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1 Foreword 

The collection of invited papers in this book represents the first in a series of 
publications of the proceedings of the scientific meetings of the Biodeterioration 
Society. The intention of the publications is to provide participants and others with 
rapid record of each meeting using the format of the speakers' typescripts and received 
the keeping printing costs to a minimum. 

These proceedings also contain the first Bunker Memorial Lecture delivered by Dr. 
Kaplan, the eminent worker of long standing in the biodeterioration of plastics. The 
lecture is given in memory of Dr. Bill Bunker our first President. 

The meeting was attended by over seventy people representing private and nationalised 
industry, government agencies and academic establishments. · 

Dr Ken Seal of the Biodeterioration Division at Cranfield has acted as Editor for this 
first publication. He has performed the task with great efficiency and enthusiasm, and I 
join with him in thanking the speakers for the prompt delivery of their manuscripts and 
all the participants for the lively discussion. 

I wish to thank Dr. Seal for his work as local organiser of this meeting, the 
Biotecizno/ogy Centre, Cranfield, for providing some refreshmelll and Sue Seal for 
essential secretarial assistance both in the organisation of the meeting and the final 
preparation of these proceedings. 

Glyn Morton 
President 
November 1985 
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MICROBIAL TRANSFORMATIONS OF POLYMERIC MATERIALS: 
APPLIED AND THEORETICAL CONSIDERATIONS 

Arthur M. Kaplan, 

u.s. Army Natick Research and Development Center, 
Natick, 

Massachusetts 01760-5020, 
u.s.A. 

Summary 

Polymers find world-wide application as materials used for 
industry, medicine, science and the arts. The response to 
microbiological challenge is frequently one criterion that 
determines where a specific polymeric material may be used; It 
is essential that the material's ability to resist, or be 
amenable to, microbial transformation be clearly known and 
understood if it is to be used properly and productively. 
Empirical methodology has been developed to provide guidelines 
that govern the selection of polymeric materials used in items 
of commerce. The basic scientific interrelationships that exist 
between the biological, chemical, physical and environmental 
parameters that impact on a polymer's functionality must also be 
considered. Applied and theoretical considerations of 
significance to the microbiological aspects of polymer behaviour 
are therefore discussed as these pertain to microbiological 
transformation of polymeric materials. 

Polymers in our time are major constituents of materials and their 
use is pervasive and common thoughout the world. Data published as 
recently as June (Greek, 1985) indicate that production of plastics in the 
United States, excluding polyurethanes, likely will exceed 46 billion 
pounds in 1985. The total value of plastics' shipments, including 
exports, is estimated to possibly exceed $20 billion. Plastics are 
reported to rank fourth in value of shipments after steel, paper and 
paperboard, and aluminium. Among chemical products, plastics rank third 
after organic chemicals and drugs. In terms of the basic polymers it is 
reported that low density polyethylene plant capacity is about 10 billion 
pounds per year; high density polyethylene production estimated to be 6.4 
billion pounds in 1985, polypropylene production 5.2 billion pounds, 
polyvinyl chloride 7.2 billion pounds, polystyrene -straight and rubber 
modified, 4 billion pounds. For polyurethane foams, the production 
estimate is 2 billion pounds. 

Greek (1985) succinctly sums up the impact of these materials · by 
noting that in his estimate present life styles without plastics would 
revert to the levels of 150 years ago and foregoing data that he has 
presented confirm, through the enormous amounts produced, the ubiquity of 
their presence in our d~ily endeavours. One notes immediately from the 
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great and wide diversity of polymer-based materials that a host of 
requirements must exist that cover each of a myriad of application~. 

These requirements which reflect end item use dictate the selection 
of specific basic polymer systems and define what classes of polymers can 
be considered. Thus, in addition to those that have been mentioned, 
niches exist for polyesters, polyamides and imides, silicones, 
fluoropolymers, polybutadienes, polystyrene, acrylics, epoxies, 

'polyphosphazines, and phenol formaldehydes, to name but a few. In terms 
of end items, even a cursory listing of items makes apparent that there 
must be as many requirements as there are items. Polymer-based 
engineering resins, films, textiles, electronic parts, wire and cable 
insulation, fishing line, rope, floor and wall coverings, coatings, inks, 
adhesives, upholstery, containers, packages, pipe, boat hulls, shoe 
components, disposable eating utensils and trays, surgical implants, 
carriers for immobilisation of enzymes and microbial cells, artists' 
paints, chromatographic columns for gas and high pressure liquid 
chromatography and so on all have unique use circumstances. 
Specifications for each of these items encompass a family of use mandated 
criteria. These criteria may include physical, chemical, biological, and 
weathering parameters as circumstances demand. The point to be empahsised 
is that these criteria are selected to ensure proper performance and 
desired use life and vary with each exact use situation. In some 
instances the inherent properties of the materials must be preserved as 
long as the state of the art can ensure serviceability. In other 
instances, a very limited life is desired and decomposition and 
degradation of the item is encouraged. Thus when we use polymers in 
electronic systems we consider their ability to insulate against and be 
inert vis-a-vis electrical phenomena, be water and moisture vapour 
resistant, be flexible or rigid as required, resist light energy and 
thermal decomposition and, finally, not support microbial growth that 
could impinge on the electrical performance criteria or compromise the 
other properties mentioned throught direct attack and alteration of the 
material components of the item. At the other extreme, when we consider 
packaging materials and containers used in so-called fast food take-out 
situations, we should like the items to degrade under outdoor weathering 
conditions, which could include microbial degradation in soil contact, so 
that littering of the landscape is mitigated. 

Whatever the requirement, the initial consideration is the 
characterisation of the basic polymer and the products made from it in 
terms of their susceptibility to microbial transformation. This 
determination must include both the basic polymer and the formulation or 
material system incorporating the polymer since the formulated polymeric 
system may be composed of mixtures of materials that have their own 
individual susceptibilities and the response of the item of commerce· may 
be quite different from the basic polymer. The most common example is 
that of polyvinyl chloride (PVC) where the basic resin is resistant to 
fungal transformation but a formulated film may or may not be susceptible 
depending on the plasticiser and other components of the film formulation 
(Kaplan et al., 1970). 

Knowing the microbial response characteristics of the basic polymer 
and the formulated system permits the rational selection of a proper 
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material for intended use. Polyurethanes are of particular significance 
in this regard since methods to provide a resistant system, unlike PVC, 
must consider the basic building unit as well as the formulated system 
because the chemistry of the basic element, exclusive of the components of 
the finished item, provides a direct contribution to overall resistance or 
susceptibility of the item (Kaplan et al., 1968; Darby and Kaplan, 1968). 

Methodology for determining susceptibility of materials to microbial 
action is in existence. The specific evaluation procedure and criteria 
for determining substrate change depends on the intended use of the 
material. In practice the techniques generally are variations of the 
basic plate, tropical chamber and soil burial procedures followed by 
indicated observation of visual, physical, chemical or electrical 
parameter changes in the test samples. Examples of these basic procedures 
are found in American Society for Testing Materials, ASTM G21-70, (1983), 
a plate test procedure; Military Standard 810D, Environmental Test 
Methods, Method 508.1 Fungus (1985), a tropical chamber procedure; and 
Federal Test Method CCC-T-191, Textile Test Methods, Method 5762, Mildew 
Resistance of Cloth: Soil Burial Method (1978). 

Polymeric systems categorised by their response to the preceding 
test procedures, however, cannot be selected with respect to microbial 
criteria on· that basis alone. Phenomena that affect a substrate through 
non-biological means conceivably can bring about a modified material with 
subsequent increased or decreased capability for biotransformation. 
Materials that will be exposed to the elements are, therefore, subjected 
to laboratory and outdoor weathering stress in terms of light, heat and 
water leaching situations prior to microbial and performance evaluation. 
The response to this sequence of stress situations can, in almost all 
cases, be accepted as a guide for behaviour of the material in item field 
performance. 

The approach just presented is empirical and pragmatic in the sense 
that one seeks no explanation as to the cause of response achieved and 
relies with justified confidence on the results obtained to make the 
decision under what circumstances the material can or cannot be specified. 

It is significant that this applied approach in most cases leads to 
correct judgements when a theoretical approach, based on chemical/physical 
structure of a polymer, unless very carefully thought out, can resul~ in 
erroneous selections for end item application. I hasten to say at this 
point that no deprecation of the theoretical is implied or intended as 
follow-on discussion will clearly demonstrate. On the contrary, a plea is 
made for an approach where experimental observed evidence is unequivocal 
support for theory providing a fuller confidence to decision making. 

' Let us then examine the question of what intrinsic factors determine 
resistance or susceptibility of polymers and how these properties; when 
altered, may or may not change the biotransformability of the polymer. 

A number of factors are involved that govern the biotransformation 
of a polymer. The most significant parameter is the conformation of the 
polymeric structure at the molecular level. An early example of the 
relationship of molecular structure to biotransformability was 
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demonstrated when the shift was made from resistant branched chain alkyl 
benzene sulfonates to straight chain biodegradable versions in the 
formulatLon of commercial detergent preparations (Huddleston and Allred, 
1963), Darby and Kaplan (1968) observed that the presence of side chains 
on the diol moiety of a polyurethane reduced susceptibility. A natural 
polymer, cotton cellulose, at one point during outdoor weathering, becomes 

• resistant to fungal attack. Structural changes in the cellulose molecule 
and its anhydro-glucose units are responsible for this phenomenon (Kaplan 
et al.; 1970), During weathering the cellulose moiety is broken into 
smaller sub-units as evidenced by a reduction in degree of polymerisation. 

One could reason at this point that the resultant fragments would 
then be quite susceptible to enzymatic breakdown particularly since 
unweathered cotton textile is easily utilised by fungi. In fact, it was 
experimentally shown that in the smaller fragments there was an increase 
in altered chain ends along with the development of oxidised secondary 
carbons and that the altered molecules did not absorb cellulase. In other 
words, the conformation of these structural species with some ring 
openings and with terminal pentose residues or terminal carboXYl groups is 
such that cellulases are prevented from approaching susceptible sites on 
the molecule. 

In looking to find an explanation as to where polymer structure 
determines reaction to biotransformability, explanations frequently focus 
on supra molecular levels rather than the molecular level. In the case of 
weathered cellulose,.for example, Abrams (1951) had postulated that 
resistance was due to the residual crystalline portion of cellulose 
remaining after the amorphous component, was deteriorated rapidly by 
photochemical action. In our investigation (Kaplan et al., 1970) X-ray 
diffraction failed to show any significant change in the percentage of 
degree of crystallinity followed during 14 months of outdoor weathering. 
If amorphous cellulose was being removed, then there should have been an 
increase in percentage of crystalline cellulose for a given amount of the 
weathered cotton. 

The question as to the resistance to microbial activity was also 
addressed in a study of the mode of action of resins in preventing 
microbial degradation of cellulosic textiles (Kaplan et al., 1972). It 
was known that cotton textiles treated with certain triazine resins were 
resistant to microbial degradation and it was known that resistance was 
due to the resin acting as a barrier to cellulolytic enzymes. It was not 
known if the protective mechanism occurred because of chemical linkage 
between cellulose and resin at the molecular level or if the resin formed 
a polymer that coated and infiltrated cellulose fibres setting up a purely 
physical barrier. In the first instance, susceptible sites to ensyme 
activity would be blocked through conformational changes inherent to the 
cellulose-resin complex, while in the second, a gross impervious barrier 
would confront any enzyme encroachment. It was important that this be 
detemined in order to be able to develop the most effective treatment with 
least damage to the textile. Using resin systems that would either react 
with cellulose or polymerize with cotton fibres without any appreciable 
linkage between resin and cellulose, it was clearly shown that greater 
protection was achieved when there was linkage between the cellulose and 
resin molecules than occurred when the polymer infiltrated cellulose 
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fibres alone. Indeed there was some evidence that the protection offered 
by the polymerised resin was, in fact, aided by some residual chemical 
interaction, i.e. that the purported "non reactive" resins in fact were 
not completely non-reactive. 

I have used examples of natural polymer 
principle and now will further elaborate on 
structure by considering synthetic polymers. 

modification to illustrate a 
the -significance of polymer 

High molecular weight commercially used synthetic polymers as a 
class are generally resistant to biodegradation (Potts et al., 1973; 
Kaplan, 1975). Notable exceptions, as previously mentioned (Darby and 
Kaplan, 1968), are polyurethanes based on polyester diols. Huang et al. 
(1981) noted in polyurethanes derived from polycaprolactonediols that 
biodegradability increased with increasing ester chain length. As a 
result of extensive studies with a series of experimental polymers, the 
interdisciplinary group at the University of Connecticut established a 
number of parameters they concluded were essential for biodegradability of 
synthetic polymers. Huang et al. (1978) reported that hydrolysable and/or 
oxidisable linkages had·to be present in order for a synthetic polymer to 
be biodegradable. They noted that conformational flexibility was 
necessary for a polymer to interact with an enzyme, that 
hydrophilic-hydrophobic characteristics of polymers alter biodegradability 
and the presence of both characteristis gives the best results if 
degradation is to be encouraged. The concept of synthesising 
biodegradable moieties into polymers was also addressed by the group at 
the University of Maryland who reported that an alternating copolymer of 
glycine and E-aminocaproic acid,(alternate nylon2/nylon/6) could be 
utilised by microorganisms (Ennis and Kramer, 1974, Ennis and Kramer, 
1975). Cook et al. (1981), similar to comments made here earlier for the 
studies with cellulose, noted the importance of enzyme specificity for 
polymer linkages and that fungal enzymes must be able to reach those 
linkages in the polymer. They also postulated that amorphous regions are 
attacked first and then crystalline regions. 

A word concerning the effect of molecular weight, solubility and 
physical state on biodegradability. Potts et al. (1973) reported on the 
biodegradability of ten linear hydrocarbon samples with molecular weights 
ranging from 170 to 620 and reported that at less than 450 growth of fungi 
was supported while above this there was no growth. Included in the group 
was a forty-four carbon compound, tetratetracontane, molecular weight 620. 

Yet Haines and Alexander (1976) reported that the same compound would 
support microbial growth using oxygen consumption as a criterion. 
Obviously, methodology must be looked at quite critically in order to 
judge the validity of the claims being made. Potts et al. (1973), among 
several others, made the point that structure is important and that 
branched species of low molecular weight polyethylene were resistant. Yet 
statements are repeatedly made that molecular weight alone, presumably 
without regard to conformation, regulates the ability of a compound to 
support growth. It is unfortunate that experimental evidence at hand is 
disregarded. In the same vein, the statement is frequently heard that 
insolubility of polymers i~ an explanation for recalcitrance. One need 
only bring to mind solid substrates such as wood, cotton, leather, 
polyester polyurethanes, waxes such as dotriacontane (Potts et al., 1973) 
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among others, that are readily transformed by microorganisms to dispose of 
this concept. Specific solids are as susceptible as liquids and 
solubility in water certainly is not a requisite for the previously 
mentioned high carbon chain waxes that support "microbial growth. The 
statement is also made at times that if a man-made molecule does not bear 
some resemblance to naturally occurring molecules, it is unlikely to be 
degraded. There is some merit to this argument but, again, a generality 
that cannot be accepted completely when one notes that some polyester 
polyurethanes bearing no resemblance to a natural product are indeed 
susceptible. Finally, the physical status of a polymer can effect the 
response to microbial challenge (as will be discussed further). A 
polyurethane formulation with castor oil as a substantial polyol 
ingredient when used as a rigid cross linked foamed material showed no 
microbial damage after seven years' exposure in a tropical chamber (Kaplan 
et al., 1968). 

A great clarification of polymeric structure as it pertains to 
biodegradability came when biodegradability was claimed for fragments of 
polyalkylenes resulting from photo-oxidative degradation of polymers whose 
sensitivity to light had been increased through the inclusion of carbonyl 
groups adjacent to the main chain (Spencer, 1974). The carbonyl groups 
absorb ultra-violet light and bring about cleavage of the chain. Similar 
claims had been made for a light sensitised polyethylene by Nykvist 
(1973). 

Controversy existed since the evidence offered in support of this 
contention had been questioned (Kaplan, 1975). Not only was this an area 
for disagreement but evidence had been presented questioning the position 
that synthetic polymers of commerce in fact were resistant to microbial 
degradation, (Dayal et al., 1962; Demmer, 1968; Allakhverdiev et al. ·, 
1968; Kuster and Azadi-Bakhsh, 1973). The significance of these reports 
has been discussed by Kaplan (1974), and Rogers and Kaplan (1971), in 
response to the article by Dayal et al. (1962), have shown that nylon 66 
is resistant. In addition to the precedir~· extensive studies were 
carried out by Swedish workers using C labelled polyethylene 
f*lbirtson et al., 1978). Their work indicated the presence of 

CO after exposure to micro-organisms but they could not 
demonstrate degradation of the bulk of the material. 

To cast some definitive light on the problem, Cornell et al. (1984) 
carried out an extensive study to describe and identify the breakdown 
products resulting from photo-oxidation of commercial polyalkylenes. 
Sensitised polyethylene, high density polyethylene and polypropylene were 
exposed to light energy from quartz mercury arc, fluorescent light, Xenon 
arc and outdoor exposure. The primary chemical entities were separated 
and characterised using solvent extraction and chromatographic procedures, 
identified using gel permeation chromatography, gas chromatography/mass 
spectrometry and infra-red spectrophotometry, among others and the 
fractions evaluated for their ability to support fungal growth. In 
general, exposure to light energy resulted first in degradation of 
physical structure, loss in mechanical strength and weight, and 
ultimately, if exposed long enough, to shredding of the samples. Distinct 
fractions having different physico-chemical properties and different 
response to microbial challenge are formed. A volatile fraction is formed 
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~hich apparently is rapidly dissipated into the biosphere. An oligomeric 
fraction is also formed ~hich is soluble in various solvents at room 
temperature. A small amount of this fraction is present in the polymers 
prior to irradiation. A high polymer is formed, a portion of ~hich is 
cross linked. The oligomer and cross-linked polymer are the primary 
non-volatiles produced. -The oligomeric portions support gr~th of fungi 
~hile the high polymer fractions do not. The intact polymer ~ill give 
evidence of minimal gro~th due to the presence of the oligomer and, as 
mentioned, the additional oligomer formed during light energy exposure 
~ill support gro~th but the amount of oligomer ~ill not increase in excess 
of a limiting value determined by kinetic factors involved in oligomer 
formation and degradation. For the sensitised polyethylene the oligomer 
portion soluble in tetrahydrofuran at room temperature constituted less 
than 5% of the unexposed polymer ~hich increased to 9% after exposure but 
did not appear to increase upon further irradiation. Lengthy irradiation 
resulted in polymer residues which comprised almost 30% of the 
cross-linked fraction and did not support microbial growth. On extended 
photo-oxidation, reaction bet~een molecular oxygen with radicals results 
in radical chain reactions which may terminate by cross-linking, branching 
or reaction ~ith impurities all tending, in this instance, not to support 
fungal growth. 

Of particular interest is that all light sources used exhibit 
different energy distribution as a function of wavelength, but the 
polyalkylenes exposed to these differing spectral distributions for 
varying exposure times produced oligomers whose infra-red spectra were 
virtually identical. The similarity suggests there is a common 
degradation mode for the different energy sources including outdoor 
weathering. the cross-linked residues formed are able to be cleaved by a 
quartz mercury arc, which is richest in short ~ave high energy radiation, 
only ~ith great difficulty, and these residues become a major polymer 
component. Under average conditions of outdoor illumination, the lower 
quantum energy, the effect of shade, clouds and intermittent sunshine, the 
decomposition would be even slo~er. It ~ould appear, therefore, that 
residues from the degradation of polyalkylenes would not be completely 
eliminated from the biosphere. 

In summation, synthetic polymers can be tailored to have resistance 
or susceptibility to microbial transformation based on the information 
discussed in this presentation. Although judgements can be made as to the 
possibility of polymeric materials being biotransformed ~hen the chemical 
and morphological structures are considered, it must be kept in mind that 
items of commerce are different than laboratory "pure" entities and final 
decisions must al~ays be made based on proper, definitive quantitative 
evaluation of that particular polymeric system, keeping mind the end item 
use parameters. Finally, ~hen all is said about the ability to tailor a 
compound for microbial response properties, it must also be kept in mind 
that a polymer must first fulfill its primarY performance functions and 
the bio-transformation requirements cannot be achieved to the detriment of 
the functional properties. 
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BIODEGRADABLE PLASTICS 

G. J. L. Griffin, 

Ecological Materials Research Institute, 
Brune! University, 
Runnymede Campus, 

Egham, 
Surrey, TW20 OJ2 

Summary 

In the absence of economic constraints there seems to be little 
difficulty in preparing synthetic or semi-synthetic polymers which 
are quite rapidly decomposed by the direct action of bacterial or 
fungal enzymes. Conversely by selecting particularly refractory 
synthetic polymers and compounding them with adequate protective 
agents it is possible to prepare useable plastics compositions with 
a very high life expectancy in biologically active environments. 
Much more difficult is the problem of designing polymer compounds 
which are economically and technically acceptable to a specific 
industry, that of packaging goods for retail distribution. This 
paper considers the constraints imposed by the packaging 
technologists on the development of environmentally preferred 
materials, in particular the conflict between the requirements for 
lengthy in-store life possibly in· contact with food, and subsequent 
breakdown in garbage disposal operations. Test methods are 
described and the importance of their selection is considered in the 
light of experience with starch/polymer blends used as packaging 
films. 

What is Biodegradability? 

We can recognise decay as an important element in the dynamics of 
biological processes: living things eventually die and the products of their 
decay return key substances into the cycle thus tending to restore the fragile 
equilibrium of life on earth. The most familiar substances cycled are carbon 
and nitrogen and it is generally accepted that the processes of decay and 
decomposition of vegetable and animal residues are complementary to the 
processes of reproduction and growth. The consequences of disturbing this 
balance are only too often revealed in land erosion, deforestation, and the 
associated famine and drought. 

The process of decay is slower and more 
Pine needles falling to the floor of a European 
fourteen years to become assimilated into 
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complex than is often thought. 
forest may take as long as 

the soil. The route from dead 



matter to soluble or gaseous products may pass through many stages involving 
large animals, then smaller creatures such as ·insects and ·crustaceans and, 
finally, fungi, yeasts and bacteria. Freak circumstances may freeze these 
processes for long periods of time especially when natural or man-made events 
happen to change the environment from ox.ygen rich to anaerobic. The 
geological curiosities - oil, bitumen, peat and coal are examples of such 
happenings of natural origin, whilst ., the .millions of tonnes of raw urban 
garbage being buried each year near our large towns is just such an example of 
a man-made event. The excavation of rubbish burial sites by Wallhauser (1972) 
in Germany gave a startling indication of the durability of 'natural' 
materials in anaerobic burial sites when readable pages of seven year old 
newspapers were discovered. The earliest attempts to manage and utilise 
biodegradation were undoubtedly associated with the perfection of composting 
as an important contribution to horticulture and in the vital developments of 
organised sewage processing. It should also be remembered that much has been 
learned about the mechanics of decay by those whose professional concern is 
the preservation of man-made objects and, for them, the same processes of 
decay would be called 'biodeterioration'. 

The most formal definition has come from Hueck (1974) who insists that 
true biodegradation can only be claimed if there is a unique association 
between an identified micro-organism and an event leading to molecular 
breakdown and loss of properties of a particular substance. Where human 
concern, however, is for the avoidance of the nuisance caused by 
over-intrusive materials which are, themselves, only an insignificant part of 
the total organic cycle, then a degradative process which resulted in 
fragmentation rather than chemical disintegration would be equally acceptable 
on practical grounds. It is common practice to refer to all cases of 
progressive loss of physical properties, as well as those where an actual 
weight loss is associated with the activities of fungi, yeast and bacteria, as 
'micro-biodegradation'. I have found it also useful to use the 
'macro-biodegradation' to denote those cases where insects or crustaceans are 
involved. There appears to be no need to classify the less important, but 
very conspicuous, contributions made by rodents, birds, bears and other 
animals. The effect of the climate rain, wind and sun - may be a major 
mechanical or photochemical element in environmental breakdown, but is 
generally excluded from the biodeterioration concept. 

Biodegradable Polymers 

Most natural organic solids such as wood, flesh, horn casein, straw 
etc., are themselves polymers of sugars or amino acids and in every case there 
exist corresponding enzyme systems arising from microbiological sources 
capable of depolymerising the molecules by clearly recognisable chemical 
mechanisms. It should be possible, therefore, to simulate these processes in 
suitable contrived synthetic polymers. Such materials have in fact been 
produced, some by design, such as polycaprolactone, and some by accident, such 
as polyester polyurethanes, and in these cases specific enzyme/polymer 
interactions can be recognised. This area of polymer chemistry has been 
reviewed by this Author (Griffin, 1980) and has given rise to a number of 
products which are of interest in the development of absorbable prosthetic 
devices and slow-release drug systems. The unfortunate aspect of such 
specialised polymer synthesis is that all the products are extremely expensive 
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and are, therefore, effectively barred from application to such areas as 
retail packaging. The interesting question remains as to whether the plastics 
materials most familiar to the packaging industry, polyethylene, polyvinyl 
chloride and polystyrene are directly biodegradable to any degree. Most hotly 
debated has been the case of polyethylen~s with some authorities (for example 
see Potts et al., 1973) insisting that polyethylene is virtually everlasting 
in the absence of sunlight. Wallhauser (1972), however, noted that 
polyethylene retrieved from his garbage dump excavations had deteriorated 
physically with some indication of bacterial Pf&sence. Evidence from the 
early work of Albertsson (1976), 

14
in which C carbon from labelled 

polymer appeared as radioactive CO evolution in the air above the 
buried samples, was explained by suggesttng that only the very low molecular 
weight fractions known to be present in commercial synthetic polymers were 
involved in microbia metabolism. Albertsson (1980) continued the work, 
however, and showed that after several years of soil contactt

4
instead of the 

oligomeric residue becoming exhausted, the rate of co2 evolution 
actually increased. The most reasonable explanation of these events is that 
progressive slow chemical oxidation is taking place under- soil .burial 
conditions with microbial scavenging of the polar oxidised material. It seems 
extremely improbably that direct enzymic attack of the high molecular weight 
polyolefin is occurring. Support to this view is derived from the more recent 
studies of Colin et al. (1981) who have made careful observations on the 
embrittlement and chemical degradation of polymer films in soil burial for 
periods of up to thirty-two months and conclude that progressive oxidation 
does occur .11nd that biological action may be involved. Cornell et al. (1984) 
have also studied the biological .sensitivity of the oxidised fraction of 
photodegraded polymers and confirm that bacterial populations are readily 
supported by this polar material; they also observed the development of 
cross-linked structures as evidenced by differential solubility. This is 
remarkably parallel to the embrittlement and initial increase in tensile 
strength seen in soil burial studies of polyethylene at Brune! University 
(Griffin, 1976). It can now be stated with some confidence that high 
molecular weight polyethylenes are not directly accessible to enzymatic attack 
in soil contact but a slow two-stage process appears to occur which is not in 
itself rapid enough to return carbon to the natural cycle or to cause problems 
with increased oxygen depletion or spontaneous combustion. The embrittlement 
and reduction in tensile strength properties does, however, offer a route 
towards reducing the obtrusive physical presence of gross polymer artefacts in 
the environment. The two-stage process is conspicuous in the garbage 
environment because of the role played by the auto-oxidation of unsaturated 
fatty materials leached from food residues into the polymer resulting in the 
generation of peroxides which appear to be the active agents in the initial 
scission of the polymer chains. 

Work carried out with polystyrene and polypropylene suggests that these 
materials are even more highly resistant to degradation in soil burial than 
polyethylenes. The other low cost polymer common in packaging applications, 
polyvinyl chloride, is extremely resistant to environmental attack in the 
absence of photochemical breakdown. Flexible plasticised PVC compounds, 
however, behave quite differently because the plasticiser itself, which may 
comprise as much as 40% of the composition, can be very sensitive to 
biological attack and, when removed in this way, leaves behind a porous 
brittle shell of PVC which is easily fractured by the mechanical disturbances 
of wind action or agricultural machinery (Griffin, 1984). 
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Clearly, if the very modest and rather complex breakdown processes of 
some of the common plastics widely used in the manufacture of disposable 
packaging items could be accelerated by some economical means without 
introducing toxic hazards or processing difficulties, then a useful industrial 
product would result. Such a possibility arose when the special value of 
particulate starch as a filler was recognised. 

Starch-filled Plastics - Origins 

The work on starch fillers, started at Brune! University, was concerned 
with the need to solve a particular industrial problem which called for the 
creation of a paper-like texture in LDPE blown film. Because of the very 
tight financial limitations imposed by the originators of the project it was 
not possible to consider any methods involving significant changes in 
manufacturing methods or the use of more costly polymers. Any idea of 
developing novel polymers was quite out of the question. It was clear that 
the only direction open for seeking an economically viable solution was to 
examine the possibility of finding a novel filler which could be incorporated 
into the LDPE before the film blowing operation and to choose the particle 
size such that, after the thinning of the melt in the film blowing process, 
the surface of the product film would be gently textured. The search for a 
suitable filler was made interesting by the peculiar demands of the film 
blowing process. Mineral powders were rejected beca~se of their abrasive 
character, the opacity induced by the great difference in refractive index 
between the mineral and the polymer, and the density increase of the product. 
Organic fillers, traditionally one of the forms of cellulose, were rejected 
because of the unacceptable effect of the fibrous material on the flow 
properties of the polymer melt. Powdered polymers were rejected on the 
grounds of cost as well as their effect on flow properties. What seemed to be 
a hopeless situation was rescued by the recognition that natural starch 
offered a possible combination of low density, matching refractive index, no 
abrasive action, uniform and appropriate particle size, and reasonable 
economics which could qualify it as the ideal filler for the task if a 
technique could be evolved for incorporating it successfully into LDPE. Such 
a technique was developed by the Author, as a result of which a specially 
prepared starch is now regarded as a standard filler for thermoplastics and is 
consumed on a tonnage scale for modifying PVC plastisols for paper coating as 
well as for the manufacture of extrusion-blown LDPE film (Griffin, 1975; 
Griffin, U.K. Patents). 

At an early stage in the industrial development of the starch filler it 
became apparent that this new combination of a natural ~olymer, starch, with 
the synthetic polymer LDPE could reasonably be expected to be more rapidly 
broken down in the environment than the synthetic polymer alone. This was 
shown to be the case and, in consequence, the LDPE/starch blend found ready 
commercial acceptance in the manufacture of shopping bags, some 400,000,000 of 
which have been made in the U.K. The shape and size of the maize starch 
particles gave exactly the required texture to the surface, as is evident from 
Figure 1. 

Starch Filled Plastics - Biodegradability 

The first consideration in establishing whether the hypothesis of starch 
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enhanced degradability was reflected in fact was to establish the 
accessibility of the starch itself to biological action. Some doubts were 
reasonable because it was clear from microscopy that the starch granules were 
almost perfectly "wrapped" in polyethylene, It was found that if these starch 
filled films were immersed in starch digesting enzymes (amylases) under the 
appropriate · conditions a substantial proportion, depending on the starch 
concentration, of the starch filler was digested. This surprising event 
implied that the polythene was permeable to the enzyme, unexpectedly so in 
view of the high molecular weight of the enzyme. In fact this behaviour was 
later proved to be characteristic of polyethylene films of less than one 
micrometre thickness and was confirmed by preparing very thin films and 
showing them to be protein-permeable by ingenious biophysical procedures 
(Griffin and Nathan, 1979). When we consider the situation in a typical 
packaging film 50 micrometres thick in which are distributed at random starch 
granules 15 micrometres in diameter, it is not surprising that some of them 
will be spearated by only 1 micrometre of polymer or less, whilst all those 
near the surface will have the thinnest covering skin because of the melt 
stretching that occurred in the film blowing process. This means that most of 
the starch granules near the surface will be rapidly degraded to sugar and 
gummy substances while much of the more deeply sited starch will be reached by 
a kind of "stepping stones" action (a percolation process). The sugar-filled 
pockets swell by osmotic attraction of water and actual physical disruption of 
the polymer surface takes place creating a sticky rough surface which is very 
receptive to the growth of adherent microbial colonies by contrast with the 
usual smooth waxy polyethylne, Encouraged by these results, laboratory tests 
were established to examine and confirm the degradation properties of the 
starch extruded films at Brunei University, the University of Surrey, I.C.I. 
laboratories in England, and the University of Malaysia at Kuala Lumpur, At 
Brune! the work was based on a miniature Dana garbage composting drum. 
Whitney and Williams (1976) at Surrey used a viety of aquatic environments, 
I.C.I. laboratires used soil burial and sewage sludge for their test 
environments (P. G. Edgerley, I.C.I. personal communications 1980- 1982), 
whilst Ong and Stanton (1977) at Kuala Lumpur used soil burial sites in the 
botanical gardens of their university, 

Comparison between the early composting trials and soil burial tests 
revealed the importance of auto-oxidisable oils as polymer chain breakers, 
referred to earlier, because the cooking fats leached by polyethylene from the 
garbage cuased a much faster breakdown than was observed in temperate region 
soil burial using starch filler alone. In general the physical properties of 
the buried or immersed films changed in a characteristic manner in which the 
first visible evidence would be a dulling ~f the surface followed by bacterial 
and fungal overgrowth. The film ~auld become progresively harder and the 
elongation at break would diminish associated with a slow drop in tensile 
strength after an initial increase. Failure occurred by the appearance of 
numerous cracks and after about a twelve month period, mechanical disturbance 
of the soil would cause fragmentation of the film. 

The samples exhumed after a few months from soil burial in tropical 
Malaya showed extensive fungal ·and bacterial attack, and also gross 
perforations were were obviously of insect origin (Ong and Stanton, 1977). 
Rather surprisingly, similar events were noted in European experimentation 
(Griffin and Turner, 1978) and the principal active creature was discovered to 
the humble and ubiquitous woodlouse, Subsequent studies by Griffin and 
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Tarverdi (1981) have confirmed the willingness of the woodlouse (Isopoda; 
spp Oniscus asellus; Armadillium vulgare; Porcellio scaber) to attack 
starch extended plastic films of various types presumably in search of 
decaying starch granules because the polymer is simply reduced by their 
mastication to small particles and ejected with their faecal pellets. It is 
very remarkable that these creatures, which will totally igno're normal plastic 
films, will attck polymers such as polyethylene, PVC and polystyrene if starch 
filled, and perform best when they have access to their normal diet and are in 
damp cool surroundings (Figures 2 and 3). It is fortunate that these are just 
the conditions, under buildings, in the entrance to culverts and at the base 
of hedgerows, where neither sunlight exposure nor true soil burial conditions 
are available and where much plastics litter tends to accumulate. 

The Technology of Starch Filled Polymers 

Commercial starch filler for plastics is, generally, refined maize starch 
which has been intensively dried to reduce its moisture content from the 
normal 12% to less than 1% and has then had its granule surfaces chemically 
modified so as to render them hydrophobic. This latter operation greatly 
simplifies the process of mixing the filler with 'oily' polymer melts and also 
considerably enhances the mechanical properties of the final films or other 
products. In most applications, for economic reasons, the route to inclusion 
i~ the final product involves the familiar intermediate stage of masterbatch 
preparation. The very dry starch product is thermally stable at temperatures 

0 up to 230 C for short exposure times and will withstand temperatures 
0 below 200 C for long periods, it therefore offers no problems in 

masterbatching into the common industrial thermoplastics, Because the 
particles have an almost uniform size of 15 micrometres diameter (Figure 4) 
without fines or agglomerates, no special demands are made on the mixing and 
dispersing action of the machinery used. Care is needed, however, to protect 
the masterbatch from extended contact with water, although water ring coolers 
have been successfully used in conjunction with face cutters in systems where 
the pellets drop immediately onto a separating screen and emerge hot from 
water contact within 2 - 3 seconds. With masterbatches of starch content 
higher than 50% WW more care has to be exercised because the pellet surface 
becomes rougher as the starch content reaches the limit (at around 70% WW) and 
physical separation from cooling water becomes almost impossible,. Using these 
masterbatches in film blowing or extrusion equipment requires no modification 
to plant or special procedures other than to protect the masterbatch from 
extended exposure to moist air. The smooth rounded starch particles have a 
remarkably small effect on the melt viscosity of polymers and no difference in 
film area production will be detected at the common loading percentage~£ 6% 
as a result of melt viscosity changes. 

Mechanical Properties of Starch Filled LDPE Films 

Adding large volume fractions of fillers to polymers generally has the 
effect of reducing tensile strength. Because of the low density of starch 
filler it has to be remembered that 6% of starch is equivalent in volume terms 
to 13% of chalk, yet the effect of such a level of addition is less than the 
commonly experienced day to day fluctuations in the 'standard' physical 
properties attributable to polymer quality variation, test method inaccuracy, 
and gauge wandering, a typical set of test figures from an independent test 
house is presented in Table 1 to confirm this assertion. It can also be 
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Table 1 Mochonic:ol ProportiDS nf Storch fillod LOP( film 

tlo. SomplD typo, otorch contont 
Tost of D% 10.7% 1.4% 2.0~ •• 2% S.6% j?% I roo< 

Thickness (urn) ' 
Apparent. Mean 96.3 l,m , '" . 103.1 101.7 120.5 114.7 

Min 5 96 I~~~ lOB 92 93 106 106 
Max 101 115 109 111 126 122 

C.l!llculoted Mean 100. 1102.7 103.1 92.7 92.0 93.7 92.7 

~.t~~~
2

~121 
:~:: 195.0 Moan 96.1 86.6 B7.2 88.3 67.2 

Min 5 I~H 95.1 82.6 84.3 86.8 02.5 
Max 94.1 97.4 92 .. 6 9LO 90.4 95.6 

Density (g~cm3 ) 
3 I o.o? ' o.- 0.932 0.934 0.939 0.942 0.949 

B527B2 Method 509( 

Burst~Strongth 
( N/cm }looum film 

thickness:) 
Mean t;:: 12.0 12.6 12.1 12.2 ll.6 11.6 

Min 5 11.7 12.1 10.0 ll.B 11.2 10.7 

Max 13.1 13.E 13.1 12.9 12.4 11.7 11.5 

PfM5 3/67 

Dart lmEact (r50) 
( g/1 00 wn film 

1305 -thickness) 20 40, 365 399 365 360 30S 
852782 Mcthod3520 

~) Mean 103 92 96 91 BB 07 B7 

Min 5 92 lr~; 92 67 60 76 eo 
Max 112 103 95 99 9' 91 

CO Yield pt Moon ' 49 49 49 47 " '9 •6 
Min 5 46 46 47 43 •r 46 4S 

Max so 52 50 49 47 50 47 

CO Ultimate Mo~n 76 97 100 91 77 90 79 

Min 5 66 
Jr~~ 

92 66 62 60 66 

M"X 67 109 96 96 101 66 

852782 Mothod326B . 

(longation :C 
MO Mean 357 j;~~ 320 319 32S 390 370 

Min 5 260 260 263 266 334 306 

Max 026 I''" 406 394 360 426 40, 

co Moan 469 1:~~ 639 611 SOl S91 536 

Min 5 30' 596 564 36S 536 412 

Max 536 16•• 605 604 613 663 609 

Re9ietence to 
1ear Propagation 
( g/100-· Ulll filn'l 

thickness} 

~~;·· 1130.: J1~=-l I121.J [i14.3 MD !'loan 116.4 14S.l 

Min 5 117 107 103 124 

Max 124 136 124 1123 138 162 li23 

239.: 240.' 1 ... " 287 .! 272 ~~~~-6 co Moan 
Min 5 224 222 217 1;:~ ~~~~ 23S 

Max 272 280 399 329 319 

852762 
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reported that supermarket check-out operatives find that carrier bags made 
from these films are easy to handle because there is zero blocking and the 
surface texture stabilises the stacks of bags. 

Economics 

The economics of filled polymer manufacture must obviously be totally 
based on local commodity prices, plant capital costs and depreciation 
procedures, and labour co~ts. These elements vary so much from one country to 
another that it is virtually impossible to include specific examples. 
However, certain general points can be made which are important in avoiding 
some common sources of confusion. It has to be remembered that the criteria 
of technical acceptability vary from product to product, thus a line producing 
LDPE film for carrier bags will be judged by its output in area units per hour 
at a particular gauge and this output will be sensitive to changes in density, 
whereas a polystyrene extrusion line serving a thermoforming unit making cups 
will be judged by the number of cups made per tonne of feed material, their 
thickness being less important than the measured stiffness - a property which 
is actually increased by the inclusion of starch filler. 

A familiar complication is that of allowing for the cost ofthe mixing 
operation needed to incorporate the starch. This can vary from nothing, in 
those cases where the line is fed with powder preblends, to the full cost of 
masterbatch preparation. Masterbatching cost is acutely sensitive to the 
scale of operation and is an activity deserving most careful planning. Costs 
can often be reduced by incorporating other ingredients in the one mixing 
operation and, obviously, working with the highest possible starch loading. 
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A general case, which can be conveniently set up as a simple computer 
operation, can be derived thus:-

Q 
s 
p = 
M = 
D = 
Ds 
Kp = 

% by weight of dry starch in the finished compound. 
cost of the dry starch per tonne. 
cost of the polymer per tonne. 
cost per tonne of the masterbatch making. 
density of starch, in tonnes per cubic metre. 
density of polymer, in tonnes per cubic metre. 
% by weight of dry starch in the masterbatch. 

Then the density of any mixture Dm is given by:-

0 = m 

100 D
6

Dp 

An important quantity is the ratio by which the density has been changed 
by the introduction of Q% of starch, i.e. Dp/Dm' because in the 
manufacture of goods casted on an area basis at set gauge, this .factor decides 
the reduction in area yield per tonne of compound which will have to be offset 
against the lower cost of the starch filled compound. Thus:-

o a + D (lDO - a) s 
100 0 

s 

Now the cost of producing a tonne of compound in its finished state 
containing Q% by weight of starch will be:-

As has been 
the calculated 
increase. Thus 
gauge, as would 

(100 - a)P + QS + (100/K)QM 
100 cost units per tonne. 

explained, in cases where the product has to be area casted, 
cost must be increased slightly because of the density 

the cost of producing the same volume, i.e. area at fixed 
have come from one tonne or original polymer is:-

((100 - a)P + as + (100/K)aM)Ds 

D a + D (100 - a) p s 
cost units per tonne 

equiv. volume. 

Now the density of superdried maize starch can have values between 1.23 
and 1.45 tonnes per cubic metre according to type and the nature of the drying 
process, and starch is cheaper than the common plastics by a factor ranging 
from 2 to 16, therefore the maximum economic benefits will come from 
optimisation of the following factors:-

1. Achieving the highest starch content in the finished product short of 
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interfering with the manufacturing operation or the physical character of the 
product. 

2. Working with the highest concentration of starch in the 
su~ject to the limitations of the compounding machinery, 
masterbatching entirely. 
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FIGURES 

FIGURE 1 

SEM of LOPE blown film containing maize starch, showing characteristic bumps 
produced by the starch granules as the film is stretched during the extrusion 
blowing process (Magnification x 55) 

FIGURE 2 

SEM of edge of a sample of LOPE/starch film after exposure in a colony of 
woodlice for nine weeks. Characteristic biting and tearing at the cut edge is 
well advanced (Magnification x 25) 

FIGURE 3 

SEM of woodlouse attacked edge of LOPE/starch film seen at high magnification 
showing puncture marks near edge and stretched fibrils of polymer 
(Magnification x 2,000) 

FIGURE 4 

Fracture surface of starch/polystyrene composite showing shape of maize starch 
particles. 
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ABSTRACT FOR LECTURE TO UK BIODETERIORATION SOCI~TY 
ANNUAL MEETING - SEPTEMBER 1985 
VENOE: CRANFIELD I.T. 

Poly-3-hydroxybutyrate and copolymers incorporating poly-3-
hydroxyvaleric acid are made by microorganisms from a wide 
variety of feedstocks. The polymers are all high molecular 
weight polyesters but with a broad range of properties and 
potential applications. The organisms growth environment 
may be controlled to select a particular polymer with 
specific properties such as melting point, degree of 
crystallinity, tensile strength, gas permeability properties 
and impact strength. Although conventional processing 
equipment can be used for fabricating film, fibre or other 
formed elements from the thermoplastics the end results 
whilst conventional in a plastics business sense are unique. 
The polymers are all biodegradable. Rate of degradation 
may be enhanced or retarded by the inclusion of certain 
chemicals or microbial metabolites in the product. The 
mechanism of degradation is enzymic and the end product is a 
monomer commonly found as an intermediate of lipid 
metabolism in most living organisms. 

The potential for such materials will be discussed with 
reference to applications in medicine, effluent treatment 
and environment protection. 

P J Senior (Prof) 

Biological Products Business 
P.O. Box 1, Billingham, 
Cleveland TS23 1 LB, England 
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PLASTICS AND WASTE DISPOSAL 

E. Ismay 

Euro (UK) Environmental Services, 
54 Poulters Lane, 

Worthing, 
Essex. 

Summary 

Increase of plastics in the domestic waste stream results 
largely from the use of plastic sacks for bins and liners. 
Low density polyethylene (LDPE) is resistant to a wide range 
of industrial chemicals and solvents and is relatively stable 
in the landfill environment. Land within easy reach of a 
community has, for practical purposes, been exhausted for 
tipping and land for this purpose is now a finite resource. 
Paper sacks have now become so expensive that they are largely 
replaced by polyethylene. Forty Disposal Authorities (County 
Councils) have contributed to this paper and several District 
Councils; this has revealed some conflict of interests. There 
is no evidence that degradable polymers for carrier-bags etc., 
are being used by chain stores as yet, although polyvinyl 
alocohol (PVA) sacks being detergent degradable are used in 
the hospital sector. Polyethylene showed significant weight 
loss where sewage sludge was used in Dano-type plant. The 
selective separation of plastic materials is impracticable at 
this time and I am drawn to the conclusion that it will become 
a useful component in the manufacture of refuse derived fuels. 

In England, the County Councils are refuse disposal authorities 
except (and in administration there is always an exception) where District 
Councils undertake disposal by_ agency arrangements. In Wales, District 
Councils undertake both collection and disposal duties as in the Scottish 
Islands and Northern Ireland. This has been so since the last major local 
government re-organisation of 1974 and, at first sight, it seems to be a 
satisfactory division of responsibility. 

The two types of local authority have different duties and objectives 
but retain only one set of ratepayers. The counties are charged by law 
with the duty to dispose which they do with great technical efficiency. 
It must be said, however, that the variable content of the wastes produced 
has made economic, and at the same time effective, disposal a complex 
matter. Not the least of today's problems is finding new landfill sites 
which meet ecological criteria. There is also, I have discovered, a lack 
of reliable basic data available in relation to the constituents of waste 
which frustrates any attempt to form a composite picture of the 
nation-wide problem. District Councils are charged with the duty of 
collection together with the enforcement of all legislation concerned with 
the accumulations of refuse and litter, particularly where there is 
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serious detriment to the amenities of 
disposal sites often lie within the 
imagine where the conflict of interests 

the area. As existing refuse 
community it is not difficult to 

begin to arise. 

Forty-one Counties and 
in order to ascertain their 
of plastic material in the 
districts displayed great 
counties felt that the 
negligible. 

a number of districts have been circularised 
views on the effects of the increasing amounts 
refuse stream. It was not .unexpected- that the 
concern over the matter of litter and the 

effect of its inclusion upon landfill was 

As I see it, the wide range of plastic materials reaching the 
disposal points constitute a variety of polymers of different chemical 
composition and physical structure. They are, of course, all compounds of 
carbon with the elements hydrogen, chlorine, oxygen, nitrogen and 
fluorine. In order to prevent degradation, give attractive colours, 
increase maleability or alternatively make more rigid, there is 
a range of additives. Thus their virtual indestructability is ensured. 

The Landfill Practices Review Group who will soon 
report to the Minister have concerned themselves 
restoration of tipping land for useful purposes. In 
investigation they divided plastics into two groups:-

be making their 
largely with the 
carrying out their 

a. Those which would degrade within the lifetime of the landfill, 
i.e. 20 - 30 years, and 

b. those which were relatively stable. 

They concluded that most plastics fell into the latter group and 
would therefore contribute to stability as do other inert materials. They 
investigated polyethylene in its high and low density forms and again 
conclude that low density polyethylene is resistant to a wide range of 
industrial chemicals and solvents i.e. is stable in the landfill environ
ment. The Plastics Advisory Service in London has been consulted by 
Harwell on this matter and they felt that L.D.P.E. is stable except when 
exposed to sunlight when it will craze, crack and break down into small 
pieces but, if buried in landfill, will retain its form for many years. 
My own observation is that it also finds its way into restoration layers 
if topsoil is badly spread in controlled tipping. 

Table 1 shows the overall contribution of packaging in the domestic 
waste stream where each constituent is identified in the waste analysis. 
It is now accepted that the increase of plastics in waste is largely due 
to the increasing use by local authorities of plastic sacks for refuse 
storage or bin liners. In addition the wide range of aisposable plastic 
materials made for hospitals, catering, clinics and the food trade is an 
indication of its popularity and presumably cost-effectiveness so it is 
unlikely to recede in quantity. "Packaging" includes bottles, bags, egg 
boxes and many other forms of wrapping. In 1978 these items amounted to 
490 thousand tonnes representing O.Skg/household/week. 

Land within the communities has almost been 
purposes. Also, in most areas, even a proposal to 
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a site by a few years, gives rise to public outcry. This makes the task 
of the disposal authorities even more difficult as they are almost always 
constrained by their own stated objectives which are to manage their 
resources in such a manner as to safeguard the environment, recover what 
they can in the interests of efficiency and protect water resources. In 
regard to the latter it can be seen that technical officers would view 
possible leachate arising from biodegradable polymers with a jaundiced 
eye. Conversely, what cannot be avoided however is thatL.D.P.E. extends 
the period of tip stabilisation. 

Only twenty-three disposal authorities operate pulverisation plant in 
order to reduce volume by impact and shredding. There are 484 landfill 
sites in England, it is estimated that only a little in excess of 10% of 
refuse passes through pulverisation plant before tipping takes place. 

In a general sense, pulverisation creates a greater surface for 
micro-organisms which assist biodegradation, and where a measure of 
pulverisation by attrition has been achieved in conjunction with a 
Dano-type bio-stabiliser it has been established that, following disposal 
in the earth over a period of seven years, specimens show an average LDPE 
weight loss of 26%, loss of tensile strength, fragility and loss of 
colour. I have included notes on my rather crude experiment in Table 2 
that it supports the conclusion of Griffin (1976) that degradation of LDPE 
has occurred only in a composting garbage environment. The selective 
separation of plastic materials from refuse is, at this time, 
impracticable. The calorific values of polymers, for example polyethylene 
(1.89 x 10+Btu/lb) compares favourably with household coal (1.2 x 10~ 
Btu/lb) and Warren Spring Laboratory have written to me on their work 
leading to the manufacture of refuse derived fuel which can be effectively 
burned under controlled conditions. This adopted as a general policy 
could serve to aid the troubled Counties in their landfill site problem. 

A final thought on the division of responsibilities between County 
Councils and District Councils in relation to waste management. That they 
have different duties imposed upon them by law is difficult for the 
general public to understand as they see themselves as one set of 
ratepayers. There must be future reconciliation (harmonisation) in 
discharging their waste management functions in the interests of 
acceptable environmental standards. An alternative is for the Counties to 
have both collection and disposal duties imposed upon them by law and this 
alternative I favour. 

The use of polymeric materials in manufactured products has expanded 
at an extraordinary rate in the last decade. This expansion and the 
importation of foreign products such as French plastic sacks makes it 
necessary to re-appraise from time-to-time policies relative to disposal. 
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TABLE 1 

Contribution of Packaging to the Domestic Waste Stream 

% % 
In Waste Of Packaging 

1975 1979 1975 

Screenings 18 12 

Vegetable & 
Putrescible 20 24 

Paper & Board 30 29 12.6 

Metals 8 8 6.8 

Textiles 3 4 

Glass 9 10 9.0 

Plastics 4 7 3.0 

Unclassified 8 6 

100% 100% 31.4% 
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1979 

12.2 

6.8 

10.0 

5.2 

34.2% 
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TABLE 2 

On the lst July 1977 a number of fragments of polyethylene were 
recovered from a bio-stabiliser following treatment. There had been no 
pre-pulverisation other than had been achieved by attrition, but sewage 
had been added. During the day one revolution per minute was maintained 
in the treatment chamber reducing to one revolution/4.5 minutes at night. 
The material remained five days in the plant where, in general, extensive 
aerobic decomposition takes place. The temperature rose to an average 
140 F. This material was subsequently buried in a heavily manured 
greenhouse the same day between ground level and ten inches depth. Of the 
fragments (54) recovered on the 20th April 1985 not all were suitable size 
and shape to work on. 

Those recovered were cleaned using warm water and detergent 
discarding those which had strongly adherent foreign matter. Monitor 
sheeting of recent polyethylene were cut to identical size. The results 
of ten samples are as follows:-

Specimen Original weight 1977 
gms 

1 0.016 
2 0.05 
3 0.016 
4 0.013 
5 0.09 
6 0.19 
7 O.ll 
8 0.09 
9 0.55 

10 0.03 

The conclusion arrived at is that 
composting environment supporting 
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Weight 1985 % Weight Loss 
gms 

0.007 56.3 
0.05 Nil 
0.004 25.0 
0.007 46.2 
0.08 11.1 
0.12 38.56 
0.09 18.2 
0.03 66.6 
0.035 93.6 
0.014 53.3 

degradation of LDPE occurs in the 
the views of Griffin (1976) 
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WRITTEN CONTRIBUTION TO DISCUSSION ON E. ISMAY'S PRESENTATION 

J. G. Raybould, 
Merseyside County Engineer's Department, 

Merseyside County Council, 
4th Floor, Steers House, 

Canning Place, 
Liverpool, Ll 8JW. 

Mr. Ismay, who appeared to doubt that the waste disposal authorities 
had any particular interest in the effect of plastics on the various aspects 
of their function, may be reassured that such is not the case. It is 
unfortunate that his enquiries did not include the metropolitan county 
councils, because it is in those authorities that most research on waste 
analysis and landfill behaviour has been carried out. Because of pressure 
on landfill space and the necessity of dealing with large quantities of both 
domestic and industrial waste, the metropolitan authorities have had to look 
increasingly to resource recovery and waste treatment processes, and for 
this purpose have given considerable attention to the chemical and physical 
nature of waste components. 

The importance of plastics, and of their deterioration, is recognised 
in almost every aspect of waste management, from simple litter control, 
through landfill management to recycling and energy recovery. However, it 
is not always the case that biodegradability is a desirable attribute. 

Considering litter control first, we are fortunate in Britain that 
almost all litter dropped is ultimately collectd. It would be pleasant if 
the small proportion which does remain in hedgerows and ditches were all 
rapidly degradable, but the problem is certainly less acute here than in 
some other European countries where, as Mr. Griffin indicated, collections 
is less efficient and legislation requiring all packaging to be 
biodegradable is being introduced. 

Most collected litter, together with the majority of waste generated by 
domestic and commercial premises, ultimately finds its way into landfill 
sites. The requirement here is for bulk reduction (in order to maximise 
site capacity), and in plastics this may come about through embrittlement 
and fragmentation. However, since plastic forms only 5-10 percent (by 
weight) of the input to most sites, this requirement may be less important 
than other factors. For instance, the breakdown of plastics (including 
microbial degradation) probably contributes to the generation of the 
volatile organic acids which occur in landfill leachate and, by continued 
fermentation, to the production of landfill gas, the main constituent of 
which is methane (Rees, 1981). Methane production can be either a benefit 
or a nuisance, or even a hazard. Where the physical circumstances of a 
landfill site enable the gas to be economically extracted, and when there is 
a nearby market, landfill gas can be a significant industrial energy source. 
On the other hand, when there is no possible user, gas emission can be 
costly to control, and there have been several instances of danger to life 
and property caused by its unexpected migration. 

The volatile organic acids generated by refuse biodegradation give 
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landfill sites their characteristic odour, and Professor Filip particularly 
mentioned the presence of aromatic amines among the degradation products of 
polyurethane. As well as being unpleasant in the air these substances 
contribute significantly to high leachate strength, both by their own 
presence and by their metal chelating properties. Leachate control and/or 
disposal measures can be costly, but if they are not undertaken serious 
pollution of ground and surface waters may result. 

Consequently the desirability of biodegradation in a landfill site, and 
its preferred rate of progress, depend on factors such as the relative ease 
of control of gas and leachate, and potential exploitation of gas, as well 
as settlement considerations. 

Synthetic polymers are increasingly being used as impermeable liners 
in landfill sites, where the natural geology of a site does not give 
adequate protection to water resources. The chief materials available at 
present for this purpose are polyethylene (high or low density, chlorinated 
or chlorosulphonated), butyl or ethylene propylene rubber, neoprene, 
polypropylene and PVC. The most important requirement here is for long-term 
(i.e. effectively perpetual) resistance to attack, whether biological, 
chemical or physical. prediction of such long-term resistance is clearly 
difficult or impossible, and Mr. Griffin's findings with regard to the 
sudden intensification after two to three years of the degradation of LOPE 
show that the results of short-term testing cannot be extrapolated with 
confidence. Short-term tests have been carried out at Harwell on a number 
of possible liner materials, and although some tests have been claimed to 
simulate long-term landfill exposure (Smith, 1977; Smith and Parker, 1979), 
it is important to recognise that each one did no more than compare the 
integrity of the different materials for the duration of the test. The 
comments of many of the speakers at this symposium were very pertinent to 
the assessment of landfill liners, including the reports that tension (as 
induced by bending) enhanced the likelihood of microbial attack. 

The recycling of plastic waste is till in its infancy. Single polymer 
scrap is generally not a problem, and technologies are now available for the 
recovery of some mixed plastic wastes and for their conversion into 
commercial articles. However, the more complex the formulation, the more 
difficult the recovery. Additives, including those to either enhance or 
retard biodeterioration, may have implications both for the ease of 
recycling and for the usefulness of the recycled article. 

Plastics which cannot be recycled have a potential· use as fuel, and 
there are now several waste-derived fuel plants either working or under 
construction in Britain. Those currently being commissioned in Merseyside 
and West Midlands are designed to demonstrate the economic as well as the 
technical feasibility of producing fuel pellets from shredded domestic 
waste. To be useful the fuel naturally has to be burnt, and so the chemical 
composition of the waste, including the plastics, is germane to the matter 
of air pollution risk. PVC is of particular concern because the compustion 
of halogenated compounds can give rise to the emission of halogens (chlorine 
as hydrogen chloride) and trace concentrations of dioxins (Davis and 
Clayton, 1984). Again, additives used to enhance or retard biodeterioration 
may affect combustion characteristics. 
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Finally, composting of domestic waste is becoming more popular, both 
for the bulk material and for the fine residues from treatment processes, 
including comminuted plastic. Mr. Griffin described some of the aspects of 
biological degradation involved in this process. It is clear that rapid 
composting is assisted by degradation of plastic, but the contribution of 
plastics to undesirably high C:N ratios needs to be borne in mind. 

No complete conclusion is possible from this review of the waste 
disposal aspects of biodeterioration, except that there are complex and 
conflicting considerations. Biodegradability is beneficial in some ways but 
not in others. It is important both for its own sake and because of the 
effect that additives to promote or inhibit it may have on the environment. 
However, in the light of Mr. Griffin's statement that more than half of the 
western world's plastic goes into one-trip, disposable items, the plastics 
and waste management industries are clearly significant to each other and it 
is possible that a closer dialogue between the two industries would be 
advantageous in terms of product formulation and disposal techniques. 
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THE BIODETERIORATION OF RUBBERS 

G. R. Williams 

Dairy Crest Creameries, 
Milk Marketing Board, 
Felinfach, Lampeter, 

Dyfed, SA48 SAG. 

Summary 

This paper reviews the literature on the microbial deterioration of 
rubbers. Rubber compounds have been investigated for over seventy 
years in an attempt to assess their biodegradability. Compounded 
rubbers are complex products, consisting of a basic polymer or 
co-polymer, to which is added one or more chemicals which comprise 
the vulcanising system. Fillers can also be added, which may 
enhance the basic properties, or may have a diluent effect. 
Plasticisers, processing aids and pigments can also be added as 
required. 

The available evidence on the biodeterioration of rubbers is 
contradictory and confused, but several general principles emerge. 
Naturally occurring polymers are subject to biological attack, but 
synthetic polymers are resistant. Organic additives are 
susceptible to attack by microbes, but fillers and vulcansising 
systems make the rubber less susceptible to biodeterio·ration. 

Introduction 

Rubber compounds are formulated from a basic polymer or co-polymer; one 
or more chemicals which comprise the vulcanising system; an antidegradant to 
prevent degradation of the polymer during service and processing; a filler, 
which enhances the basic properties, and possibly plasticisers, processing 
aids and pigments. By varying the compositions of these additives, rubbers 
can be made to show different properties and, therefore, the number of 
practical rubbers currently available runs into many hundreds. 

There are approximately a dozen main types of polymer currently 
available, and many of these are available in a variety of grades (for example 
co-polymers with varying proportions of the two monomers). Blends of two 
types of polymer are also used. The choice of polymer fixes within broad 
limits, the main properties of the compounded rubber. 

Natural rubber is obtained from the bark 
plant by tapping. The latex obtained is coagulated 
water. On air drying, this forms the "pale sheet". 
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be dried in heated smoke houses to produce "smoked sheet" which retards mould 
growth during drying. 

Natural rubber is composed largely of cis 1:4 polyisoprene; and this 
molecule can now be synthesised by the use of stereospecific catalysts. It is 
still the best general purpose rubber, but it is not fundamentally resistant 
to oxidation, ozone and solvents. Active sites for vulcanisation are provided 
by the double bonds. Synthetic polyisoprene is similar in properties to the 
natural product, but the unvulcanised polymer is deficient in tack. 

Other synthetic polymers in use today include cis-polybutadiene, 
styrene-butadiene rubber, polychloroprene (Neoprene), nitrile rubber 
(co-polymers of butadiene and acrylonitrile), butyl rubber (which also 
contains poly-isoprene units), polysulphide rubber, silicone rubber and 
fluorinated rubber. 

The traditional vulcanising system for natural rubber inclu.des zinc 
oxide, a fatty acid (such as stearic acid), sulphur and an organic 
accelerator. Many organic accelerators are available, and the choice depends 
on the polymer, conditions of processing and the final properties required. 

Antioxidants have varying degrees 
conditions. ·Some are most effective 
conditions, while others are preferable 
Others offer protection against ozone. 

of efficiency under 
against oxidation under 
if the product is to be 

varying 
static 

flexed. 

Fillers for use in rubber are of two kinds, reinforcing and inert 
fillers. The two materials commonly used as reinforcing fillers are carbon 
black and silica; both of which are available in a variety of grades and 
particle size. Inert fillers include china clay, whiting, barytes, lithopone 
and similar inorganic products. 

Processing aids can be of many kinds, including softners, aids to rapid 
mastication, vulcanisation retarders, etc. these do not have a significant 
effect on the finished product, but their use must be carefully controlled 
when compatibility with other materials and toxicity is taken into account. 

Therefore, compounded rubbers are complex products, containing several 
additives and a polymer, which may or may not be subject to biological attack. 
The problems associated with the spoilage of rubber by micro-organisms have 
been investigated for almost .seventy years, but it is since the .second world 
war, when large quantities of rubber-containing equipment used in the humid 
environments of the tropics became contaminated that most research has taken 
place. 

The Microbial Deterioration of Raw Rubbers 

Before the First World War, Sohngen and Fol (1914) isolated pure 
cultures of micro-organisms which could consume natural rubber hydrocarbon. 
Films of unvulcanised rubber were inoculated with soil, and colony growth 
observed. The majority of the isolates appeared to be Actinomyces. After 
some time, the rubber under the colonies had disintegrated so much an extent 
that it could be concluded that micro-organisms attacked the rubber 
hydrocarbon, and not contaminating impurities. 
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Very little work was performed until Spence and Van Niel (1936) prepared 
latex - agar plates which were inoculated with soil and produced Actinomyces 
colonies, which had produced clear zones in the opaque medium, indicating that 
the rubber globules had disappeared as a result of microbial growth. 

Kalinenko (1938) using 
rubber-degrading organisms. 
consume large quantities 
growth of one actinomycete 
purified natural rubber. 

the same techniques as the above isolated several 
All these organisms were claimed to be able to 

of rubber in the form of diluted latex, ·and the 
species led to perforation of a thick film of 

However, Saposhnikov (1952) reported 
grow on crude smoked sheet in the presence 
these impurities were removed, growth did not 

that all common microfungi could 
of its natural impurities. When 
occur. 

Micro-organisms can also cause staining on crepe rubber. Although 
physical properties of the rubber may not be altered, with most organisms 
developing in the long storage and transit periods, the rubber may have 
reduced value due to discolouration (Turner, 1967). 

Synthetic polymers, on the other hand, are far more resistant to 
microbial attack but very little information is available regarding the 
susceptibility of the synthetic rubber polymer to attack. Most work has been 
done with compounded synthetic rubber, an~ researchers have not distinguished 
between superficial growth on the surface of the rubber, and microbial attack 
on the polymer itself. 

ZoBell and Grant (1942) and ZoBell and Beckwith (1944) were the first to 
investigate the attack of the synthetic rubbers by micro-organisms. Using 
oxygen depletion as a criterion of attack, it was found that purified natural 
rubber was most strongly attacked, and vulcanised.natural rubber, styrene 
butadiene rubber and polychloroprene rubber were also attacked, but 
polyiso-butylene, an acrylonitrile-butadiene copolymer and polysulphide were 
only slightly attacked. Chlorinated natural rubber appeared to be unattacked 
by all organisms. However, as large quantities of rubber were used, 
biodegradable constituents and impurities could account for the oxygen 
utilised(Cundell and Mulcock, 1972). 

Blake and his co-workers published several papers on the failure of 
rubber insulations on electrical conductors, caused by soil micro-organisms. 
Blake and Kitchin (1949) measured decrease in insulation resistance as a 
criterion of microbial deterioration of vulcanised rubbers. They concluded 
that natural rubber was most susceptible, styrene butadiene failed in soil in 
which failures were previously recorded, but polychloroprene remained 
unattacked under the same conditions. When observed under a microscope, 
stained and deteriorated rubber showed the presence of microbial colonies. 
Blake et al. (1950, 1953 snd 1955) showed that no mould growth could be 
detected on the acetone-extracted rubber, indicating that attack was occurring 
on impurities on the rubber surface rather than on the rubber itself. 

However, experiments performed 
indicated that only polychloroprene 
Rubbers were exposed to varying sets 

by the Vanderbilt Co. Ltd. (Anon, 1949) 
was resistant to microbial attack. 
of conditions, both in the raw state 

39 



(uncompounded) and as lightly compounded vulcanised rubber, and were examined 
visually for evidence of microbial growth. It was concluded that all 
vulcanised rubbers were immune to attack in all tests, and crude rubbers 
listed in order of decreasing vulnerability to attack were polychloroprene 
·(resistant), nitrile, butyl, smoked sheet, pale crepe and styrene butadiene. 

Leeflang (1963) concluded that Streptomycetes were solely responsible 
for rubber deterioration. All natural rubbers were attacked within eight to 
twelve weeks of testing but none of the synthetic rubbers showed any 
deterioration, even after two years. However, synthetic polyisoprene 
(synthetic natural rubber) was attacked as readily as natural rubber, 
indicating that micro-organisms attacked the polyisoprene chain. 

Cundell and Mulcock (l973a) reviewed and 
experimentation and examined vulcanised natural 
for their ability to resist microbial attack. 
to be significantly attacked. 

repeated much of the previous 
rubber and synthetic rubbers 

Only natural rubber was found 

Soil burial tests were performed by Bulman (1970) to estimate the 
resistances of natural rubber, synthetic polyisoprene and styrene butadiene to 
attack. After one year, the samples wee removed and tensile strength and 
elongation measurements made. Polyisoprene and natural rubber had lost 
approximately 90% tensile strength and 60% of their elongation, but styrene 
butadiene was not attacked over a similar period. 

Williams (1982) reported that of eleven natural and synthetic rubber 
polymers subjected to soil burial tests, only naturaL rubber (smoked sheet and 
pale crepe) and synthetic polyisoprene supported mould growth. Styrene 
butadiene rubber was found to support slight mould growth, but other synthetic 
polymers, including butyl, nitrile, ethylene propylene, silicone, 
fluorocarbon, polychloroprene and chlorosulphonated polymers supported an 
insignificant amount of growth. A Penicillium sp., which was the most 
active organism in natural rubber deterioration during soil burial tests, was 

' grown on nutrient broth, incubated with the rubbers and polymers, and oxygen 
uptake readings taken. It was found that natural rubbers were oxidised very 
rapidly, indicating that enzymes responsible for rubber deterioration were 
constitutive in this organism, polyisoprene was oxidised at a slower rate, and 
styrene butadiene rubber was oxidised rapidly after a lag period, the 
oxidation stopping after 33 hours, suggesting microbial growth on contaminants 
or impurities. It was also reported that natural rubber (smoked sheet), when 
incubated for seventy days with a Penicillium sp. showed a 15% reduction in 
the polymer molecular weight, as determined by solution viscosity 
measurements. 

Therefore, it can be seen that natural rubber polymers (including 
synthetic polyisoprene) can be attackeaby micro-organisms, but the precise 
nature of this attack is unclear. However, synthetic polymers are not readily 
broken down, with the possible exception of styrene butadiene rubber, but 
growth may occur on compounded rubbers, with organisms utilising additives or 
surface dirt (Heap, 1965). There is considerable confusion in the literature 
because researchers have not distinguished between attack on the polymers and 
attack on the additives. (Heap and Morrell, 1968). This confusion is 
mirrored in Table 1, which tabulates the state of knowledge on the 
biodeterioration of rubber polymer at the present time. 
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TABLE 1 SUHMARY OF TilE BIOOETERIORATION OF RUBBER POLYMERS, 
* INDICATES VULCANIZED RUBBERS 

POLYKER DEGRADED UNDEGRADED 

NATURAL RUBBER : 
(i) Smoked sheet Blake & Kitchin (1949) Anon (1949) . 

Anon (1949) 

Williams (1982) 

(ii) Pale crepe Anon (1949) · 
' 

Blake & Kitchin (1949)• 

Anon (1949) 

Williams (1982) 

STYRENE BUTADIENE ZeBell & Beckwith(l944)• Anon (1949)* 

Blake et al (1953, -- 1955) Leeflang (1963) 

Anon (1949) Bulman (1970) 

Snoke (1957) 

Steinberg (1963) 

Schwartz (1963)" 

Cundell & Mulcock (1972 (a)) 

' Williams, (1982) 

POLYCHLOROPRENE ZeBell & Beckwith(1946) Anon (1949) 

Blake et al (1953' 1955) --

Leeflang (1963) 

Williams (1982) 

CUndell & Mulcock (1973) 

NITRILE Anon (1949) 

Steinberg (1963) Leeflang, (1963)• 

CUndell & Mulcock (197'3(a)) 

Williams (1982) 
--

BUTYL Anon (1949i 
• 

Blake ~ !!_ (1953, 1955). 

Snoke (1957) 

Steinberg (1963) Leeflang, (1963)* 

Cun~el1 & Mu1cock (1973 (a)) 

Williams (1982) 

.. 
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The Microbial Deterioration of Rubber Additives 

Additives in compounded rubber can add to as much as 7.5% by weight of 
the whole (and up to SO% if fillers are included). The nature of the 
additives used can determine whether a compounded rubber will be attacked by 
micro-organisms. Some compounding ingredients may be readily attacked by 
micro-organisms, while others may be inert, and some can be toxic and protect 
the rubber from deterioration. 

Petrujova and Zanova (1960) examined the effect of additives on the 
susceptibility of natural and synthetic rubbers to microbial attack. 

They found that the softners butyl acetyl ricinoleate, dibutyl 
phthalate; coumarone resin, light and dark factice, stearic acid and paraffin 
wax supported microbial growth. However, carbon blacks, inorganic 
accelerators, antioxidants and sulphur did not support the growth of microbes. 
Ritzinger (1959) published similar results while working on the compounding 

of polychloroprene. 

Williams (1984) reported work carried out on a range of rubber additives 
to determine those which were biodegradable, which were inert and which had 
biocidal properties. After three months' exposure to soil, no accelerators, 
antioxidants or fillers supported significant mould growth, but several 
plasticisers and processing aids, including stearic acid, salicylic, paraffin 
jelly, paraffin wax, pine tar and golden factice supported very heavy mould 
growth. Toxicity studies were performed on those additives which did not 
sustain microbial growth after three months. All the accelerat9rs tested 
(including tetramethyl Thiuram disulphide (TMTD), mercaptobensothiazole (MBT), 
cyclohexyl benzothiazole (CBS), mercaptobenzothiazole (MBTS), tetramethyl 
thiuram monosulphide (TMTS), zinc tetramethyl thiuram disluphide (ZDC), 
diphenyl guanidine (DPG) arid thylene thirourea (Na22)) were toxic at their 
working conce9trations in rubber (greater than 0.5 parts per hundred). Two 
accelerators {DPG and MBT) completely retarded the growth of soil organisms at 
concentrations of 0,1 parts per hundred. Antioxidants, fillers and sulphur 
did not have any biostatic or biocidal effects, but zinc oxide did inhibit 
microbial growth at concentrations greater than 6 parts per hundred. 

However, a knowledge of whether the components of a rubber are degradable 
or are toxic to micro-organisms is insufficient to predict whether a 
particular rubber is biodegradable, as the complex interactions which occur 
during vulcanisation are not taken into account. 

The Microbial Deterioration of Compounded (Vulcanised) Rubbers 

Much work has been carried out into the ·effects of compounding 
ingredients on the biodeterioration of rubbers and, again,. much of the work is 
contradictory. As has been previously discussed, accelerators have biocidal 
properties. Dimond and Horsfall (1943) tested the accelerators MBT and TMTD, 
which were found to possess moderately good biocidal activity. However, Rook 
(1955) concluded that accelerator concentrations in rubber formulations were 
too low to impart any biocidal properties. Six rubber formulations were 
buried in soil. He showed that, after five months, formulations containing 
smoked sheet and sulphur were slimy and sticky, and three formulations which 
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corresponded to technical rubber were eroded, and Actinomyces filaments were 
abundant on the surface. However, formulations containing DPG and no stearic 
acid showed only superficial black spots. These results indicate that the 
compounding of a vulcanisates plays an important part in the susceptibility of 
that rubber to microbiological deterioration. Leeflang (1963) considered that 
TMTD was a useful biocide. 

The effect of curing systems on the microbial deterioration of vulcanised 
rubber has been recently studied by Cundell and Mulcock (1973b). Sheets of 
vulcanised natural rubber were prepared containing varying amounts of TMTD and 
DCP. The rate of microbial deterioration of TMTD sulphurless cured natural 
rubber was influenced by curing agent concentration, with organisms being more 
active with decreasing TMTD concentration. However, these results were not 
confirmed by tensile strength measurements. DCP cured natural rubbers did not 
show inhibitory effects on micro-organisms with increased concentrations. 

Further work by these two authors on the influence of curing systems on 
microbial deterioration of rubber showed that the sequence of susceptibility 
to microbial attack was found to be dicumyl periodide cured, MBT sulphur 
cured, DPG sulphur cured, MBTS sulphur cured, unaccelerated sulphur cured, 
TMTD sulphurless-cured natural rubber (Cundell and Mulcock 1975 and 1976). 
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Williams (1985) found that accelerators can protect a rubber against 
microbial attack, and increasing accelerator concentrations gave greater 
protection to the rubber. TMTD was found to be a very effective biocide in 
rubber and MBTS and CBS were also useful in controlling microbial attack. 
However, MBT was not a particularly good biocide, but toxicity studies (when 
the accelerator had not been vulcanised) suggested that it was a very 
effective biocide. Care should therefore be taken before recommending a 
particular accelerator as an effective biocide. Other important factors are 
the degree of leeching of a biocide from a rubber, as an easily leeched 
accelerator may render a rubber vulnerable after time. It was also reported 
that processing aids such as paraffin wax are readily attacked in a vulcanised 
rubber, but an increased accelerator level in rubber can control this attack. 
It was also suggested that it is the stearic acid conttent of vulcanised 
rubber that is preferentially attacked by micro-organisms, but that some 
polymer deterioration may also occur. 

The effect of fillers on the microbial deterioration of vulcanised 
rubbers has been studied by Polish workers (Zyska, et al., 1971, 1973; Fudalej 
et al., 1975; Rezka et al., 1975). The rubbers with varying carbon black 
loading were examined with a scanning electron microscope (SEM) and a close 
relationship was found between microbial deterioration and exposure time. The 
greater the carbon black loading, the less structural changes were found. 
Kwiatkowska et al. (1980) reported that the respiration rate of soil 
micro-organisms and weight loss of vulcanised sheet were inversely 
proportional to the carbon black loading. Williams (1985) reported that high 
levels of carbon black could protect a rubber from attack. 

Cundall and Mulcock (1973b) reported 
clay-filled vulcanisates having conventional 
rate of microbiological deterioration of the 

that the cross-link density of 
formulations did not affect the 

natural rubber hydrocarbon. 

The effects of antioxidants on the microbial deterioration of rubbers has 
not been thoroughly investigated. Several aromatic amines, phenols and 
quinones are used as antioxidants, but little information is available 
regarding their fungicidal properties (Rytych, 1969). However, Blenhnik and 
Zanova (1965) doubted whether the small amounts of antioxidants used in a 
finished rubber would protect the rubber against microbial attack. Williams 
(1985) showed that three antioxidants tested(8TDQ, ODP and MOP) had little or 
no effect on the microbial attack of vulcanised rubber. 

The sulphur content of rubber has been shown to have a significant effect 
on the susceptibility of rubber to microbial attack. Wiliams (1985) showed 
that low sulphur levels allowed rapid growth and colonisation of a rubber when 
accelerator levels were low, but with increasing sulphur loads, this 
deterioration became less, until at high sulphur ,loads, no significant 
deterioration occurred, However, zinc concentrations had little effect on 
microbial attack. 

Rubber Biodeterioration in the Environment 

Although micro-organisms can consume both natural rubber hydrocarbon and 
several of the additives used in compounding, it does not necessarily.imply 
that micro-organisms will be able to attack vulcanised rubber, as the 

44 



additives present in the formulation may well protect the rubber from attack. 

The first indication that vulcanised rubber could be attacked by 
micro-organisms was reported as early as 1920 when Scott showed that 
vulcanised rubber developed growths of the fungus Stemphylium macrosporoideum 
when exposed to moist air. The growth was described as resembling dust, and 
the rubber was found to be wrinkled and distorted. Some hyphae were actually 
seen to penetrate the rubber surface, and were assumed to be responsible for 
the loss in strength that had occurred. 

More direct evidence concerning the microbial attack of vulcanised 
rubber was presented by Blake and Kitchin (1949) and Blake et al. (1950, 1953, 
1955). These workers studied the deterioration of rubber insulations of 
electric cables. The service life of the cable was very good; but some 
control and communication cables which were in direct contact with the soil 
had characteristic low insulation resistance in discrete places. Laboratory 
work with both sterile and active soil produced such failures in ten weeks, 
and it was shown that these failures were caused by the activity of soil 
micro-organisms. 

Actual proof that ·micro-organisms ae capable of deteriorating rubber 
vulcanisates was obtained by Rook (1955). Rubber rings used in water-works in 
the western part of Roland, used in connecting asbestos cement pipes in water 
distribution pipelines, after several years of service showd definite signs of 
corrosion on the side in contact with the water. Several Streptomyces 
strains were isolated from the deteriorated rubber. These organisms could 
produce holes in strips of vulcanised rubber, of the same composition as the 
rings, when immersed in mineral salts medium for eight months. 

This work was continued by Leeflang (1963, 1968) who isolated a strain of 
Streptomyces from several samples of deteriorated rubber in both Holland and 
Belgium. Strips of vulcanised rubber, suspended in a water bath were attacked 
by micro-organisms during a two year test period. A description of natural 
rubber p~pe joint rings was given by Hills (1967) who reported that rubber 
deteriorating organisms apparently consume the rubber hydrocarbon leaving the 
filler, accelerator and unconsumed rubber as a hardened surface layer. 

Sphar (1966) reported that a survey conducted by the American Concrete 
Producers Association did not record one instance of deteriorated natural or 
synthetic pressure-pipe joint rings, but he was not so confident about the 
resistance of sewer-pipe joint rings. Heap and Morrell (1968) also stated 
that no natural rubber pipe joint ring complying with the British standard, 
incorporating an accelerated ageing test was found to be bioogically 
deteriorated. 

Dickenson (1965, 1968) claimed that chemical analyses of the level of 
antioxidants present in deteriorated pipe joint rings indicated that low 
levels remained after exposure to underwater and sewage environments. 
Isolations from deteriorated rings showed the presence of high numbers of 
Actinomyces sp., and it was claimed that rubber protected by antioxidants 
were less likely to be deteriorated. Surface chlorination could totally 
prevent deterioration. 

Cundell and Mulcock (1973c) surveyed natural rubber rings in New Zealand. 
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examined, 
attack in 

On the basis of 583 rings 
rings subject to microbial 
Deterioration was not, however, 
and was progressive. 

evident 

they estimated that the percentage of 
domestic sewage sidelines was 63%. 
until four years after installation, 

The sulphur content of vulcanised rubber has also been subject to 
microbial attack. Sulphur was oxidised to sulphuric acid by the bacterium 
Thiobac illus thiooxidans in rubber lined fire hoses, which were hnot 
completely dried (Thaysen et al., 1945) and Grant, (1945) suggested was~ng 
hoses with water containing 5 to 10 ppm free chlorine. This killed off the 
sulphur oxidising bacteria and increased the effective life of the hoses by 50 
to 100%. 

Conclusions 

Much of the literature regarding the microbial spoilage of rubber is 
contradictory, but some general points do arise from the confusion. Natural 
rubber polymers, including smoked sheet and pale crepe can be attacked by 
micro-organisms. However, some authors doubt whether micro-organisms have the 
capability to attack the polyisoprene molecule itself, and suggest that 
organisms grow on oxidation products, or on contaminating impurities present 
in the rubber, such as protein, carbohydrates and resins (Shaposnikov, 1952). 
However, as purified latex and synthetic polyisoprene are attacked readily by 
micro-organisms it seems probable that micro-organisms can attack the 
polyisoprene chain. 

Synthetic rubber polymers, on the other hand, appear to be resistant to 
attack by micro-organisms, with the possible exception of styrene butadiene. 
Some authors have reported that synthetic polymers are degraded, but they have 
not indicated whether it is the polymer itself which is attacked, or whether 
compounding ingredients or contaminating impurities are being degraded. 
However, there is some evidence which indicates that styrene butadiene can be 
attacked (Williams, 1982). 

• 
Many species of micro-organisms have been isolated from deteriorated 

rubber, however, some caution must be expressed as to whether isolated 
organisms actually caused the deterioration observed. Cracks and bursts 
occurring in a rubber compound may be due to secondary actions of the 
environment, such as micro-organisms changing the pH level, producing 
corrosive agents such as sulphuric acid and hydrogen sulphide, and also 
extracting or consuming non-rubber hydrocarbon in micro-imperfections. The 
fact that a fungus may have forced hyphae through a sheet of rubber does not 
of necessity imply that the organism is consuming the rubber as other 
organisms may have been active in preparing a passage for the isolated 
organism. In order to clarify whether one particular organism can attack a 
rubber compound, it should be tested in pure culture, and if it then degrades 
or pits the rubber, it can be concluded that the micro-organisms can consume 
rubber hydrocarbon. 

Additives used in rubber formulations may be degraded by micro-organisms 
(such as softners, waxes, stearic acid) may be inert (such as fillers) or may 
exert biocidal properties, (such as accelerators and possibly antioxidants). 
However, merely examining a formulation and determining which ingredients may 
be degraded is inadequate to predict whether a compounded rubber may be 
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deteriorated; as the complex chemical changes which occur during the 
vulcanisation process have not been taken into account. 

Vulcanised rubber can be attacked in certain circums,tances. ·A natural 
rubber vulcanisate, containing biodegradable additives, and little filler and 
accelerator may be readily attacked, but increasing accelerator concentration 
may protect the rubber against attack. Increasing amounts of filler may also 
render the rubber resistant. However, it is difficult to predict whether a 
particular rubber will be subject to microbial attack due to several factors, 
such as the degree of cross-linking of the polymer, availability of other 
degradable sources, and the presence of accelerators. The leaching of an 
accelerator may also render the rubber susceptible to microbial deterioration 
with time. 

Much research is required to determine the exact way in which microbes 
break down natural rubber polymers, and also to determine the effect of 
compounding ingredients on this deterioration. Many of the early researchers 
have made no distinction between growth of micro-organisms on the polymer 
hydrocarbon, or surface growth on impurities, additives or surface dirt. 
However, micro-organisms can cause serious damage to rubbers used in a wide 
variety of applications, and an understanding of the process of deterioration 
in rubber could save a large drain on the economy of both industry and the 
Government. 
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MICROBIAL DEGRADATION OF POLYURETHANES 

z. Filip 

Institute fur Wasser-, Boden- und Lufthygiene des Bundesgesundheitsamtes, 
Aussenstelle Langen, 

Heinrich-Hertz-Strasse 29, 
D-6070 Langen, 

Federal Republic of Germany. 

Summary 

Microbial degradation of polyurethanes can be initiated by 
the utilisation of remaining isocyanates or their hydrolysis 
products. In pure cultures of micromycetes some phenolic 
metabolites may be involved in the biodeterioration process. 
Complex populations of soil micro-organisms and micro-flora of 
the sanitary landfill might bring about complete degradation of 
polyurethane. The microbial degradation includes utilisation 
of different structural constituents of the polyurethane such 
as urea, amide and urethane groups and also isocyanuric acid. 
Polyurethane based on polyester is more susceptible to 
microbial degradation than that based on polyether. 

Introduction 

Polyurethanes have found widespread utilisation in different fields of 
industry, agriculture, medicine, services and also in laboratories. 
Therefore it is imperative to further our knowledge on the behaviour of 
polyurethanes in different environments. Susceptibility and/or resistance 
of these polymers to microbial degradation is of special interest. Those 
characteristics may limit either use of polyurethanes in practice and their 
subsequent disposal in a landfill. 

In experiments carried out by Fuhr et al. (1975) polyurethane rigid 
foam was found to be highly resistant against microbial decomposition in 
soil. Other authors have reported both stability and conversely the 
ability of polyurethanes to be decomposed (Edmons and Cooney, 1968; Evans 
and Levison, 1968; Hedrick and Crum, 1968;and Kaplan et al., 1968). 
Several criteria were applied in those studies in order to determine the 
decomposition rate, for example visual examination of microbial growth, 
respiratory activity, weight of fungal mycelium, change in surface, volume 
and other physical properties of the polymers, and loss in weight after 
biomass was removed from the polymer surface. However, most of these 
criteria were scarcely able to provide direct -evidence on decomposition of 
polyurethanes. In our experiments which have been already described in 
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detail elsewhere (Filip; 1978; 1979) gravimetry served to follow the weight 
losses in materials under tests, whereas infra-red spectroscopy was used to 
determine structural changes of the polyurethanes brought about by 
microbial activity. Another insight into the decomposing process was 
revealed by using light microsc?PY• 

Behaviour of polyurethanes in a landfill. 

Municipal refuse was reported to contain 5.9% to 7% of different 
ulastic materiRls inithe9lq70'sd(Kin~ et al., 197Ah, McCallahet al., 1977 11• Aloonett1 ano~assar , 1 79) an tnese number~ may ~ve rurt er Increase 
in recent time. Among the plastic polymers large amounts of polyurethane 
foams different in their origin and quality are delivered at garbage 
lanff!lls after use. Since there are high ~crobial counts of abo~I 
10.' ~g for aerobic proteolytic bacteria, 107 g for fungi and 10bg 
for actinomycetes in a municipal refuse as reported by Filip and Kuster 
(1979) one can assume plastic polymers to be degraded readily. Martens and 
Domsch (1981), however, could not detect any significant degradation of 
polyurethanes in a refuse tip. In our experiments we investigated the 
degradation of different polyurethane foams in a garbage landfill leakage 
water expecting a closer contact between the micro-organisms and the 
polymer substrate in such an environment. As demonstrated later, leaching 
of micro-organisms occurs from the landfill into leakage water in the 
course of refuse disposal (Trost and Filip, 1985). Two resilient foams 
based on either polyester or polyether, and a hard foam based on polyether 
showed only small weight changes. of less than 4% at the incubation 
temperature of 22 C after three months. Also at 50 C the weight losses of 
the polyether-based foams were small. However, they were significant for 
polyester-based polyurethane and amounted to about 35%. The loss in weight 
of about 10% was detected for the polyurethane hard foam. The 
insignificant loss in weight of polyurethanes incubated in the sterilised 
garbage landfill leakage water indicated that neither chemical oxidation 
nor hydrolysis of the polyurethanes was responsible for the decomposition 
of the foams under tests. Since no fungal growth was observed in the 
flasks during the whole incubation period, the changes in weight of 
polyurethanes were obviously due to the hydrolytic activity of bacteria 
enzymes. The inhibiting effect of clay minerals on the loss in weight of 
the polyurethanes incubated in a garbage landfill leakage water could be 
explained by the sorption and decrease in activity of microbial hydrolases. 
The presence of clays in a garbage landfill has been reported by Buhlmann 
(1977) and it may negatively influence degradation of polyurethanes 'in 
situ'. Long persistence of polyurethanes in a landfill may also be 
attributed to the plenty of different easy utilisable organic substances in 
municipal refuse. Filip and Kuster (1979) reported a continuous decrease 
in the content of degradable organic substances in a municipal refuse 
disposed of in a landfill for twenty months. 

Degradation of polyurethanes by soil micro-organisms 

Soil is a heterogenous system which normally exhibits an abundant 
microbial population with a wide~ranging enzymatic variety. Microbial 
hydrolases belong to the most common soil enzymes (Burns, 1978). Because 
soil micro-organisms often suffer from a lack of easily utilised 
substrates, they are adapted to an environment containing a low 
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concentration of soluble nutrients. 
found oligotrophic bacteria to 
micro-organisms in brown soil. 

Kanazawa and Filip (1985) accordingly 
be the most numerous group of 

In a special study finely ground polyurethanes were added to a 
nutrient solution and inoculated with a suspension of soil micro-organisms. 
Some of the cultures contained also kaolinite or bentonite in the 
concentration of 0.5% (w/v). After a 30-day incubation on a shaker, the 
infra-red spectra of polyurethanes from the sterile controls showed all the 
characteristic absorption bands of a polyurethane. In shake cultures 
inoculated with a mixture of soil micro-organisms, most of these 
characteristic bands were scarcel~1 visible. Thi~1 was true for the 
isocyanate shoulders at 2315cm and 2120cm • Only a weak 
shoulder was left from the strong absorp~fon band of the carbonyl frequency 
of ester and biuret groups at 171Scm • Also the absortpion band at 
1412cm-1 of the isocyanuric acid ring frequencies disappeared almost 
completely. However, most of the characteristic absorption bands of a 
polyurethane had become weaker, but they were still present in the 
infra-red spectra of the samples which were recovered from the variants 
amended with clays. The polyurethane based on polyether was more resistant 
to microbial decomposition both with and without the added clay mi~rrals. 
Only the isocyanate a~~orption shoulder disappeared at 2268cm and 
the band at 1600cm due to the urea and amide-groups weakened 
appreciably. From the interpretation of the infra-red spectra Filip (1979) 
deducted the following sequence for the microbial decomposition of 
polyurethane: (1) degradation of the remaining free isocyanate groups, (2) 
splitting of the urea and amide groups, (3) breaking off of the urethane 
groups, (4) cleavage of the rings of the isocyanuric acid units. Under 
suitable cultural conditions the decomposition of the polyester-based 
polyurethane can be detected after only 30 days. since most of 
micro-organisms in soil are known to exist in a dormant state and because 
soil enzymes may become adsorbed and partially inactivated by mineral and 
organic colloids, the degradation of the polyurethane may be considerably 
prolonged in soil. Furthermore, in soil, like in other environments, 
more readily utilisable substrates of natural origin, for example plant 
residues, compete successfully with polyurethanes and other synthetic 
polymers. 

Deterioration of polyurethanes by fungi 

Many species of microscopic fungi have been found to inhabit 
polyurethanes under different conditions (Evans and Levison, 1968; Hendrick 
and Crum, 1968; Kaplan et al., 1968). Some of them grew only on the 
surface of the material whilst others produced channel-like lesions below 
the surface. It was observed that fungal growth occurred in water 
surrounding the samples, indicatin$ some nutrient. fraction of the 
polyurethane to be extractable in water. Mazzu and Smith (1984) determined 
methylene di-aniline in the aqueous extracts of autoclaved polyurethanes 
and attributed its appearance to hydrolysis of the polymer. In our 
experiments autoclaved water leachate of the polyurethane showed 
UV-spectrum with extinction maxima at 252 and 257nm, indicating -N-C=O, 
(-N=C-Q) bondings which could be attributed to the isocyanate (Filip, 
1979). These maxima were not detected in the UV-spectra of water solutions 
from the cultures , of Aspergillus niger and Cladosporium herbarum. 
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-1 Also the strong IR-absorption band of the isocyanate at 2268cm 
disappeared after 70-days incubation of the polyurethanes samples with 
both fungi. Thus, isocyanate or its hydrolytic products such as primary 
amines and/orsubstituted urea might initiate the fungal growth on the 
polyurethane. During the fungal growth or autolysis of mycelium numerous 
phenols can be released into medium by different microscopic fungi (Haider 
et al., 1975). Because polyurethanes can be dissolved in dilute phenol 
(Hummel, 1958) one can also assume that the,fungal phenolic substances can 
be involved in the biodeterioration of polyurethanes. The deterioration 
process was followed by using light microscopy. This type of 
biodeterioration of polyurethane began from the polymer surface and 
included continuous dissolution of membranes between the individual cells 
of the polymer foam. The fungi grew extensively in the lesions and 
destroyed individual stalks and finally the structural frame of the 
polyurethane. Tunnels and channels appeared and were filled with mycelium 
and fructification bodies of the fungi. After removal of the fungi by 
rinsing with water, broken network of the polyurethane foam appeared and 
several damaged areas could be observed both at the surface and in deep 
layers of the polymer foam. There is no doubt that fungal attack of 
different intensity can be followed by a successive inhabitation of the 
polyurethane also by other micro-organisms. In this way biodeterioration 
and biodegradation processes can combine their destructive effects on 
polyurethane. 

ALBONETTI, S. G.; MASSARI, 
waste composting system. 
91-98. 
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THE MECHANISM OF POLYURETHANE BIODETERIORATION 

D. s. Wales and B. F. Sagar 

The Shirley Institute, 
Didsbury, 

Manchester, M20 8RX 

Summary 

The susceptibility of polyurethanes to biodegradation depends 
greatly on their chemical structure. Polyester polyurethanes 
in particular are very susceptible to degradation by a wide range 
of different micro-organisms. It has been demonstrated that many 
of these micro-organisms produce extracellular esterases when 
grown in pure culture. Esterase activity was only observed when 
the micro-organisms were grown in the presence of a polyester or 
a polyester-based polyurethane; when these were absent there was 
no detectable extracellular esterase activity, indicating that 
elaboration of esterase is inducible. the manifestation of the 
initial stages of enzymatic attack in the form of incipient 
cracking of the polyurethane film is interesting. Crude 
esterases isolated from Trichoderma viride, Chaetomium 
globosum, Aspergillus terreus and Rhizopus stolonifer have 
been used to study the degradation of two model polyurethanes. 
The first of these was based on butane-1,4-diol and isopherone 
diisocyanate, and contains only urethane links; the second was 
based on poly (ethylene glycol adipate) and toluene diisocyanate, 
and contains both urethane and ester links. the effect of 
proteases on the model polyurethanes has also been examined, and 
the crude esterases isolated from the four microfungi partly 
characterised using gel permeation chromatography. 

Introduction 

Although nearly all polymeric materials contain a potential carbon 
source for microbial growth, the majority of synthetic polymers are resistant 
to biodegradation. A study covering a large number of synthetic polymers 
such as polyesters, polyamides, polyethers, and polyolefins snowed that the 
only synthetic high molecular weight polymers found to be significantly 
biodegradable were aliphatic polyesters and polyurethanes (Potts et al., 
1973). 

A number of workers have investigated the susceptibility of 
polyurethanes to biodeterioration. It has been shown that the susceptibility 
of polyether polyurethanes to microfungal attack is related to the number of 
adjacent methylene groups in the polymer chain, but that polyester 
polyurethanes, irrespective of structure, are highly susceptible to this form 
of biodeterioration (Darby and Kaplan, 1968; Kaplan et al., 1968). That the 
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mechanism of this attack is via extracellular enzymes has been suggested by 
Filip (1978) and Griffin (1980); Pathirana and Seal (1983) showed that 
Gliocladium roseum produced extracellular ureases, proteases and esterases 
and suggested these hydrolases could attack the urethane, ester and ureylene 
links of polyurethanes. 

In this paper, the production of esterases by four microfungi, viz: 
Aspergillus terreus, Chaetomium globosum, Rhizopus stolonifer and 
Trichoderma viride has been examined, and crude esterase isolates used to 
study the degradation of two model polyurethanes (Figure 1). The effect of 
proteases on the model polyurethanes has also been examined, and the crude 
esterases partly characterised using gel permeation chromatography. 

Methods and Materials 

Growth of microfungi 

The medium used for shake flask cultures was similar to the minimal 
medium (PL) used by Pathirana and Seal (1985a,b), and contained 0.5% (w/v) 
mycological peptone and 0.3% (w/v) lab lemco. To investigate the production 
of esterase enzymes by the microfungi, liquid polyesters (Oxyester T, a 
linear aliphatic ester, or Oxyester V, a branched aliphatic ester, Chemishe 
Werke Huls AG) were included in the medium at a level of 1% (w/v). Cultures 
were incubated on an orbital shaker at 30 C. Microfungal growth experiments 
with a polyester polyurethane produced from polycaprolactone, butan-1,4-dio1, 
and toluene di-isosyanat~ (molar ratio 0.4:1.6:2.0) were conducted in static 
culture, by placing a circle of the polyurethane film on the surface of the 
PL medium, and inoculating with the microfungi. The incubation temperature 
was again 30 c. 

Isolation of crude esterase preparations 

The fungi were grown in batch culture in 5 litre stirred fermenters
1
at 

30 C in PL medium (aeration 360 ml min-1 , stirring rate 450 rev. min-) 
containing the polyester substrate at a concentration of 1%. Each fermenter 
was inoculated with 400ml of a 48h culture of the fungus grown in PL medium 
in a 1 litre Florence flask. All fermenters were sampled daily and the broth 
filtered and examined for esterase activity using zone clearance and 
spectrophotometric assays. When enzyme activity was detected the 
fermentation was stopped and the broth filtered. An equal volume of cold 
acetone was added to the filtrate and the protein precipitate allowed to 
settle by standing overnight in a cold room held at 4 c. The supernatant was 
then syphoned off and a further volume of cold acetone added, equal to the 
volume remaining. After mixing, the precipitate was again allowed to settle 
in the cold room. This procedure was repeated until most of the water was 
removed. The precipitate was finally collected and dried using vacuum 
filtration to give a crude isolate of the enzyme in the form of a dry friable 
powder. 

Estimation of esterase activity 

Two assay methods were employed, an agar plate clearance assay, and a 
spectrophotometric assay. 
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For the agar plate clearance assay, the composition of the mineral 
salts solution was as fol!~ws:- (% w/v); MgS04 _

4
(0.07), NH4No3 

(0.1), Na~l (5.0 x 10 ), FeS04 (2.0 x 10 ) and MnS0
4 

(1.0 x 10- ). This mixture of inorganic salts was brought to pH 6.5, 
using mono- and di-ammonium hydrogen phosphates to a level of 0.6% (w.v). 
Assay plates were made using 150m! of the resulting solution after addition 
of Oxoid 'Ionagar' No. 2 at a concentration of 1.5% (w/v) and ester substrate 
at a concentration of 1% (w/v). Plates were made using both of the esters 
described previously. The complete medium was heated to dissolve the agar, 
blended in a Waring blender for two minutes to disperse the ester, and poured 
into glass plates, previously levelled to ensure an even spread of the 
medium. Plugs of the agar were then removed from the plates to form the 
wells used for the assay. 

Samples from the fungal cultures were filtered, and assayed 
75ul, of the filtrate in a well in the agar plate, adding one 
sodium azide to prevent further growth, incubating at 27 C for 24 
then examining the plates for clearance zones. 

by placing 
drop of 5% 
hours, and 

The spectrophotometr~c assay was carried out at 30 C, using a Beckman 
DUS spectrophotometer. A saturated solution (in distilled water) of 
4-nitrophenyl acetate was used as substrate; a typical reaction mix contained 
2.4ml of O.lM phosphate buffer, pH 7.4, 0.4ml of 4-nitrophenyl acetate and 
0.2ml enzyme solution. The change in extinction at 400nm was measured. 

Synthesis of polyurethanes 

Two further polyurethanes (Figure l) were synthesised; PUl from butan-
1,4-diol and isopherone diisocyanate (molar ration 1:1), and PU2 from poly 
(ethylene adipate) (mol. wt. 2000) and toluene diisocyanate (molar ratio 
1:1). The catalyst used in each case was 0.1% dibutytin dilaurate. 

The polymers were synthesised by placing the diol(s), catalyst and 
solvent (1:1 mixture of dimethyl formamide and butanone) in a reaction flask, 
and adding the diisocyanate (also diluted in solvent) dropwise with stirring 
over a 30-minute period. Care was taken to ensure that all reactants were 
dry before use, and the reaction flask was protected by anhydrous calcium 
chloride tubes. The reactions occurred under nitrogen at 60 C. After the 
reaction was complete, films were cast on silicone-coated release paper, 
using a Werner Mathis knife coated and dried in a Werner Mathis oven at 50 C 
for ten minutes. 

Enzyme treatment of polyurethanes 

Dumb-bell shaped specimens (length 12cm, guage width 0.6cm) of PUl and 
PU2 were placed in petri-dishes and covered with enzyme solutions in O.lM 
phosphate buffer, pH 7.4. The esterases isolated from four microfungi and 
the five commercially available enzymes used in these experiments are 
presented in Table 1. The esterases and commercial lipases were used at a 
concentration of 0.4 units ml-l (1 unit of enzyme activity is defined 
as the amount of enzyme required to give a change in absorbance of 0.10 at 
400nm in 1 minute using 4-nitrophenyl acetate as substrate); E~e three 
commercial proteases were used at a concentration of 20mg ml • The 
petri-dishes were wrapped in cling film to prevent evaporation and then 
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Table 1. Enz~s used t:o t:reat: polyuret:hanes 

Enzyme Source 

Laboratory isolated crude 

enzyme preparations:-

Esterase A. terreus 

Esterase c. globosum 

Esterase R. stolonifer 

Esterase T. vi ride 

Commercial enzymes:-

Palatase (lipase) Novo Industri A/S 

Lipase A John & E. Sturge, Ltd 

Alcalase (protease) Novo Industri A/S 

Papain (protease) Miles Kali-Chemie GmbH 

Takamine fungal protease Miles Laboratories, Inc 

ND - not determined. 
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Esterase activity 

(~E(400)min-l mg-1) 

0.075 

0.04 

0.015 

0.035 

0.25 

0.20 

0.14 

0.013 

ND 



incubated for 14 days at 27 c. 

After incubation, the dumb-bells were washed and conditioned at 65± 2% 
r.h. and 20 ± 2 C for 3 days. Tensile strengths and percentage elongation 
to rupture were determined using a Test£fetric 500M tensile tester (gauge 
length= 7.5cm, crosshead speed 25cm min ). 

Gel permeation chromatography 

The crude enzyme preparat!£ns were dissolved in O.lM phosphate buffer at 
a concentration of lOmg ml , and l.Sml layered onto a Sephadex G-100 
column (43.0cm x 2.5cm). The column was eluted with buffer until 58 
fractions (each l.Sml) had been collected. The esterase activity of the 
fractions was determined by the spectrophotometric method, and protein was 
determined by the method of Lowry et al., 1951. 

Results 

Induction of esterase activity 

The polyesters, Oxyester T and Oxyester V, were chosen for this study 
because they are liquid at room temperature and therefore readily .dispersed 
in liquid culture, and also they are widely used in the manufacture of 
polyester-based polyurethanes. 

Esterase activity was induced by either Oxyester Tor Oxyester V, or by 
both these polyesters, depending on the micro-organisms; the esterases 
induced were also active against either or both of these polyester substrates 
(Table 2) as demonstrated by the production of clearance zones in the agar 
plate clearance assay. When T. viride was grown on polyester polyurethane 
film in static culture, esterase activity appeared in the culture medium 
after 5 weeks' incubation. 

Esterase activity was only observed when the three fungi investigated 
(Table 2) were grown in the presence of a polyester of a polyester-based 
polyurethane; when these were absent there was no detectable extra-cellular 
esterase activity, confirming that elaboration of esterase is inducible. An 
initial delay of up to three days before esterase activity was detected may 
be interpreted as evidence of catabolite repression. 

Enzyaatic degradation of polyurethanes 

The esterase elaborated by A. terreus and the commercial protease 
Alcalase were most effective in degrading PUl, reducing the tensile strength 
of the polymer by 38% and 39% respectively (Table 3). The esterase produced 
by c. globosum and the commercial enzyme Lipase A also effected significant 
reductions in tensile strength. The tensile strength of the polymer was not 
significantly affected, however, by the other enzyme preparations. This 
polymer has quite a low breaking extension which was not significantly 
affected by treatment with any of the enzyme preparations except for papain. 
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Table 2. Esterase induction and activity 

Micro-organism Esterase induced by Esterase active against 

Oxyester T Oxyester v Oxyester T Oxyester v 

T. viti de J ..; ..; J 

c. s;lobosum J J .; 

A. terreus J J 
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Table 3. Tensile properties of PUl after treatment 

with various enzYJieB. 

Enzyme Tensile strength Strength loss relative 

MN m-2 to buffer control 

(%) 

Buffer 14 .1 ± 2 0 7 

A. terreus esterase 8.8±2.4 37.6a 

c. globosum esterase 11.3 ± 0.5 19.8a 

R. stolonifer esterase 15.2±3.6 (+7.8) 

T. vi ride esterase 13.1 ± 2.7 7.1 

Lipase A 11.4 ± 0.6 19.2a 

Palatase 11.9±3.0 15.6 

Alcalase 8.6±1.8 39.ob 

Papain 13.1 ± 5.6 7.1 

Takamine fungal protease 14.1±1.8 0.0 

Breaking 

extension 

(%) 

5.5±2.5 

8.2±6.2 

8.5 ± 0.1 

2.5±2.5 

4.8±2.3 

2.2±2.0 

6.7 ±4.1 

1.7±2.2 

0.3 ±0.5 

2 .3 ± 1.0 

a - significantly different from the buffer control at the 95% confidence level. 

b - significantly different from the buffer control at the 99% confidence level 
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Table 4. 

Enzyme 

Buffer 

A. terreus esterase 

c. globosum esterase 

Tensile properties of PU2 after treatment 

with various enzymes 

Tensile strength 

MN m-2 

35.8±1.5 

28.8 ± 4.6 

28.4±5.3 

Strength loss relative 

to buffer control 

(%) 

19.6b 

20.6a 

R. stolonifer esterase 29.9±6.3 16.5 

T. vi ride esterase 32.4 ± 2.3 9.5a 

Lipase A 31.8 ± 1.4 11.2c 

Palatase 24.3±7.1 32.2c 

Alcalase 29.5±2.2 17.6C 

Papain 29.6±2.4 17.3C 

Takamime fungal protease 35.0 ± 4.4 2.2 

Breaking 

extension 

(%) 

513 ± 34 

447 ± 75 

495 ± 21 

519 ± 48 

508 ± 6 

511 ± 8 

446 ± 61 

482 ± 23 

489 ± 16 

512 ± 22 

a - significantly different from the buffer control at the 95% confidence level 

b - significantly different from the buffer control at the 98% confidence level 

c - significantly different from the buffer control at the 99% confidence level 
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Treatment of PU2 with the commercial esterase, Palatase, resulted in the 
largest reduction (32%) in tensile strength compared with the buffer control 
(Table 4). The laboratory-isolated esterases from A. terreus, ~ 
globosum, and T. viride also effected significant tensile strength losses 
of 21, 20 and 10% respectively. Two of the three commercial proteases, 
(Alcalase and Papain) also caused significant reductions in the tensile 
strength of PU2. This polymer was much more extensible than PUl but none of 
the enzyme treatments had a significant effect on the extension at break. 

Gel permeation chromatography (GPC) 

Separation of the crude laboratory enzyme preparations from T. viride, 
R. stolonifer and c. globosum on a Sephadex G-100 column (Figures 2 and 
3), gave only one peak of esterase activity in each case; the molecular 
weights of the enzymes responsible were 160,000, 150,000 and 135,000 daltons 
respectively. The GPC separations of the preparations from these three fungi 
showed only two major peaks of protein, one coinciding with the peak of 
esterase activity, the other at the end of the separation, presumably due to 
protein fragments and low molecular weight proteins from the medium. 

Two major peaks of esterase activity were seen as the result of the GPC 
separation of the crude laboratory preparation from A. terreus, with 
molecular weights of 160,000 and 104,000 daltons. Protein peaks were 
associated with both esterase peaks, and a third protein peak (mol. wt. 
40,000 daltons) was also observed. As before, there was a final protein peak 
at the end of the separation due to low molecular weight protein fragments. 

Discussion 

Pathirana and .Seal (1985a) suggested that the polyurethane degrading 
enzyme system was likely to be inducible, and this hypothesis is supported by 
the results presented here, which confirm that the elaboration of esterase 
activity by polyurethane degrading microfungi is inducible. The esterase 
activity appears to be induced by free polyester and polyester-based 
polyurethanes depending on the micro-organism and the structure of the 
polyester moiety; the elaborated esterases are active against both free 
polyesters and polyester-based polyurethanes. 

The detailed mechanism of polyurethane degradation remains somewhat 
unclear. Whilst there is ample evidence from these results and the results 
of Pathirana and Seal (1985b) that the ester links in polyester-based 
polyurethanes are enzymatically hydrolysed, the susceptibility to enzymolysis 
of other important groups in polyurethanes, such as urethane or ureylene 
links, has not hitherto been examined. PUl, synthesised from an isopherone 
diisocyanate and butan-1, 4-diol, contains only urethane links. The crude 
enzyme preparations isolated from A. terreus and C. globosum were able to 
degrade this polymer (as shown by loss of tensile strength), as were the 
commercial enzymes, Lipase A and Alcalase. The significant strength losses 
(Table 3) for these four crude enzyme preparations clearly demonstrate that 
the urethane link itself can be cleaved enzymatically, presumably involving 
hydrolysis. 
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These results ostensibly demonstrate that the urethane link is 
susceptible to both esterase and protease hydrolysis, but this inference may 
be imprudent at this stage since the commercial protease (Alcalase) has been 
shown to possess 4-nitrophenyl acetate hydrolase activity, presumably due to 
a contaminating esterase, and the possibility that both the crude laboratory 
esterase preparations from A. terreus and C. globosum contain protease 
activity has not been eliminated. 

All but two of the crude enzyme preparations examined, viz. the esterase 
from R. stolonifer and Takamine fungal protease, were able to reduce 
significantly the tensile strength of PU2, which contains both urethane and 
ester links in the approximate ratio of 1:12. Interestingly, the effects of 
the crude esterase from A. terreus and the Alcalase enzyme on the tensile 
strength of PU2 were less than in the case of PU1, perhaps indicating that 
these particular enzyme preparations are more active against urethane bonds 
than against ester bonds. 

The effect of esterase activity on the tensile strength of a 
polyester-polyurethane film depends on the mode of action of the enzyme. 
Endo-acting enzymes have a marked effect on the degree of polymerisation by 
cleaving bonds randomly along the polymer chain, resulting in appreciable 
loss in tensile strength but relatively little concomitant weight loss, in 
contract to the action of an exo-esterase, which removes successive monomer 
units from the chain ends, resulting in a disproportionate weight loss 
relative to the effect on tensile strength. Work carried out previously by 
the authors has indicated that biodeterioration of polyester-polyurethanes by 
c. globosum or T. viride produces significant losses in tensile strength 
but with little loss in weight, whereas A. terreus caused appreciable 
losses in both tensile strength and weight. It is interesting that there was 
only one peak of esterase activity, coinciding with the main protein peak, in 
the GPC separation of the crude enzyme from the first two organisms, whereas 
A. te·rreus produced a more complex enzyme and protein pattern with at least 
two peaks of esterase activity, one perhaps with exo-activity and the other 
endo-acting. The complexity of the enzymatic breakdown of polyurethane 
undoubtedly varies from one micro-organism to another and further 
investigations are underway. 
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THE FUNGAL DEGRADATION OF POLYCAPROLACTONE POLYURETHANE 
ELASTOMERS 

W.A. Shuttleworth and K.J.Seal 

Biotechnology Centre 
Cranfield Institute of Technology 

Cranfield, Bedford, MK43 OAL 

Summary 

Although polycaprolactone polyurethanes (PCLPU) are claimed to 
have good hydrolysis stability based upon physical test data 
their susceptibility to biodegradation in the presence of fungi 
has . been demonstrated by a number of workers and in-service 
failures. It is now certain that esterases (lipases) are the 
mechanism by which the process occurs; and it has been shown 
that significant degradation can take place within 8 weeks of 
burial in the soil (25 C). Many fungi produce extracellular 
esterases and thus an isolation programme was carried out to 
determine those fungi capable of degrading PCLPU. The 
techniques used in this programme and the subsequent 
characterisation studies are described and a rapid method for 
predicting the susceptibility of the polyurethanes is detailed. 
It is suggested that more attention be paid in choosing the 
micro-organisms used in the routine testing of plastics. 

Introduction 

It has been known for some time that polyurethane (PU) is subject to 
deterioration by fungi, (Osserfort and Testroet, 1966). It has been 
established that polyester based PUs are more susceptible to attack than 
polyether types, (Darby and Kaplan, 1968; Kaplan et al, 1968). Pathirana 
(1982) showed that deterioration of PU could occur even when the fungi were 
not in contact with the plastic and hence concluded that extracellular 
enzymes were responsible. Polycaprolactone polyurethane is a polyester PU 
that has been shown to have increased hydrolysis resistance compared with 
the conventional adipic acid based polyester (Balas et al,1984). 

This paper describes an isolation programme for PU deteriogenic fungi 
and a rapid method for studying the susceptibility of PUs using known 
deteriogenic fungi rather than the present standard test organisms. The 
esterase activity of these fungi is also investigated. 

70 



Materials and Methods 

Fungal strain 

Gliocladium roseum (Bainier) IMI no. 260419 isolated by Fathirana and Seal 
(1983) from deteriorated polyurethane. 

Polyurethanes 

Several polyurethane formulations were obtained from a commercial 
source; these included polyethers, polyesters, polycaprolactone polyesters 
and polycarbonate polyurethanes.· 

Isolation programme 

This consisted of a soil burial using John Innis no. 1 potting compost 
supplemented with top soil from the Institute's grounds. The moisture 
content of the bed (50 x 30 x 10cm) was adjusted to 25% and conditioned at 
30 C until it was active i.e a piece of pure cotton texile rotted when 
buried in the soil for 7 days. 

Thin films of polyurethane were used for bait. These were produced 
using hydraulic electric platens preheated to 200 c. A few granules or a 
small piece (2g) of polyurethane was placed between silicon coated plates 
and allowed to melt between the platens (3-4 minutes); then the pressure 
was increased (10 tonnes/lOcm ram) and held for 10 minutes. After rapid 
cooling to room temperature the thin films of polyurethane (the technique 
was capable of producing films with a thickness of 0.02mm) were peeled off 
the plates. For the soil burial programme films of 0.06mm thickness were 
used as these were easier to handle. 

The polyurethane films were buried vertically using the screened 
substrate technique. A strip of film (30 x 10 x O.lmm) was placed on a 
glass microscope slide; then screened by two layers of nylon mesh. The 
first layer of mesh (106pm) held the polyurethane in place whilst the top 
mesh (Spm) prevented any organisms from reaching the PU without growing 
through the mesh. The edges were sealed by a continuous band of non-toxic 
sealant. Sterilization was acheived using ethylene oxide (20%v/v) 
overnight. The baits were buried in the soil with the top edges flush with 
the soil surface. The soil burial also served to assess the microbiological 
susceptibility of the various PU formulations, hence a control in the form 
of an autoclaved soil bed (121 C, 15psi, 20 minutes) was also set up. The 
bed was sealed with polyethylene to prevent it from drying out and 
incubated at 30 C; slides were removed after 2, 5 and 8 weeks. After this 
time the PU was removed as aseptically as possible to prevent airbourne 
contamination and plated onto malt extract agar containing aureomycin 
(SOmg/1). A sample of the PU was examined under the microscope for surface 
effects. Organisms isolated from the PU were cultured to purity then 
challenged with fresh PU films on MEA plates. Any fungi causing surface 
effects after 28 days incubation were retained for further study. Following 
a purity check these were rechallenged with PU to confirm their effects as 
deteriogenic fungi. 
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Rapid test for susceptibility of PU formulations 

For this test thicker films (O.Smm) were prepared as described above; 
films of this thickness proved to be thin enough to be studied under the 
light microscope whilst being easy to handle, (Shuttleworth & Seal,l985). 
The material under test was surface cleaned (70%v/v ethanol) then placed 
onto the surface of MEA plates containing aureomycin spread with 
Gliocladium roseum spores. Uninoculated plates were used to investigate the 
effects of chemical hydrolysis on the samples. The plates were incubated at 
30 C; removed daily or at 2 day intervals and examined for surface effects. 

Comparison of some standard test organisms with G.roseum 

Polycaprolactone polyurethane (PCLPU) was chosen as an example of a 
susceptible PU. The effects of the standard test organisms used in the 
International Standard ISO 846 were determined. Small dumbells (test strip 
20 x 5 x O.Smm) were cut from the PU films, these were subjected to the 
conditions required by the test with a few modifications: G.roseum was 
used alongside the test fungi and three media were used; mineral salts, 
mineral salts + glucose (30g/l) and malt extract agar as an example of a 
complex medium. After 28 days at 30 C the specimins were subjected to 
tensile strength testing. 

Producion of esterases capable of solubilising polycaprolactone diol (PCL) 

Isolates were screened for the ability to breakdown the polyester 
segment of the susceptible PCLPU. This was carried out using an agar 
clearing method. Polycaprolactone diol (l%w/v) was dissolved in acetone and 
added to cooled mineral salts agar to produce plates containing suspended 
fine particles of PCL. Fungal spores or pieces of agar containing mycelium 
were used to inoculate the centre of the plates these were incubated for a 
few days (29 C) until zones of clearing became visible. 

Results 

The isolation programme gave over 40 isolates of which only 5 were 
found to be active deteriogenic fungi. One of these, Fusarium solani, was 
particularly active. 

The testing' of the polyurethane formulations in the soil showed the 
PCLPU to be the most affected; hence the choice of this polyurethane for 
later studies. The polyester PU (adipic acid and butane 1,4 diol) was 
attacked to a lesser extent whilst the polycarbonate PU and polyether PU 
were unaffected during the 100 day burial period (table 1). 

The rapid test method showed susceptible PUs to be attacked within 4-7 
days compared ~ the much longer test periods required for the methods 
currently in use. No damage was observed on the uninocuated controls 
whereas in some cases the test pieces were fragmented after exposure to 
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TABLE 1 

Susceptibility of polyurethane formulations buried in 
soil at 30 C 

PU Cracking after 100 days 

polyester 
polycaprolactone polyester 

polycarbonate 
polyether 

+ 
++ 

some cracking 
much cracking 
no cracking 

TABLE 2 

+ 
++ 

Effects of fungal growth on the mechanical properties of 
polycaprolactone polyurethane 

Fungus MSA 
ElOO TS 

A.niger 17.5 42.2 
P.variotti 20.8 45.1 
P.funiculosum 16.9 29.9 
T.viride 17.7 64.2 
c.globosum 21.7 39.1 
G .. roseum 22.0 47.7 
Control 19.2 45.2 

MSA 
MSAG 

mineral salt agar 

MEA malt extract agar 

MSAG 
ElOO TS 

18.2 50.6 
20.5 42.6 
19.4 38.1 
21.2 39.4 
21.9 37.7 
18.5* 26.2 
22.8 47.9 

+ glucose 

MEA 
ElOO TS 

19.9 38.8 
19.3 31.6 
19.8 35.6 
20.0 39.6 
20.5 33.0 
9.0* 12.3 

19.6 49.6 

E100 load at 100% elongation (*load at 50% elongation) 
TS load at break 
All units are in mega Pascals (Newton mm-1) 
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TABLE 3 

Clearing of PCL plates by various organisms 
Organism Clearing after 8 days 

Penicilluim crysogenum 
Penicillium simplicissimum 
Aspergillus sp. + 
Gliocladium roseum + 
Trichoderma harizanum + 
Fusarium solani + 
Aspergillus niger + 
Penicillium funiculosum + 
Paecilomyces variotti + 
Trichoderma viride 
Cheatomium globosum + 
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G.roseum. The test was carried out with several commercial formulations 
some known and others of unknown composition. Two types of damage were 
observed: crazing and stellate cracking, the former type was associated 
with the fungal hyphae whilst the latter caused complete perforation of the 
film. This effect has been reported by Pathirana and Seal (1983) on similar 

• PU formulations. 
The use of G. roseum alongside the ISO 846 standard organisms proved 

how active G.roseum was as a deteriogen. The tensile strength and load at 
100% elongation were measured (table 2). G. roseum caused a loss in 
tensile properties such that the samples on mineral salts + glucose and MEA 
broke before reaching 100% elongation. The spread of the results was quite 
wide, those indicated are the significant ones. The other organisms caused 
staining of the PU but no measurable loss in tensile properties. 

The agar clearing method incorporating PCL showed wide zones of 
clearing around some of the fungi tested. Table 3 shows the presence or 
absence of clearing by . the fungi tested; the organisms include known 
deteriogenic fungi, fungi found on PUs and the ISO 846 fungi. 

Discussion 

In the isolation programme only 5 of the isolates were found to cause 
deteriogenic effects on PCLPU; this is an important point to note as many 
of the test fungi presently in use have never been tested for their 
deteriogenic effects. This is confirmed by the results of the comparison 
between the ISO 846 fungi and G.roseum, where only P.funiculosum and 
G.roseum caused significant deterioration of the PCLPU. G.roseum is a very 
active deteriogen; its use in the rapid test method was found to give 
similar results to those obtained in longer term soil burial tests 
requiring many months burial. The two types of cracking observed on the PU 
films were not confined to particular PUs but were found over the entire 
range tested. 

The production of esterases capable 
be a common characteristic, as most of the 
opaque agar. The esterases must have 
enzymes must be involved to explain 
polyurethane. 

of solubilising PCLPU appears to 
fungi tested could clear the 
differing specificities or other 

the different effects on the 

This work is part of a continuing project; the G. roseum esterase is 
being purified and characterised as an example of a PU degrading enzyme. 
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THE BEHAVIOUR OF POLYESTER AND POLYETHER POLYURETHANES 
TOWARDS MICRO-ORGANISMS 

E.-H. Pommer and G. Lorenz 

BASF Aktiengesellschaft, 
Agricultural Research Station, 

Limburgerhof, 
Federal Republic of Germany. 

Summary 

Fungi and actinomycetes were isolated from attacked thermoplastic 
polyester polyurethane elastomer samples. They proved to· be 
responsible for the biodeterioration of this material. The fungi 
were examined for their capability to form the hydrolytically 
active enzymes protease, esterase and urease. In soil burial 
tests with additional inoculation of the test soil, the microbial 
stability of thermoplastic polyester and polyether polyurethane 
elastomers was investigated. When the test samples were buried 
under tension attack was visible considerably sooner than when 
they were untensioned. 

Introduction 

Thermoplastic polyurethane elastomers are being increasingly used because 
of their favourable product properties. As this material is also being 
employed in regions with a high moisture stress, the question of resistance 
towards an attack by micro-organisms is of special importance. In particular 
Darby and Kaplan (1966) and Kaplan et al. (1966) showed in comprehensive 
trials that polyester-type polyurethanes were generally susceptible to 
micro-organisms, whereas polyether polyurethanes could be calssified as 
moderately to highly resistant. These authors also studied the decomposition 
mechanisms of polyurethane. Indications of an enzymatic attack and 
decomposition of polyester polyurethanes are to be found in the studies of 
Evans and Levisohn (1966), Filip (1976, 1979) and Griffin (1960). Pathirana 
and Seal (1963) indicated in trials with Gliocladium roseum that polyester 
polyurethane was significantly deteriorated by the exoenzymes (hydrolases) 
produced by this fungus; proteases, esterases and urease played an important 
part in this process. 

For about ten years we have been engaged in the examination of 
polyurethane samples for resistance towards microbial destruction. these 
polyurethane materials, the chemical structure of which is generally not 
known to us, are essentially thermoplastic elastomers, which may be exposed 
to a prolonged soil or moisture contact (underground cables, cables laid in 
shafts, sea cables or animal ear tags). Depending on the production 
procedure, there are also polyester polyurethanes that have proved to be 
resistant for the period of a short-time trial (test using agar as culture 
medium with artificial infection) or due to the addition of a biocide. 
Therefore, we conducted a soil burial test, with additional inoculation of 
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the soil, in order to establish weak or strong points of a product. The j 
micro-organisms used in this test were isolated from infected polyester 
polyurethane samples. In the following we report on our experiences with the 
soil burial test. Morevoer the pre-treatment, or the way in which the test 
specimens were buried in the soil may have an influence on the attack of 
micro-organisms, was also investigated. 

Material and methods 

The micro-organisms used were isolated from attacked polyester 
polyurethane material. the sampJe was surface sterilised with 70% ethyl 
alcohol and small pieces were then cut out with a sterile scalpel and 
transferred to 3% malt extract agar, potato dextrose agar and to a 
streptomycetes agar (glucose, yeast and malt extract); incubation followed at 
25 c. Polyester polyurethane test specimens on nutrient agar were 
inoculated with the pure cultures in order to examine their ability to attack 
the material. 

The enzyme activities were determined according to the following 
methods:-

Protease 2% albumin was added to Czapek-Dox nutrient solution. 
After inoculation with the test fungi and subsequent six-day incubation at 22 
C in a shaking incubator, the albumin still present in" the solution was 
specifically dyed with bromocresol green and measured photometrically. The 
decomposition by lOOmg mycelium dr.y weight was calculated (Sigma Tech. 
Bulletin No. 630, 10-76). 

Esterase: The qualitative determination of the esterase was carried 
out according to the method described by. Pathirana and Seal (1984) using 3% 
malt extract agar. ~s substrate, 0.5% of the polyester 
butane-1,4-diol/ethylene glycol adipate was added to the agar; pH 6.5. 

in accordance with the 
Instead of the Difco 

Urease: The urease activity was determined 
method described by Hankin and Anagnostakis (1975). 
Plate Count Agar, Potato Dextrose Agar (Herck) was used. 

Soil burial test. Well rotted compost soil, with a humus content 
of about 8%, 0.2- 0.25% total nitrogen and a pH between 6.5 and 7.0 was used 
for the soil burial tests. Wooden cases (50cm x 50cm x 20cm) were filled 15cm 
deep with the soil. The moisture content of the soil was adjusted to about 
40% of the maximum wat.er holding capacity. To avoid loss of moisture, the 
cases were covered with polyethylene sheeting. Spore suspensions of the 
micro-organisms used for the additional inoculation of the soil were made from 
well sporulating cultures in physiological saline solution. The 3cm wide and 
lOcm long test specimens were buried vertically into the test soil at Scm 
intervals. Test specimens that were to be tested under tension were bent and 
both ends connected to each other by a wire before being buried. Test 
specimens that were subjected to a leaching stress before being buried were 
held for four weeks in a basin with a slow water flow. Following a weather 
stress, the test specimens were exposed for two weeks to UV light at a 
distance of 1.5m. The wooden cases with the test specimens were stored in a 
water vapour saturated atmosphere at 28 C± 1 C. At two-week intervals, three 
samples were taken from each case and examined for visible discolourations and 
destruction; in long-term trials the intervals were greater. 
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Table 1 Fungi isolated from degraded polyester polyurethane 

Alternaria alternata <Fr.:Fr.) Keissler 
Aspergillus ustus <Bain.> Thorn & Church 
Aspergillus flavus var. columnaris Raper & Fennell 
Paecilomyces lilacinus <Thorn> Samson 
Fusarium oxysporum Schlecht 
Penicillium decumbens Thorn 
Penicillium funiculosum Thorn 
Penicillium ochrochloron Biourge 
Penicillium purpurogenum Stoll 
Penicillium rugulosum Thorn 
Penicillium variabile Sopp 
Phoma fimeti Brunaud 
Scopulariopsis fusca Zach 
Talaromyces sp. 
Trichoderma viride Pers.:Fr. 

Table 2 Actinomycetes isolated from degraded 
polyester polyurethane · 

Streptomyces violaceoruber <Waksman and curtis> Pridham 
Streptomyces parvulus Waksman and Gregory 
Streptomyces.plicatus Pridham, Hesseltine and Benedict 
Nocardia autotrophica <Takamiya and TubakU Hirsch 
Nocardia orientalis <Pittenger and Brigham) Pridham and Lyons 
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Table 3 Enzyme activities of fungi isolated from degraded polyester 
polyurethane and the attack of polyester polyurethane after 
soil burial for 12 weeks 

Fungus Protease Esterase 

Aspergillus ustus 199 
A. flavus var. columnaris 146 
Penicillium decumbens 324 
P. funiculosum 117 
P. ochrochloron 55 
P. purpurogenum 0 
P. rugulosum 75 
P. variabile 196 
Phoma f imet i 23 
Paecilomyces lilacinus 484 
Scopulariopsis fusca 247 
Fusarium oxysporum 302 
Trichoderma viride 317 
Talaromyces sp. 104 

Alternaria alternata 143 

Enzyme activities: 

Protease: mg albumin degradation/ 
100 mg dry weight 

Esterase: hydrolysis of butan-1,4-diol/ 
ethyleneglycol adipate 

urease: hydrolysis of urea 
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Table 4 Resistance of thermoplastic polyurethane elastomers 
towards microorganisms in a soil burial test with 
additional inoculation - long term procedure 

Rating 
after . . weeks 

Polyester 
polyurethane 
·shore A 85 

Polyester/Polyether 
polyurethane 
Shore A 85 

Polyether 
polyurethane 
Shore A 85 

2 c 1 D 0 c 0 D 0 CD 0 
4 c 1 D 0 c 0 D 0 0 
8 c 2 D 2 c 0 D 0 0 

12 c 3 D 4 c 0 D 0 0 
24 c 4 D 4 c 0 D 2 0 
48 c 0 D 3 0 
72 c 1 D 3 0 
96 c 2 D 4 0 

120 c 2 D 4 0 

Polyester polyurethane: Ethylenglycoladipate-4~4'-diphenylmethane

diisocyanate-1~4-butandiol 

Polyether polyurethane: Polytetrahydrofuran-4~4'-diphenylmethane

diisocyanate-1~4-butandiol 

Type of attack 
c = cracks 
D = discoloration 

Intensity of attack/discoloration 
o = none 
1 = trace 
2 = slight 
3 = moderate 
4 = heavv 
5 = destruction 
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Results and discussion 

The fungi isolated and identified from microbially attacked polyester 
polyurethane samples are listed in Table 1. Aspergillus ustus was isolated 
very frequently, and a large number of representatives of the genus 
Penicillium. Surprisingly, Gliocladium roseum has not yet been isolated, 
although this fungus is very wide-spread and can be regarded as a potential 
destroyer of polyester polyurethane (Pathirana and Seal, 1983). Moreover, 
actinomycetes were frequently isolated from the samples; deterioration studies 
proved that they could attack, and were even able to destroy, polyester 
polyurethane. Among the actinomycetes listed in Table 2, Streptomyces 
violaceoruber occurred frequently. These organisms are currently being 
examined for their capability to produce hydrolases. The enzymes protease, 
esterase and urease, obviously important for the microbial attack of polyester 
polyurethane, were produced in different quantities by the fungi listed in 
Table 1, as can be seen in Table 3. Aspergillus ustus, Penicillium 
variabile, Paecilomyces fimeti, Alternaria alternata and Fusarium 
oxysporum can be classified as strong hydrolase producers. When 
investigating an attack and the destruction of polyester polyurethane, 
however, the interactions between the micro-organisms (fungi, actinomycetes 
and bacteria, for example Pseudomonas aeruginosa) must also be taken into 
consideration. The fungi, with the exception of Trichoderma viride, 
Penicillium purpurogenum and P. rugulosum, were capable of attacking 
polyester polyurethane was clearly demonstrated in trials in sterile soil 

which had been inoculated with pure cultures (Table 3). 

The soil burial tests in which polyurethane elastomers were examined 
under severe test conditions - optimum moisture and temperature conditions, 
additional inoculation of the soil with micro-organisms producing hydrolases -
confirmed the results of former investigations (Darby and Kaplan, 1968; Kaplan 
et al., 1968; Evans and Levisohn, 1968; Jones and Le Campion Alsumar, 1970; 
Pathirana and Seal, 1983 and 1984) that polyester polyurethane elastomers can 
be attacked by micro-organisms (Tables 4-7). Significant differences have 
been observed, however, in the· development and intensity, as well as the onset 
of the attack, when the test specimens were buried in the soil without 
pre-treatment (Table 5, samples 1-3). Since a particular interest lay in the 
question of the stability of polyester/polyether polyurethane and of polyether 
polyurethane, long-term trials have been conducted. Table 4 shows the results 
of testing these materials over a period of 120 weeks. Whereas on polyether 
polyurethane no signs whatsoever of microbial attack could be observed, the 
mixed product showed the first signs of a microbial attack after a 72-week 
stress. Also here differences in time may be possible; the first signs of a 
microbial attack can be observed after 16 to 24 weeks. With thermoplastic 
polyether polyurethane with a high proportion of plasticiser or when certain 
plasticisers have . been used, extracellular pigments diffused by fungi may 
enter the ether material and discolour it; a microbial attack has not been 
observed in these cases. 

In our investigations into the influence of the pre-treatment of the test 
specimens on the microbial attack, we found that test specimens buried under 
tension were attacked in all trials considerably more rapidly (Tables 5 and 
6). The results of the samples 1 and 2 in Table 5 demonstrate that it is 
possible to obtain evidence of the stability of a polyurethane material more 
quickly by making the test conditions more severe. A leaching stress or 
exposure to UV light prior to burying does not have a comparably strong 
influence on a possible attack of the material. In the testing of biocide we 
are of the opinion that, for additives, the soil burial test also provides 
more reliable evidence of the suitability of an active ingredient than the 
testing according to method B (fun~istatic effectiveness) of the Test 
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Table 5 

Rating 
after 
.. week:; 

2 
4 
6 
8 

10 
12 
14 
16 

Resistance of thermoplastic polyester polyurethane 
elastomers of different composition towards microorganisms 
in a soil burial test with additional inoculation 

Polyester polyurethane-materials 
Burial of specimen straight or under tension 

1 . 2 3 
straight under straight under I straight under 

tension tension ! tension 
' 

D 0 c 0 D 0 D 0 c 0 D 0 c 1 D 2 c 2 D 2 
D 1 c 1 D 1 D 0 c 1 D 1 c 2 D 3 c 2 D 3 
D 1 c 1 D 1 D 1 c 1 D 2 c 3 D 4 c 4 D 4 
D 1 c 2 D 1 D 1 c 2 D 2 c 3 D 4 c 4 D 4 
D 2 c 2 D 1 D 1 c 2 D 2 c 4 D 4 c 4 D 4 
D 2 c 2 D 2 D 1 c 2 D 3 c 5 D 4 c 5 D 4 
D 2 c 3 D 3 D 1 c 4 D 3 c 5 D 4 c 5 D 4 
D 2 c 3 D 3 D 2 c 4 D 3 c 5 D 4 c 5 D 4 

Type of attack 
C = cracks 

Intensity of attack/discoloration 
o = none 

D = discoloration 
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Table 6 

Rating 
after 
.. weeks 

2 
4 
6 
8 

10 
12 

Resistance of a thermoplastic polyester polyurethane 
elastomer CShore A 85) towards microorganisms after 
different pretreatments of the specimen 

Pretreatment of the specimen before burial in the soil 
no burial 2 weeks 4 weeks 

under weathering leaching 
tension 

c 0 D 1 c 1 D 2 c 0 D 1 c 0 D 0 
c 1 D 1 c 2 D 2 c 0 D 1 c 0 D 0 
c l D l c 3 D 3 c 0 D 4 c 0 D l 
c 1 D l c 4 D 3 c 0 D 4 c 0 D 2 
c l D l c 4 D 3 ( 2 D 4 c 1 D 2 
C 2/3 D 2 c 4 D 4 c 2 D 4 c 2 D 4 

Type of attack 

c = cracks 

Intensity of attack/discoloration 

0 = none 
D = discoloration 
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5 = destruction 
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Table 7 

Rating 
after .. 

2 
4 
6 
8 

10 
12 
16 

Resistance of a thermoplastic polyester polyurethane 
elastomer <Shore A 85) towards microorganisms with 
and without the addition of a biocide in a soil burial test 
with additional inoculation 

Polyester polyurethane 
weeks no additive biocide additive 

0,5 % W/W 

c 1 D 0 c 0 
c 2 D 1 c 0 
c 3 D 1 c 0 
c 4 D 2 c 0 
c 4 D 2 c 2 
c 4 D 3 c 2/3 
c 4 D 3 c 3 

Type of attack 

C == cracks 

Intensity of attack/discoloration 

0 = none 

D == discoloration 
1 = trace 
2 = slight 
3 = moderate 
4 = heavy 
5 = destruction 
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Specifications ISO 846 and DIN 53 739. The results presented in Table 7 show 
that polyester polyurethane is an elastomer highly susceptible to microbial 
attack. The incorporation of a biocide provides an initially effective 
protection over a period of eight weeks, then, however, the antimicrobial 
effect breaks down. 

DARBY, R. T. 
polyurethanes. 
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THE BIODETERIORATION OF PLASTICS AND POLYMERS IN FOOTWEAR 

D. Pettit 

Shoe and Allied Trades Research Association, 
Kettering, 

Northants, NN16 9JH. 

Summary 

Micro-organisms play a less important part in the deterioration 
of synthetic footwear materials than they do in the case of 
those derived from natural products. However, in footwear, 
deterioration can also arise from reaction with the human 
organism. Apart from physical attrition there· is also the 
possibility of deterioration by body fluids, mainly sweat. 
Even this agent is not known to have significant effects on 
plastics other than those susceptible to hydrolysis. The main 
class of polymers to which this criterion applies is urethanes, 
they are therefore the ones to which most attention will be 
given in this talk. Since the conditions which favour 
hydrolysis also promote the growth of micro-organisms the 
relative importance of the two likely causes of deterioration 
will be considered. 

SATRA is a co-operative research association whose main objective is 
to help its member shoe manufacturers produce footwear as efficiently and 
as economically as possible. Part of this task is to reduce the number of 
shoes which are returned by the customer as having failed (or worn out) 
prematurely or otherwise having caused dissatisfaction. 

Since a large proportion of shoe materials are related to plastics 
and polymers, the behaviour of this class of material is important. A 
brief review of the uses of these materials in footwear was given .by 
Pettit (1981). Of the 127 million pairs made in 1984 in the U.K., which 
is also fairly typical of world production, 94% had non-leather soles 
including approximately 50% rubber, 30% plasticised PVC, '3% cellular 
solings, 4% thermoplastic rubber, 6% reaction moulded urethane and others. 
Penetration of the upper material market by non-leather products is less 
complete and 60% of U.K. made shoes still have leather uppers. 

Synthetic upper materials are mainly urethane coated fabrics, vinyl 
coated fabrics, fabrics and poromerics. In addition to the two main types 
of shoe material, polymers make contributions as adhesives, sewing 
threads, reinforcing materials, linings, and as finishes on leathers. 

It is mentioned above 
and in fact returns act as 

that reduction of returns is an economic aim, 
an indicator for manufacturing and material 
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weaknesses and faults. They are therefore monitored regularly, and twice 
each year for the past five years, a thousand pairs of returned shoes have 
been taken at random from warehouses and analysed for their faults. The 
results have been computerised and conclusions drawn from the surveys are 
extremely useful in deciding where materials research or improved 
manufacturing quality control are needed. This examination of 10,000 
pairs of everyday shoes did not show up a case where microbiological 
deterioration of a plastic or polymer was identified as a primary or 
contributory cause of a wear return. 

Microbiological attack on naturally derived shoe materials, such as 
linen welt threads, cellulose board insoles, cotton linings and leathers 
are well recognised and anti-microbial treatments are used where 
necessary. However, these materials are not directly within the scope of 
this review although they make the point, if needed, that conditions for 
microbiological activity do occur in footwear. Some comments appear on 
the relationship between footwear, sweat, and micro-organisms in a paper 
by Abbot and Pettit (1975). 

Wear returns of everyday footwear amount to about 2% of footwear sold 
and the failure to identify in the U.K. any contribution to these returns 
by microbial attack of plastics and polymers means that there appears to 
be no case for the addition of expensive treatments to the polymers -
particularly when compared with the quarter of all failures due to sole 
attachment failure or a similar proportion of upper materials failing or 
soles cracking. This apparent lack of necessity to protect polymers in 
everyday footwear against micro-organisms may not apply to other 
particular classes of footwear such as military or industrial. Having put 
mirobiological deterioration of plastics in its economic place, a view 
which is supported by the larger manufacturers in the U.K., one must admit 
to meeting some interesting exceptions. 

Although direct attack on plasticised PVC by micro-organisms is 
observed in hostile environments and it is more vulnerable than vulcanised 
rubber we have not met many examples of deterioration of PVC. These have 
usually been confined to discolouration of vinyl coated tapes in storage 
where fungal growth on the backing fabric or adhesive has caused staining 
of the coating. Plasticised PVC tends to be used in footwear whether as 
a coating on fabric or as a soling material, and since loss of plasticiser 
is one of the ways in which its physical properties may be reduced by 
micro-organisms, this is much more difficult to achieve than it might be 
in shower curtains or plastic baby pants. Shoe companies serving a wider 
market than the U.K. do find some protection is advisable on plasticised 
PVC to reduce spoilage. 

In fact the only class of synthetic polymer in footwear in which 
attack by micro-organisms might be considered to be of economic importance 
is urethanes. These are used widely in footwear, in solution as sole 
attaching adhesives, as thin coatings on fabrics and leathers, as 
thermoplastic mouldings for heel tips, reaction moulded in thick section 
soles with a closed cell structure, and in thick coagulated but pervious 
layers in poromeric upper material. In most of these applications 
urethanes having a polyester backbone, as well as those based on 
polyethers, are used extensively. This polyester backbone (typically in 
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segments of about 2000 Molecular Weight) is susceptible to damage by 
moisture, heat and micro-organisms. Degradation by moisture or 
hydrolysis, is a major problem and is susceptible to catalysis by outside 
agents, including sweat ingredients and, as has been demonstrated by a 
number of workers, exo-enzymes of the esterase type produced by 
micro-organisms. 

Urethanes in Adhesives 

Urethane adhesives, based on solutions of strongly crystallising 
polymers derived from typically butandiol adipate polyesters, are used 
very widely for sticking soles to uppers (about eighty milion pairs per 
annum in the U.K. alone). Despite the fact that about half a million of 
these soles may become prematurely detached in wear we have no reason to 
believe this is due to deterioration in the urethane adhesive film itself. 
Moisture will weaken bonds, but usually reversibly. The bonds usually 
fail at the adhesive/adhesive or adhesive/substrate interface through some 
production deficiency. 

Free urethane adhesive 
tensile strength rapidly (80% 
by the obvious development of 
action of micro-organisms. 

films (thickness O.lmm) 
reduction in 9 days) in 

holes in the film and 

will lose their 
soil burial tests, 

presumably by the 

However, the same adhesive used in 25mm wide bonded strips of rubber 
and PVC coated fabric showed no loss of bond strength over six months soil 
burial (outdoor temperate conditions). Hydrolysis tests on adhesive 
urethane polymer suggest that the polymer would need to los~ 80% of its 
tensile strength before the bond peel strength at room temperature suffers 
(Abbott and Brumpton, 1980). Our general conclusion is that deterioration 
of adhesive polymers of urethane and other types used in footwear is not a 
significant factor in the performance of everyday footwear. 

Urethanes in Solings 

Deterioration of polyester urethanes in the form of soling is a well 
recognised phenomenon and has been responsible for large scale failures 
even in storage under moist tropical conditions, for example Singapore (30 
C 80% relative humidity), the urethane ending·as a rather soft cheese. 
Such dramatic failures where a thickness of 20-30mm of urethanes have been 
affected have not generally been associated with the presence of micro
organisms and investigations have often failed to detect their presence. 

The proble~ of cracking or deterioration of urethane solings in 
service is overshadowed by inconsistency in production. Each sole unit is 
an individual in its compositions, whose physical properties depend on two 
streams of reactants being mixed correctly to within one per cent and in 
phase with each other, or some parts of the sole may be isocyanate rich or 
deficient. If the reactants are off specification or the mould 
temperature is wrong then an over- or under-cured polymer results which 
may not be recognised before being sold. An isocyanate deficient urethane 
(under-cured) may well be very susceptible to hydrolysis under warm moist 
conditions even without the aid of microbiological attack. 
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Nevertheless, it is easy to demonstrate that urethane solings are 
attacked by micro-organisms in suitable environments and that their 
deterioration can be suppressed by correct incorporation of biocides. 
There is, however, the added difficulty that the biocidal agent should not 
interfere with the urethane reaction nor should it act, for instance by 
the presence of metal ions, as a catalyst for chemical hydrolysis. A 
common example of the adverse effect of metal ions is seen in golf shoes 
having urethane soles and met~l studs. Corrosion of the metal studs leads 
to substantial cracking of the urethane sole adjacent to the studs. 

Having established that protection of urethane soles 
micro-organisms might be justified, particularly in military or 
footwear subjected to long storage in moist conditions, the point 
correct design, compound selection, and production of the urethane 
still of over-riding importance. 

from 
sports 

is that 
sole is 

The difficulty of deciding the significance of micro-organisms in 
urethane soling breakdown is illustrated by wear failures of urethane 
soles attached to boys' shoes using a urethane adhesive. In wear the 
urethane sole crumbled beneath the adhesive layer and the soles became 
detached. The boys' shoes were made with a rather impermeable coated 
leather which meant that there was a lot of perspiration within the shoes. 
The soles also had a raised lip which tended to trap moisture between the 
top surface of the sole and the impermeable layer on the upper leather. 
The urethane adhesive, not deteriorated although in contact with the 
failed urethane sole, contained Alloprene which might generate acidity and 
promote hydrolysis. Some fungal hyphae were occasionally observed on some 
of the shoes but might have been derived from fungi growing on the 
leather. This complex set of factors was not resolved but the adhesive 
was changed, the problem disappeared and the investigation became 
redundant. The investigation was not concluded satisfactorily, at least 
from the point of view of recognition of the dominant factor in the 
failure of the urethane. 

Urethanes in Upper Materials 

Urethanes in upper materials are at their most vulnerable, they tend 
to be in thin layers or porous. They are exposed on the footside to an 
ideal microbiological climate as well as to concentrated chemical attack 
by perspiration. Little seems to have been published on sweat ingredients 
found in synthetic uppers although it is assumed these would be similar to 
those found on leather uppers (Pettit, 1961). They are subjected to 
intense flexing strains at the tips of flexing creases and stitched seams. 

The earliest poromerics (complex leather replacement, having 
significant water vapour permeability) showed rapid -breakdown with 
individual wearers which was attributed to hydrolysis, catalysed or not, 
and this phenomenon has been the subject of much study by Hole (1972) and 
subsequent workers at SATRA. 

It is established that hydrolysis is catalysed by metal ions and this 
can be protected against by chelating agents. Similarly, sweat 
constituents, before and after microbiological conversion, have been shown 
to affect hydrolysis (see Hole et al., 1973). Extracts of cultures of 
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micro-organisms (taken from worn footwear) have been shown to bring about 
degradation of urethane upper materials in extra-ordinarily short times. 
However, anti-microbial treatments which were successful in halting 
degradation in-vitro have failed to produce significant reductions in 
deterioration in wear. A case study linking micro-organisms with 
deterioration of polyester based urethane poromeric in boots worn in a 
food factory was recently reported by Webster (1985) in which specific 
fungi were nominated. However, similar poromerics based on polyether 
urethanes did not degrade under the same conditions. 

The deterioration of urethane based shoe uppers in everyday footwear 
seems to be a random phenomenon, very dependent on the wearer. 
However, whether the deterioration is caused by sweat catalysed hydrolysis 
or by the activities of micro-organisms, urethane poromerics to be worn on 
men's shoes do contain biocides. Such biocides have to be quite resistant 
to leaching. This was observed in experimental polyester urethane 
poromerics treated with phenols, which had been incorporated as softening 
agents. Untreated poromeric degraded completely in twelve days soil 
burial whilst 8% resorcinol in the poromeric only doubled its life, 8% of 
hexyl resorcinol protected the poromeric completely for a test period of 
six months (Unpublished work). However, it should be stressed that the 
additives were being investigated as softening agents not as effective 
biocides. 

Similar materials, urethane coated fabrics, where the base fabric is 
impregnated with a , coagulated polyester urethane, are used quite 
satisfactorily in women's everyday footwear without any protection against 
micro-organisms. The same materials, used in women's winter boots in 
North America, have to be specified as 'hydrolysis resistant' and to 
satisfactorily survive two weeks' exposure at 70 C and high humidity. 

More thorough studies on deterioration of urethanes are produced in 
other papers at this conference but the author feels that if the case 
against micro-organisms causing significant damage to polymers in footwear 
were tried under Scottish Law, the verdict would be "not proven". Thus 
research should be aimed, particularly in the case of urethanes, at 
achieving chemical stability but with the fervent hope that it would also 
produce improved resistance to micro-organisms as a corollary. 
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MICROBIAL DEGRADATION OF POLYURETHANE PRODUCTS IN SERVICE 

M. Stranger-Johannessen 

Center for Industrial Research 
N-0314 Oslo 3, 

Norway. 

Summary 

Three cases of microbiological degradation of polyurethane 
products are presented: 

Polyurethane foam mattresses were degraded by spore-forming 
bacteria. The bacteria were traced back to a contamination in 
the pre-polymer. They had thus survived the foaming process and 
later developed in the mattresses under favourable conditions. 

Polyurethane sheets used for the inflatable .. lungs .. in safety 
belts were accidently degraded on storage under humid 
conditions. Two fungi were isolated from the deteriorated 
material and damage reproduced on sound sheets with these fungi. 
Other materials were then chosen for the .. lungs"' on the basis of 
the results from microbiological tests. 

Cracks were observed in polyurethane sheathings of cables used 
for measurements in the sea. Fungi were isolated from the 
cracked areas and the damage reproduced on new material with 
some of the fungal strains. further investigations indicated 
that contamination of the cables occurred in the sea, but that 
the deterioration preferentially took place when they were 
stored on board the ship. 

Introduction 

It is now more generally recognised that plastic materials may be 
deteriorated by micro-organisms. When products fail in service and a 
biological cause is suspected, samples are often sent to the 
biodeterioration research laboratory for closer investigation. 

Certain types of polyurethanes in particular are susceptible to 
microbiological attack and degradation (Seal and Pathirana, 1982; Rei, 
1978). Instances of the deterioration of polyurethane products are·well 
known, and are also frequently investigated at our laboratory. Three of 
such cases will be described; selected because they involve some 
particular and maybe less familiar aspects. 
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Investigation methods 

All work was performed using established techniques as, for instance, 
described by Walters (1977) and by Onions et al. (1981). 

Media used:-

Nutrient Agar and Broth 
Malt Extract Agar and Broth 
Seawater Yeast Peptone Agar and Broth (Collins et al., 1973) 
Aged Seawater (filter sterilised) 
Diluted Seawater 3:1 
Mineral Salts Agar and solution. 

Case 1 Persistence of a bacterial contamination in the pre-polymer 
during polymerisation 

The case concerns foam mattresses of polyester type polyurethane. 
Four months after purchase by a hotel on Norway's west coast, nine out of 
fifteen mattresses were severely damaged (Figure 1). The deteriorated 
area had the shape of a body, and was located on the underside of the 
mattresses. 

A black stain on the outermost surfa"ce was due to the 
fungi. The attack on polyurethane foams by fungi has been 
repeatedly (for example see Rei, 1978; Versteegh, 1983). 

growth of 
reported 

Several centimetres beneath the surface the yellow material was 
discoloured brown and could easily be crumbled with the fingers. 
Cultivation of micro-orgnisms by placing crumbled material on nutrient 
agar resulted in almost a pure culture of spore forming rodlike bacteria. 

The bacteria could also be observed in 
microscopy (Figure 2). The lamellae of 
bacteria and spores adhered to the material. 

the degraded material by 
the blisters were cracked and 

The same bacteria, but in lesser numbers, could be isolated from 
apparently undamaged material at the edges of the mattress. Surprisingly, 
the investigation of a new, not previously used, foam material gave the 
same results. Finally, the contamination was traced back to the 
pre-polymer which was heavily loaded with the same type of spore-forming 
bacteria. The spores had thus obviously survived the foaming process. 

Under suitable conditions in the bed, the surviving spores germinated 
in the material and caused the deterioration. The beds had tight wooden 
mattress support boards which were cool, as the rooms containing the beds 
were not heated in periods between use. When the mattresses were warmed 
up by the body, moisture migrated to the cold support boards and remained 
there as long as the mattresses were kept in place. Thus, a very 
favourable environment for microbial development was created. 

Case 2 - The importance of the microbiological testing of materials 

This second case emphasises the dangers of neglecting evaluations of 
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a material's resistance to micro-organisms. 

A polyester type polyurethane film, 0.2mm thick, was chosen for the 
inflatable "lungs" in safety vests, after its chemical and mechanical 
properties had been tested in the laboratory. 

By chance, one of the laboratory staff used some of the material for 
wrapping a wet sponge which was left in a car boot. After some weeks the 
material was badly degraded and discoloured (Figure 3). On investigation, 
two types of fungi, a Phoma sp. and an Alternaria sp. were found on the 
material. 

A quantitative test was performed to confirm that these fungi were 
the cause of the deterioration. 1.5cm x 20cm strips of the material were 
dipped in spore suspensions of the· isolated pure fungi and incubated in 
Roux bottles on mineral salts agar, enriched with 0.1% glucose, 0.05% 
peptone and 0.05% yeast extract. 

During incubation at 28 C for one month, the strips were completely 
degraded by both fungi. 

A corresponding material with added biocide (type unknown) was then 
supplied and tested in the same way. Strips were removed after one, two 
and three months' incubation and tested for tensile strength. The 
material was not visibly attacked. Residual strength was:-

100% after one month 
83% after two months, and 
69% after three months. 

This material could not be recommended for the intended use in safety 
vests. Finally, a polyurethane coated fabric was chosen which passed the 
tests even after one year's incubation with test fungi in a humid chamber. 

The microbiological testing of the material was initiated by an 
accidental discovery and had not been considered in advance. Considerable 
losses could have been avoided and time saved if the material's biological 
resistance had been properly tested together with the chemical and 
mechanical properties. The importance of the biological evaluation of 
materials is also stressed by Seal and Pathirana (1982). 

Case 3 The microbiological attack of polyurethanes in the marine 
environment 

Damage was observed after several years' service on the 
polyester-type polyurethane sheathings of cables used for seismic 
measurements in the Atlantic Ocean off the coasts of America and Africa. 
Star-like fissures, 2-3mm in diameter, were located more or less tightly 
in a ca. 3cm broad strip along the 70mm diameter sheathing. Some dark 
brown discolouration cold be seen in the damaged areas (Figure 4). 

The cable also had marks after removal of sea-animals, which had 
settled on the polyurethane. In these contact areas with the animals, the 
"stars" were particularly tightly situated. 

95 



Microscopy disclosed that the star-like patterns were formed by 
cracks in the polyurethane material. The cracks penetrated about one 
third of the material's thickness, which was 2.8mm. 

On cultivation on nutrient media fungi were growing from the 
deteriorated material. Bacteria were not detected in significant numbers. 

The predominant fungi growing from the damaged areas of the cable 
were a group of (possibly four) Acremonium spp. and a dark green 
Aspergillus sp. This Aspergillus excreted a dark brown colour to the 
agar media and may have been the cause of the discolouration of the 
deteriorated polyurethane. 

On closer microscopic study of the surface of the deteriorated 
material, another dark-grey fungus was detected, which penetrated into the 
polyurethane. According to the microscopic appearance and growth 
conditions we believe it to be a marine fungus. On culturing on different 
media and on the polyurethane itself, it was always accompanied by another 
dark green fungus, and in spite of long and extensive efforts, including 
micro-manipulation, we were not able to isolate this fungus as a pure 
culture. 

The microscopic appearance of the fungus resembled Varicosporina 
ramulosa (Meyers and Kohlmeyer, 1965; Meyers and Hoyo, 1966). The 
authors state that "The original isolation in 1962 was from synthetic 
sponge material submerged for one month .•••• in Biscayne Bay, Florida". 
The synthetic material may have been polyurethane. 

The fungus preferentially grew on seawater yeast peptone agar at less 
then 20 C. No growth of this fungus occurred at 28 C. Closer studies to 
identify the fungus were not performed. 

The other fungi predominating on the deteriorated cable sheathing 
were isolated as far as possible. When the growth conditions were 
determined, all fungi developed considerably better on solid media, 
exposed to the air, than submersed in liquid media. Most isolates grew 
better on common tap-water nutrient media, except one strain of 
Acremonium and the marine fungus which grew better on the sea~water 
medium. Optimum temperature for growth was 28 C for most of the fungi, 
and 20 C or lower for the marine fungus, as mentioned earlier. 

On incubation of deteriorated parts 
conditions, fungal growth on the material and 
hyphae could also be seen penetrating into the 
example by Awao et al. (1971). 

of the material under humid 
cracking proceeded. Fungal 
cracks, as illustrated for 

To confirm that the present fungi were the cause for the observed 
damages, new sound material was infected with these fungi and incubated on 
nutrient rich and nutrient free media under humid conditions and also 
submerged in liquid media and in sea water. 

Again, no visible growth of fungi or deterioration occurred on the 
materials when they were submerged in liquids. When placed on the surface 
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of agar media, the test pieces were overgrown with the fungi within a 
week. After three weeks, small cracks could be observed by means of a 
microscope. After eight weeks' incubation, the damage had increased and 
cracking was visible with the naked eye on some of the test pieces. The 
appearance of the damages was similar to what was observed on the original 
deteriorated cable-sheathings (Figure 5). 

A similar type of deterioration was found on cables after use in the 
North Sea. The cracks were located in a strip along the cables, but the 
areas had a marked yellow discolouration. the fungal flora of the North 
Sea cable was not investigated in detail, but Alternaria sp. and 
Sternphylium spp. seem to be predominant. Some unidentified white fungal 
colonies developed on the culture media, which excreted a yellow colour, 
and these fungi may have been the cause of the yellow discolouration of 
the deteriorated polyurethane. 

As the pre-history of the cables and deterioration and the total 
picture of the damages are insufficiently known, it is not possible to 
explain how, where and when the attack took place. Based on indications 
from the laboratory results and on other considerations, one might assume 
that the colonisation of the material with the actual fungi took place in 
the sea, but that growth and subsequent deterioration preferably occurred 
or developed when the cable was exposed to the air (coiled up on board the 
ship). 

Jones and Le Campion-Alsumard (1970) described the colonisation of 
polyurethanes with marine fungi during exposure in the sea. 
Unfortunately, no investigations were carried out with the cable samples 
to see if fungal growth and attack of the polyurethane would proceed on 
incubation in air. 

As it is generally assumed that polyester type polyurethanes are more 
susceptible to microbiological attack than polyether type polyurethanes, a 
similar sheathing designated "polyether-based" was obtained and tested for 
fungal resistance. Surprisingly, the polyether-based material was 
attacked to the same degree as the polyester-based mateial in these tests. 
Infrared spectroscopical analysis showed that the spectrum of this 
material was different from both the polyester and a polyether, used as a 
reference. It might thus be a ·product of intermediate structure. So, 
even if a material is designated polyether-based, one should not be sure 
that it is microbiologically resistant. 

This shows again the need for biological 
put in use. One drawback here is the lack 
methods relevant to the marine environment, 
under anaerobic conditions. 

Conclusion 

testing before a material is 
of well established test 
i.e. in sea water or even 

It is obvious that polyurethane products can be severely degraded by 
the action of micro-organisms. Contamination may occur in various ways 
and deterioration may take place under many use conditions. The damages 
make the products unfit for their intended use, and failures in service 
may have dire consequences. 
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Constructors and users are commonly surprised that observed damages 
are due to micro-organisms. Thus, it is most important to convince those 
responsible for the selection of materials and quality assurance that 
biological resistance is an essential property. Each material must be 
evaluated separately and with a view to the intended use conditions. This 
is particularly important for the polyurethanes which will increasingly be 
employed for new uses and in unconventional environments. 
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FIGURE 1 

Microbial deterioration of polyurethane foam mattresses 
after four months' use 

FIGURE 2 

Micrograph of degraded polyurethane foam. 
Cracks and bacterial cells (spores) can be seen on the lamellae. 

Microscope magnification SOOx. 

FIGURE 3 

Fungal degradation of a polyurethane sheet after exposure 
to humid conditions for a few weeks. 

FIGURE 4 

Cracks and discolouration due to fungal attack 
in a polyurethane cable sheathing. 

FIGURE 5 

Piece of polyurethane after incubation with Acremonium spp 
for eight weeks. The white areas are cracks in the material. 
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CHEMICAL PRESERVATION OF PLASTICS AGAINST MICROBIOLOGICAL ATTACK 

I. D. K. Dring 

British Sanitized Ltd., 
Ashby-de-la-Zouch, 

Leicestershire. 

Summary 

This paper covers some of the uses and requirements of 
chemical biocides in the present day plastics industry. Certain 
polymer systems can be degraded by the action of bacteria, fungi 
or a combination of both. There is, therefore, a need for 
chemical preservations against such attack. Other conditions 
must be fulfilled for such an attack to take place and if the 
end use of the material precludes the attainment of such 
conditions, then such preservation will be rendered unnecessary. 
However, in many instances the manufacturer has little control 
over the way in which his end product is used and therefore 
protection is needed. The physical degradation of plastics 
caused by microbiological action will eventually render the 
product useless, but aesthetic factors are often equally, if not 
more, important. This should be guarded against as and where 
possible. Biocides to be used in plastics have to meet 
stringent requirements compatibility, processability and 
durability being obvious ones. Other factors such as ease and 
safety of handling and impact on the environment are also very 
important. 

Introduction 

A wide variety of work over recent years has established that certain 
polymers and polymer systems can be degraded by the action of bacteria, 
fungi or a combination of both. The importance of this mode of attack and 
the seriousness of the consequences has been disputed in the past, but 
on-going work and evidence from practical situations has made it clear that 
chemical preservatives are essential in many situations. 

Examples of ""Failure in Service .. 

In looking at the field of chemical preservation of plastics against 
microbiological attack it is necessary to cover all areas where the action 
of micro-organisms results in ""failure in service". This action may be 
direct or indirect. The use of preventive measures is governed far more by 
practical requirements than theoretical considerations. If ever 
microbiological attack is to take place, then certain conditions must be 
fulfilled. Appropriate temperatures and humidities must exist and if the 
end use of the material precludes the attainment of such conditions, then 
preservation will be rendered unnecessary, even if theoretically the 
material could be attacked. If the rate of microbiological attack is very 
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TABLE J • 

Examples of Failure in Service of Polyurethanes. 

Lightweight rainwear and protective clothing. 

Marine cables. 

Mattress covers. 

Foam mattresses. 

Farm identification discs. 

TABLE 2. 

Examples of Failure in Service of Plasticized PVC 

Ground sheets. 

Tank and pool liners. 

Upholstery fabrics. 

Tenting. 

Car hoods. 
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small and slow, and the polymer is thick, then the results of degradation 
may be of no consequence and such attack does not result in "failure in 
service ... 

The two polymer systems most associated with microbiological attack 
are polyurethanes and plasticised polyvinyl chloride (PVC). Certain 
polyurethanes are particularly susceptible to fungal attack and breakage of 
the polymer chain results in cracking of the polyurethane. With 
polyurethane-coated fabrics there can also be delamination around the 
cracks. Examples of polyurethanes which have "failed in service'' are given 
in Table 1. 

PVC by itself is not susceptible to attack and, therefore, products 
made of 100% PVC do not need protection. These are the so called rigid PVCs 
such as guttering and piping. However, there are numerous end uses for 
plasticised PVC, produced principally in the form of flexible sheeting, or 
PVC coated fabrics. Loss of plasticiser from such products results in 
hardening and eventual cracking and obvious loss in serviceability. 
Plasticiser can be lost for a number of reasons, such as extraction due to 
oils or solvents, but micro-organisms can also be a major problem where the 
plasticiser is attacked and degraded and the chemical biproducts of the 
degradation are easily lost from the PVC matrix. Table 2 gives examples of 
PVC plasticised products which have failed due to microbiological attack and 
the list could be greatly extended. 

Whilst the physical degradation of plastics due to microbiological 
action will often result in failure of the product aesthetic factors are 
often equally, if not more, important. A number of fungi such as 
Streptomyces rubrireticuli and Aspergillus niger produce coloured 
pigments which are easily absorbed by some plastics. Once absorbed they may 
well be impossible to remove and so, although the material has suffered no 
mechanical degradation! aesthetically it is useless and can accurately be 
described as fiaving fa led in service. Two other causes of failure in 
service not related to physical breakdown are the production of toxic 
biproducts, as with Aspergillus fumigatus, and formation of odour. 
Various examples are given in Table 3. 

In some instances microbiological attack may be unacceptable for more 
than one reason as is the case with plasticised PVC seals for freezers and 
refrigerators. In this case fungal growth can cause unsightly mould and 
mildew stains (aesthetic failure), hardening of the material and loss of 
8~bg&f6~~ t6xtt bl~6GaHt~a~hy£t~J~r~~i!H~e)~he production of potentially 

The essential requirements of a biocide. 

1. Chemical and physical compatibility. 

Although by no means a comprehensive list, biocides can be divided 
into four main chemical types, see Table 4, group (i) includes such biocides 
as mercury tin and arsenic derivatives. Group (ii} CQVers a wide range 
including phenols, sulphones and carbamates. Group (ivJ includes captan and 
pyridine derivatives as well as thiocompounds and biocides similar to those 
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TABLE 3. 

Examples of Failure in Service due to 

non-mechanical factors. 

Staining of shower curtains. 

Odour formation on synthetic chamois cloths. 

Discolouration of swirruninJ! pool liners. 

Stainin~ of roller blinds. 

(i) 

( ii) 

(iii) 

(iv) 

TABLE 4 

Basic Biocide Types. 

Metal containin~ compounds. 

Halogenated compounds. 

Quarternary Ammonium compounds. 

Nitro~en and Sulphur containing compounds. 
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in group (ii) but nonhalogenated. 

first
Fore anv biocide to be considered fo£ use in a polvmer svsten it must 

D cnemicaLiy and physicaLLy compatlD e. Tfius aqueous based cnemicaLs 
are ruled out for PVC and solvent based PU systems. The biocide must be 
soluble or compatible with the process, for example solvents such as 
dimethylformanide (DMF) or Methyl ethyl ketone (MEK) for polyurethane 
systems, and various plasticizers .for PVC systems. The biocide must be able 
to withstand processing; in particular it must not react chemically with the 
system if in so doing it loses its biocidal properties. This is a 
particular problem with polyurethanes. Any biocide with a hydroxyl group 
(-OH) has the potential to react with isocyanates so a large number of 
biocides are at risk. In particular many phenols have been shown to react 
with PU systems and have thereby been rendered ineffective. This is not an 
insurmountable problem, however. Just as the polymer system in theory may 
be liable to biodegradation but in practice this does not happen because of 
physical configuration, so a biocide in theory may be susceptible to 
neutralisation but in a given system this may not occur. Alternatively one 
end or part of the biocide molecule may react with the polymer leaving 
another part free to remain biocidally active. This, for instance, is the 
case with some his-phenols and carbamates. (See Fig. 1). 

The biocide 
temperature of 
of the presence 
be suitable. 

in a po.lymer system must also be able to withstand the 
processing. Low volatility or an azeotropic effect because 
of solvents could eliminate biocides which might otherwise 

Polymer systems are often required to meet stringent specifications. 
Typical polymer properties are listed in Table 5. A biocide must not 
adversely affect these properties. It must also not affect the colour of 
the final polymer unless it is an end use where this is irrelevant. The 
presence of very small quantities of a chemical can result in highly 
coloured complexes bein~iformed or in other situations the degradation of a 
very sma~L amount of n oc1de may produce a yeLiow or Drown compound and 
hence staining of the polymer. This would not be critical in an end use 
such as pipebindings but would be critical on the white walls of a pool 
liner. Some biocides, of course, are highly coloured themselves and this 
can severely limit their field of application. 

2. Effectiveness. 

It is essential that a biocide displays a good spectrum of 
effectiveness. Some chemicals are very effective against fungi but less so 
against bacteria. Others display selectivity in their effectiveness against 
different types of fungi or different types of bacteria. Some of the 
biocides which have the widest range of effectiveness, for example mercury 
or arsenic based products, are undesirable from other points of view. Thus 
in order to obtain the necessary spectrum of effectiveness it may be 
required to combine several single chemical types. This can produce the 
side benefit of a synergistic effect. 

A biocide must also be effective in terms of durability. 
uses this is not a critical requirement but if the polymer has 
weathering, or is in partial or continuous contact with 
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TABLE 5. 

Typical Polymer Properties. 

Resistance to hydrolysis. 

UV stable. 

Antistatic. 

Flame retardant. 

Various physical properties. 

TABLE 6. 

Safety and Handling Requirements of a Biocide. 

Low toxicity. 

Easy and safe to handle. 

Acceptable physical form (if a powder, 

non-dustin~, if a liquid low volatility). 

Readily dispersible. 

None or low flammability. 

No serious problems if spilled. 

Effluent discharges easily handled. (Low 

fish toxicity andfor biodegradable.) 
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durability is essential. This leads to a major problem relating to the 
functioning of a biocide. In order to work it must have some mig'ration from 
the polymer system to be effective against micro-organisms which will 
develop on a surface or surface deposits. This must take place under moist 
conditions when otherwise micro-organisms would develop most rapidly. Good 
durability is achieved by chemical bonding or physically holding the biocide 
in the polymer structure. 

3. Acceptability. 

During the past twenty years or so there have been many changes in 
legislation relating to the handling and safety of chemicals with particular 
emphasis on various measurements of toxicity. Any biocide must meet these 
standards. If a biocide presents any risk to operatives during handling or 
as a part of processing then it will be deemed unacceptable. Similarly once 
it is incorporated into a polymer if there is any potential risk, long term 
or short term, to users then again it will be ruled out. 

In use biocides will be lost, albeit in very small amounts, into the 
environment; this must be in a form which is acceptable. During processing 
spillage is always a possibility and a biocide must not present any risk of 
producing severe pollution in effluent systems. These requirements are 
summarised in Table 6. 

Biocides 
requirements. 
continuing. 
industry as a 
biocides that 

to be used in plastics today have to meet stringent 
Much refinement has taken place over recent years and is 

Research and development is ongoing. As with the plastics 
whole, new developments and challenges continue to be met with 
provide effective preservation against microbiological attack. 
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THE TESTING OF PLASTICS FOR RESISTANCE TO MICRO-ORGANISMS 

A review 
resistance 
presented. 
polymeric 
mentioned. 

Introduction 

J. Kelley 

Commonwealth Mycological Institute, 
Ferry Lane, 

Kew, 
Surrey, 
TW9 3AF 

Summary 

of some standards designed for the assessment of the 
of plastics materials to micro-organisms is 

Other methods not specifically designed for use on 
materials but which are often employed are also 

Investigations into the biodeterioration of plastics materials began 
to gain momentum during the latter stages of World War II. Equipment which 
had performed successfully in temperate zones was frequently attacked by 
micro-organisms when transferred to tropical areas. These early workers 
did not draw any distinction between the breakdown of basic polymers and 
the breakdown of any additives. Consequently, their results were often of 
little practical value. 

The earliest workers to recognise this problem were probably Brown 
(1945) and Abrams (1948). These researchers attempted to grow fungi on 
'pure' polymers, and concluded that most man-made polymers in use at the 
time were not susceptible to attack. 

It is not easy to establish unambiguously the susceptibility of a 
plastic material to microbial attack. Plastics contain many impurities 
such as residual oligomers, monomers and reagents, plus products of side 
reactions. There are also many compounds which are included intentionally 
during manufacture such as plasticisers and fillers. It is often 
difficult, therefore, in a commercial plastics material to identify the 
components which may be supporting microbial growth. the heterogenous 
nature of most plastics materials means that although the basic polymer may 
be resistant to attack, micro-organisms can bring about damage via enzyme 
activity and or metabolite production ranging from easily removed surface 
growth, through permanent discolourations, mechanical and electrical 
failure, to actual breakdown of the product. 

The increased sophistication and miniaturisation of, for example, 
electronic equipment and components means that although gross decay may 
not occur, the presence of limited amounts of mycelium can still cause 

111 



severe problems. A printed circuit board has many potential nutrient 
sources from the base board, components, sealants and conformal coatings. 
The latters' resistance to attack has been known to change from batch to 
batch depending on whether the correct curing process has been employed 
(Barr, 1984, personal communication). In our experience such apparently 
light growth may bridge terminals and enhance the corrosion process. 

The prevention of microbial growth consequently remains important 
today with recalcitrant man-made molecules; the problems have become more 
sophisticated but, unfortunately, not all testing methods have followed 

suit. 

Test procedures 

Jones (1968) aptly summarised the aim of all microbial growth testing 
as "the inducement of growth and measure of its degree". To achieve this 
the first requirement is to bring the material under investigation into 
contact with the micro-organisms which may attack it. This is usually 
brought about via pure culture inoculation, mixed culture inoculation, or 
soil burial. Assessment of growth may be either direct (i.e. behaviour of 
the organism) or indirect by determining physical or chemical changes in 

the substrate. 

Depending on the information required, tests may run four 
hours to assess biocidal additives, for twenty-eight days 
visual and/or weight loss measurements, eighty-four days 
physical testing, and finally long term burial or exposure in 
forms of assessment may be involved. 

twenty-four 
followed by 
followed by 
which all 

Although it may be useful in general terms to test individual 
components of a plastic material, the possibilities of interations make it 
important that the final proauct is also tested. For example, a 
susceptible plasticiser which does not migrate may be '"locked'" within a 
non-degrading polymer rendering the final product resistant. 

It is also important that the material's susceptibility to mould 
growth be considered early in the design stage, at the same time as 
decisions such as the need for elasticity and resistance to oils are being 
taken. Designers too frequently assume that plastics materials are all 
resistant to attack by micro-organisms. Problems can therefore occur at 
late stages in the design process after a product has passed through 
environmental testing. The discovery of unacceptable amounts of growth at 
this stage can cause delay and embarrassment. 

Methods employed 

Pantke (1977) and Osman and Klausmeier (1977) have produced helpful 
reviews of the methods of testing plastics materials and plasticisers. 
Some of the methods emplyed, together with representative standard tests, 

are summarised overleaf:-
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1. The use of solid agar medium. 

Examples:- ISO 846, ASTM G 21-70 

The samples are placed on plates of medium which may or may not 
include a carbon source. Pre-weighed samples are either first dipped into 
spore suspensions or they may be placed on pre-grown lawns. The 
susceptibility of the material to attack or the presence of any biostatic 
capability can then be assessed. Visual assessment is carried out along 
with weight loss determinations. 

Respirometry has been employed with solid media (Burgess and Darby, 
1964). The sample and organisms were placed on the medium in the flask of 
a Warburg manometer and oxygen uptake measured. 

2. The use of liquid medium. 

Example: NFX 41-513 

This method is used to evaluate the resistance of plasticisers to 
fungi and to determine any fungistatic effects of the formulation. The 
material is added to a mineral salt solution and the fungal growth compared 
to that in a castor oil control. Growth assessment is visual only. 
However, other methods of assessing growth in liquid tests are :- cell dry 
weights (Pankhurst et al., 1972), viable cell counts (by dilution or Most 
Probable Number), turbidity measurements, respirometry and the determining 
of endogenous metabolism (Sharp and Woodrow, 1972). 

3. Soil burial. 

Example: Draft method DIN 53 739 

Soil burial methods are severe and usually employed on plastics that 
come into contact with the ground, for example construction materials and 
coated tentage. This method appears in a number of standards and the 
proposed DIN standard is currently being evaluated by the International 
Biodeterioration Research Group - Plastics Project Group. 

The test material is buried under laboratory or field conditions. 
Visual assessment of exhumed materials is carried out as are weight loss 
and tensile strength measurements. 

Respirometry has also been employed (Waite, 1978). Exhumed sampls are 
transferred to a Warburg apparatus and oxygen uptake measured. 

4. Environmental chamber tests. 

Example: BS 2011 p. 2.1 J, Mil Std 810D (p. 508.3) 

The samples are sprayed or dipped in a mixed spore suspension and 
incubated with or without an added nutrient source at raised temperatures 
and high humidities for twenty-eight or eighty-four dys. Samples are 
usually assessed visually but operational tests and the measurement of 
physical parameters may also be carried out. 
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5. Tropical chamber test. 

Example: NFX 41-515 

Samples are placed in a tropical test room at raised temperatures and 
relative humidities (these are often cycled). Chambers may either be 
inoculated regularly with spores, or trays of soil may be left in the 
chambers as an inoculant. This method is often used for long-term storage 
trials, degradation can be assessed by most of the methods previously 
discussed. 

Test organisms 

The fungi employed in the testing of materials have in some cases been 
isolated from plastics materials. However, many of them have been adopted 
from other areas, for example, textile testing, and although efforts are 
made to review the organisms used during standards updates the reason 
behind the original selection of many organisms is now uncertain, reports 
of th~ discussions having been lost. 

Table 1 shows the organisms employed in a number of standards (not all 
employed on plastics materials) and shows that many are used in several 
tests. It is unlikely that these organisms were selected for each test to 
give the optimum "performance" and the choice was probably made by 
selecting from other tests. Further, several of the isolates used in 
plastics testing were not isolated from man-made polymer materials (Table 
2). Those that were obtained from plastics were also probably never tested 
to ensure they possessed the enzyme activities necessary to actually 
breakdown those materials. A number of these organisms were first isolated 
40-50 years ago, and were not deposited in a public culture collection 
until some years after isolation. Organisms may change their 
characteristics during fifty years of preservation - much of which occurred 
before the use of freeze drying and liquid nitrogen storage. 

Variation in the genome may be brought about by spontaneous mutation, 
heterokaryosis and the parasexual cycle or selection during transfer, 
isolates can therefore lose their ability to degrade the test sustrate. It 
is ess~ntialthat~ oncedselectedidtest organisms should either be obtainen fresh trom freeze::. dr1e or .llqu · nl.trogen sEorage for eacn test or checK.eCI 
for 1relev'tnt enzvme hactivitv at1iregularbintervals1 f Thei Commonwealth Hyco oglca Inst1tfite as now estab snea a Iocnem1ca acr~ ty so tnat it 
can confirm the activities of its cultures prior to their use in tests. 

A number of organisms which are employed in testing have been wrongly 
named, for example, IMI 45553, originally named and listed as Trichoderma 
viride is Gliocladium virens, and IMI 114933 .P. funiculosum is P. 
pinophilum. 

As standards are re-written and updated, standards authorities should 
be re-examining the isolates cited, their enzyme activities, and the 
methods of test in general. For example, the new IEC 68-2-lOA (BS.20ll p. 
2.1 J) was produced following checks in five European laboratories on 
'standard' circuit boards and the International Electrotechnical Commission 
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Table 2 Source of some organisms used in standards testing 

Used in standard IMI No. 
designed for 
plastics testing 

NO 17454 

YES 45551 

YES 91855 

NO 45543 

NO 17455 

NO 45533 

YES 145194 

YES (l) 108007 

YES 114933 

YES (l) 61271 

YES (l) 49528 

YES 45553 

YES 45550 

NO 16203 

Name given 
in test 

Aspergillus 
niger 

Aspergillus 
niger 

Aspergillus 
niger 

Aspergillus 
terreus 

Aspergillus 
amstelodarni 

Aureobasidium 
pullulans 

Aureobasidium 
pullulans 

Paecilomyces 
variotii 

Penicillium 
funiculosum 

Penicillium 
ochrochloron 

Scopulariopsis 
brevicaulis 

Trichoderma 
vi ride 

Chaetomium 
globosum 

Chaetomium 
globosum 

Correct Original 
identification substrates 

A.niger ? 

A.niger Leather 

A.niger Radio set 

Aaterreus Haversack 

A.amstelodami ? 

Aur.pullulans Painted wood 

Aur.pullulans Plastic 

Paecilomyces Synthetic 
variotii rubber 

P.pinophilum P~V.C. 

P.ochrochloron ? 

S.brevicaulis Chrysalis of 
silk worm 

Gliocladium Soil but grown 
virens on plastics 

C.globosum Cotton 

C.globosum Paper 

( 1) Used for cable sleeve tests - these are maiply plastics materials. 
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will not now accept methods or changes to methods unless they are based on 
incontravertible experimental evidence. Also, the IBRG is "performance 
testing" the proposed new DIN 53 739 Standard, revitalising work carried 
out by IBRG in its early years on plasticised P.V.C. This international 
approach to standard design has gained ground over the last two decades and 
is to be encouraged, but in the interim many are still based on isolates 
first selected forty years ago. 

Although filamentous fungi appear in the majority of test methods, 
bacteria, yeasts and actinomycetes may also degrade plastics and also 
appear in test methods. Pseudomonas species are particularly implicated 
in plastics and plastic additives degradation and strains of P. aeruginosa 
are frequently employed as in ASTM G22-76 and the proposed DIN 53 939. 

Factors affecting test results 

Single or mixed inoculum. 

Hazeu (1967) and Klausmeier (1972) reported on inter-laboratory 
studies comparing mixed inocula as opposed to pure cultures in agar plate 
testing for the microbial susceptibility of plastics. Hazeu compared three 
common fungal test mixes and found that they produced essentially identical 
changes in plastics formulations. Klausmeier found that three organisms 
included in each of these mixes Aspergillus niger, Penicillium 
funiculosum and a Trichoderma species- all caused weight losses 
identical to those brought about by mixed cultures. In these cases there 
does not appear to be any inhibition or antagonism between the fungi, a 
possibility which must be considered when selecting rest organisms; for 
example, some Chaetomium and Gliocladium species have strong antifungal 
properties (Domsch, Gams and Anderson, 1980). 

When biocide treated materials were tested in the same manner, single 
inocula showed preferential deterioration of formulations depending on the 
efficacy of the biocide. Klausmeier concluded therefore that it was not 
advisable to use pure culture techniques when ingredients having possible 
biocidal activities were included in the formulation. Different cultures 
have different susceptibilities to biocides and single culture tests can, 
therefore, provide misleading results. 

Size of inoculum. 

Many plate and environmental chamber test methods require a minimum 
number of cells ml-1 of test organism suspension. Jones (1968) felt that 
inoculum size had a marked effect on growth, quoting Meyrath (1962) who 
found growth rate and mycelium yield to be larger with large inocula. 
However, providing sufficient inoculum is present, this is probably not 
critical._1osman and Klausmeier (1971) showed that concentrations above 10 
spores ml produced no differences in the degradation of plastics. 

Washing the inoculum. 

Most test methods where the substrate is to be the only carbon source 
now require spores to be washed before use. This (1) prevents the carry 
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Table 3. Effect of sample arrangement on weight loss 

after 28 days. 

Arrangement Mean % weight loss 

Single sample 2.57 

Mixed sample 2.25 

Multiple sample l. 7 5 

From: Klausmeier 1972. 
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over of nutrients from the growth medium and from any cells which may be 
lysed during the preparation of the spore suspensions, and (2) removes any 
fungistatic material present in the spore suspensions. 

Arrangement of samples. 

This applies to solid media testing where the samples are arranged on 
agar in a petri dish. Klausmeier (1972) compared weight losses in plastics 
samples incubated single, as multiples of one sample type and as mixed 
multiple sample types. Deterioration was most apparent on those incubated 
singly, and those where all samples were of the same composition showed the 
lowest deterioration. (Table 3). 

Although these samples had been treated with biocides, similar results 
have been obtained with untreated polyurethane samples by IBRG plastics 
project group. Sample arrangement is, therefore, of importance and must 
also be taken into account when the material is to be subjected to tensile 
strength testing after either exposure on solid medium or after soil 
burial. It is important that stresses are not set up in the materials by 
improper placement or bending. 

Shape and size of sample. 

Osman et al. (1972) showed that the shape and size of the plastics 
sample can influence the results of biodeterioration testing significantly. 

(1) A sample placed on the surface of a solid medium prevents the 
diffusion of oxygen to the area covered by the sample. Growth of the test 
organism may therefore be confined to the perimeter of the sample if it is 
aerobic. (2) Plasticisers and similar materials will diffuse through the 
material to the edge and hence the greater the perimeter, the greater the 
area of the sample exposed to attack. These 'edge' effects occurred 
frequently in current IBRG polyurethane tests. 

When the perimeter to surface area ratio is maximised the rate of 
biodeterioration was found to be maximised. 

These. workers demonstrated that degradation occurs from the perimeter 
of the sample inwards by slicing a sample of P.V.G. that had undergone 
plate testing and measuring modulus of elasticity of each strip. The inner 
strips retained their elasticity for a much longer period than the outer 
ones. Thse results, together with evidence for oxygen shortage, prompted 
them to suggest that:- (1) samples for weight loss testing should be no 
larger than lmm x lOOmm x lmm; and (2) if the sample size must be large, 
incubation should be in shake flasks to maximise the interface at which 
plastic, nutrient salts, and oxygen are available. 

They also employed a technique in which the sample was inoculated with 
a seeded slice of medium on top of the material. This method removed the 
occurrence of 'edge' effect. 
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Problems facing the assessor 

Assessment 

Most current visual assessment regimes remain subjective. Definitions 
of percentage cover are open to different interpretation. 

Jones (1968) suggested that graded photographs relevant to the test 
materials could be reproduced in standards to act as comparisons, but the 
problems of obtaining representative photographs of patchy, sporulating 
hyphal growth or mixed coverage that would be valid for the range of 
materials investigated are immense. 

Tests requiring 
days; surface damage 
electron microscopy. 

visual assessment alone usually run for twenty-eight 
can then be investigated by light and scanning 

Many plastic standard tests have a weight loss assessment after 
twenty-eight days plate testing. The main problems here are removing 
microbial growth from solid substrates before weighing, but this is still 
recognised as the most accurate assessment of a plastic's susceptibility to 

attack. 

Long term testing either on plates or by soil burial are often 
assessed by tensile strength testing. Problems here are associated with 
the physical technique, those of conditioning, jaw type and size, sample 
extension etc. Multiple samples are necessary for statistical validity and 
unless gross damage has occurred it is often difficult to detect 
significant differences between test materials and sterile controls. 

Respirometry can produce rapid results, but unless conditioned 
organisms are employed misleading results can be obtained. The effect of 
constitutive enzymes alone will be assessed and those of induced enzymes 
missed entirely. This is consequently not a method which should be used in 
isolation. 

Post-test changes can also be assessed by extraction followed by thin 
layer chromatography or gas liquid chromatography. By infra-red 
spectroscopy, measurements of degree of polymerisation, changes in glass 
transition points etc. can be measured. These methods, like weight loss, 
produce objective results, but interpretation is necessary as to the real 
effect on the material. 

Controls 

Most test controls are in effect a viability test and a check that the 
environmental conditions permit growth. The use of fully comparable 
controls when physical parameters are to be measured is extremely 
difficult. When attempting to check the functioning of equipment after 
testing, adequate controls become imperative yet are at the same time 
almost impossible to provide. If, for example, a piece of electrical 
equipment is to be function-checked before and after testing, a control 
exposed to the same raised temperatures and relative humidity must be 
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provided. This control must, therefore, be sterilised and remain sterile 
throughout the test. Often surface sterilisation with 70% alcohol or 
mercury (II) chloride is not possible because of the damage it would cause 
to the substrate or insufficient because of the inaccessibility of internal 
component. Autoclaving is impossible due to melting, leaving fumigation as 
the best available method. 

Assuming sterilisation is possible, the equipment must also be 
maintained in a sterile condition. This requies a second incubation 
chamber which must be pre-sterilised and difficulties can arise in 
maintaining sterility. 

A greater problem arises in carrying out invasive tests where 
nutrients are sprayed onto equipment. It is vital that the control is 
sprayed with the nutrient solution in case corrosion or other adverse 
effects are enhanced. However, adding the presence of nutrients to the 
problems of sterilisation mentioned above makes it virtually impossibl to 
keep the control free from growth. All a tester can do is use his/her 
judgement when assessing the controls and trust that the sterilisation 
attempts have kept microbial development to an insignificant level. With 
plastic materials, the need for controls is great as the condition which 
enhance mould growth also result in chemical attack, oxidising and/or 
hydrolysing the materials. Nylon materials are particularly susceptible to 
hydrolysis.under such conditions so that when measuring attack by physical 
or chemical methods adequate controls are essential. 

Lack of information 

The work of an assessor is often made more difficult by a lack of 
information in three areas:-

(1) It is often not possible to find out the composition of the 
plastics material received for testing. With this knowledge, where the 
basic polymer is known to be resistant weight losses can be calculated as a 
percentage loss of plasticiser. The manufacturer will then be in a 
position to say what effect the percentge loss of plasticiser would have on 
the material. Even without attempts at quantification, if a rough 
formulation is known it is possible to suggest causative agents when 
biodeterioration is observed. 

final use of a material 
which is moderately 
it is to operate, for 
atmosphere. However, 
sealant on aircraft 

(2) Clear information is rarely given on the 
and hence the aim of the test. Often a material 
susceptible to mould growth will pose no problem if 
example in a closed environment under an inert gas 
that same material should not be considered as a 
hydraulic systems expected to operate in the tropics. 

(3) In the case of tropical chamber testing of equipment, mould 
growth forms part of a complete programme of environmental tests including, 
hot dry, hot wet, salt spray, etc. Although a single piece of equipment is 
often dedicated to the mould growth test, this is not always the case and 
there is little hope of obtaining details on the history of the equipment, 
even though previous tests, for example, accelerated weathering, may 
greatly affect the results of the mould growth tests. 
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Discussion 

Most of the tests described here originate in long-established 
standards. Updates occur, but usually result in minor modification rather 
than a complete re-appraisal of the methodology. This may be the only 
practical way in which to proceed, but it is disturbing to note that 
although much of the experimental work described here was carried out by 
Klausmeier and the IBRG in the early 1970's, the sometimes crucial results 
of this work have still not been incorporated into most national standards. 

The measurements of change in physical parameters following 
microbiological attack are often reliable methods of assessment. However, 
visual assessment is subjective and therefore ineffectual in the hands of 
untrained personnel. There is clearly a need for new methods of 
quantifying growth on surfaces. Methods employing fluorescent stains and 
light emission from the luciferin-luciferase reaction are under 
investigation at various centres but all have disadvantages at the moment 
(McCarthy, 1984). 

One of the difficulties encountered when trying to gather information 
together on microbriological standards testing is actually locating it. 
Many methods (particularly humidity test chamber types) are included in 
large volumes of general environmental test methods, as in BS 2011. The 
trend, for example in the U.K., is away from the untutored environmental 
engineer carrying out mould growth tests, towards the sub-contracting of 
these tests to specialist microbiology units. It would, therefore, be 
valuable for the microbiological testing of materials to be included in a 
single volume. The methods of testing materials such as plastics and 
textiles along with the mould growth testing of equipment would then appear 
as a single standard which could be referred to in other specifications, 
such as BS 2011. 
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