behaviour of hydro-biodegradable
polymers (e.g. aliphatic polyesters, modified starch).
These materials are ideal for rapid biodegradation
in sewage sludge where a maximum rate and extent
of mineralisation is required. The fundamental
characteristic and most positive value of compost
or mulches is the presence of biomass. Without
biomass, there simply would be no product.

“Rapid mineralisation is not ideal for polymers in
compost where the carbon in the original plastic
should be converted over a longer period of time
to biomass and only slowly to carbon dioxide. The
oxo-biodegradable polymers (e.g. the polyolefins)
are ideal for this purpose since controlled peroxi-
dation is therate-determiningstep in the overall
process. Furthermore they cannot give toxic or
otherwise objectionable by-products during bio-
assimilation”

Commission Directorate for Industry and the Environnfént.

“ISO 14851 (0Oxygen consumption) and ISO 148
(Sturm test) do not simulate composting conditions

“What is really needed is to know what is the fate
of materials under composting conditions and what
happens once it is released to the soil

“If the packaging material does not completely
biodegrade during the composting process, it should
be demonstrated that it eventually degrades in the
soil”

This demands an early revision of EN 13432 to take into

tests (oxygen absorption) have confirmed that the thermal
peroxidation products formed on the surface of the polymer
are rapidly mineralize® There is also growing evidence
that polyethylene can biodegrade in the b&#3P. Studies
are currently in progress to correlate the extent of peroxi-
dation of polyolefins with polymer weight loss both during
abiotic and biotic assimilation processes.

Conclusions

Nature uses a combination of abiotic and biotic processes
to return its own waste to the natural carbon cycle. Abiotic
peroxidation and hydrolysis of man-made polymers normally
precede the bioassimilation of low molar mass products in
the environment. Consequently, International Standards must
reflect this fact and incorporate the relevant abiotic processes
into test methods and protocols.

The polyolefins have been shown to satisfy the same oxo-
biodegradability criteria that characterize biopolymers such
as natural rubber and lignin, and as they are more eco-
efficient during manufacture and effective during use than
bio-based polymers, it seems certain that they will remain
Yhe materials of choice for packaging and agricultural
applications.
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