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MAKING PLASTICS BIODEGRADABLE USING MODIFIED STARCH ADDITIONS

Dr. Wayne J. Maddever
St. Lawrence Starch Company Limited

Dr. Greham M, Chapman
St. Lawrence Group Limited

INTRODUCTION

The plestics industry has developed esuntless numbers of
applications for polymers. Many of these applications are short
lived by defimtion while the material used is exuweme!y loog
lived by nature. The increasing awareness of the potential
probiems caused by these materials bas brought us together for

this Svmposium. Whiie research efforts in recycling and igcine -

eration are proceeding there wiil inevitably be a cermin amount

of pizstic which will be disposed of in landfil sites or elsewhere.

For exampie. certain applications such as garbage bags will aot
be recycled whiie other applications such as fishing nets wil
be disposed of. either accigentally or purposely &1 sea.

This paper will discuss a method of rendering common
polymess desrecable through the use of a starch-based addidve
sysiem. This refatively inexpeasive materiai has the additional

advantage of being a renewable resource Which bath the United

Stazes and Caradz have in abundance.

BACKGROUND
I the mic 1970s when plastc carry bags were being iamo-

duced in Britin. Colorcll. a bag manufacrurer. wished 10

deveiop a poiymer film which had some of the characteristcs
of paper. In conjuncton with Brune! University.a poiyethyiene
film was developed whick felt and primed much like paper and
which exiibited desireable antblock and antistaric properues.

Further deveiopmeat resuited in an additive system which
would reader common polymers. such as polyethyleae, poly-
propyleae, polystyrece and poiyurethane, biodegradable.

The rights to this technology were acquired by St. Lawrence
Starch Company Limited. St. Lawrence is developing appli-
cations for the product in North America and in Europe under
the name Ecestar.

MANUFACTURE AND PROPERTIES OF ECOSTAR

As Canada's second largest corn wet miller, St. Lawreace
bas copceagated jts applications development efforts on com
starch, although other starches may be used to advanuge {n

*: . ezrmain applications,

During the manufacrure of Ecostar. regular cor starch is
Sreated with a silane coupling sgent to render it hydrophobic.
. It is then dried fo a moistre conteat of less than 1% (o
comparison to the pormal 10-12% moeisture contedt of dry
starch). The resulting starch has the physical chanceristics
shown in Table 1. Temperature swability of various starches is

Mustrated in Figure 1 which indicates the removal of water at-

approximately J0Q° C. and the endothermic collapse of the

starch gmain beginning at approximately 250° C.

BIODEGRADATION MECHANISMS

The Ecosmr system entails the addition of starch and an
unsaturated fatty acid or auto-oxident to the poiymer. Degra-
dation proceeds by two interactive mechanisms.

Starch is present in the polymer as granuies as shown in
Ficure 2. These granules are atiscked by microorgznisms. such
as fungi and bacieria. as shown in Figure 3. untii they are
completely removed as fillustrared in Figure 4. This weakens
the polymer matrix as weil as greadly increases the surface area
of the plastc.

The second mechanism ie a result of the formadon of
peroxides by the auto-oxidant wkea it comes into contact with
mewl saits presenat in soil. fresh warer or sea Water. These
perodiges becin then to break the polymer cheia as indiczred
by the chenge in molecular weigh: shown in Figure 5. This
second mechanism is wemendously enhanced by the increuse
in surface area provided by the &3t mechanism.

Breakdown of the polymer chain mot only wezkens the
materiai but reduces the chzin length. and thus molecuiar
weight. to a leve! that the poiymer can then be membolized by
microorganisms. As the process is pureiy biological the products
of degmadation wouid be those of normal biciogica! acaviry,
nameily carbon dioxide asd water,

1t addition to the above mechanjsms it has been shown that
macrodecredation of thin fiims can take piace through afiack
by certain insects such as woodlice.

As the degradation mechanism is biclogical in pature the rate

- of degradation depends greatly on factors such as:

«— moisture

— presence and type of microorgaaisms
— teqTperature
—pE

TABLE I: Physical Propertier of Ecostar

Des:ﬂ’ptimv: pzoural polymes. free flowizg while powder
, Partcle Size: ) 1$ micron average

Dexnsity: 128

Thermal Sabitity: sable wBITTC, - -

Moisture Contenu less than 1%
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*  DIFFERENTIAL THERMAL ANALYSIS
OF VARIOUS STARCHES

o 5@ . %00 150 3w 0 300
Figure 1: Differential Thermal Analysis of various starches
{ndicating thermal stability 10 tpproximmely
2¢0° C. ‘
— presence of metal salts
—_ relative proportions of polymer and active ingredients
— polymer typ¢ '
— surface area and thickness of article.
Examples of the loss of strength of samples of starch-filled
shown in Figure 6. Itis

plastics in different conditions ar®

estimated that a typical 2Ty contzining 6% starcd. disposed
of in a sanitary landfill site. would degrade completely in 310
6 years. Increased {evels of stareh and anto-oxidant WO
decrease this rime in simiiar environments.

PROCESSING AND PROPERTIES OF

STARCH-FILLED PLASTICS
Ecostar is easily {noroduced into the polymera

during conventonal processing operazions such as fin

LRIl

Undegraded polyethylene fiim containing
650 starch showing starch present 33 graoules
{x 1000).

Figure 2:

~ gpecial addition equipment may be

- large volume applicztions.

Polyethylene flm containing 67 starch afler
60 days in se2 Waler showing fungal hyphae and

pacieria (X 6000).

blow moulding or injection moulding. The masterbatch contai:
potonly the starch but appropriate amounts of the ayto-oxidar
Direct addition of starch and auto-oxidant are possible t

: quired to assure adequs
ick-up by the Starc

climination of Goistire P
realized

dispersion and
ct addition wauld only be

Thus the ¢sonomy of dire
temperatures above 720* C should *

due 1o the hyg:oswpic mature of ¢

During processing,
to avoid prolongzd exposure of 15

avoidec. In addition.
starch it is mecessary
masterbatch to the air.
Physical propesues of
of Ecostar are shown in
{s similar to that expece
similar levels.

polyethylene flms with various amour
Table II. The effect o0 film properti
d from the sddidon of other fillers :

_The addition of the Esostar sysie® hac no efest oo shelf i
of the polymeric materials in which it je incorporated. As it
a traly biodegradatle material, 00 degradaton will geenr uct

Polyethylene film containing 652
&0 days in compost showing Tem
granules {x 1000).
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. she fyatenai is piaced {n a biologically active cnvironment such

S

as compoast, soil, landfill sites or. fresh or sca waleT,

APPLICATIONS

The Ecostar system can be used in virtually any application
in which biodegradability is an asset. subject to the processing
conditons described eadier,

As all of the elements of the sysu:m including the chemicals
used for surface treatment of the strch. are FDA approved.
the system is applicable to food packnging materials, Formal
USFDA and Health and Welfare Canada approvals are being
sought. The use of Ecostar has been approved in new legisladon
recendy written by the European Economic Community-

- Levels of Ecostar addition are dependent on the application.
*Commodity™ products such es carry bage. garbage bass of
film packaging marerials in which degradability is not the primary
function would contzin 65 starch. Commodity rigid or thick
wailed forms would contain 10155 starch. Specific biodegrad-
able applicarions such as ¢omposting garbage bags would
contin levels of starch of approximately 15%.

Carry bags conuining starch have been successfully made
for several years, Several hundred tonnes of masterbatch have
been made and used in Europe this year refecting the growing
interest in biodegradable plastics. Co-exmruded carry bags have
recently been made in Europe. Blow moulded bortles of high
density polyethylene and compostng bags of low density
polyethylene have been made in both Europe and Canada
Other epplications including polypropyiene binder twine. and
thermoformed polyethylene and syTene shect have also besa
tested.

While the average corn starch particle is 1S micron in
diameter. some particles can be as large as 22 micron. This
limits the ménimum thickness of film conmining corn starch O

-approximarely 25 micron (1 mil). In applications in which lower

gauges are required rice starch, with its 3 to § micron particle
size. may be uysed. Similardy, potato starch may be used in
applications in whick its large particle size (approx. 50 micron)
is of some partcular advantagz,

CHANGE IN MOLECULAR WEIGHT
OF LDPE FILM CONTAINING 7% STARCH

Vi

—

A

B-6 x 107 g4 2 105 7.5 5 194

(\\M\_ |

mx10d

1od

a-ﬁr—%mmm
Figure 5:  Size exclusion chromatograph of polyethylene fm
contatning 7% ytarch (a) before and (b) after
12 weeks in compost showing reduction in molec-
ulor weight,

TENSILE STRENGTH CHANGES OF STARCH-FILLED
POLYETHYLENE FILM AFTER EXPOSURE TU SOILS
) AT DIFFERENT TEMPERATURES

8Q pe
R -
R DRIGNAL
STRENGTH .
* M [ 1 [} ] . 1 ) [ ' [ [} .
0 1 2 34 5°6 7 8 8 1011 1213 14 18
WEXS A-CNTRGL
B - (LAY SOL AT 10°C
€ — SANTY LOAM SOIL AT 10°C

0 = CLAY SO AT 25°C
E — SANDY LOAM SEL AT 25°C -

Figure 6: Loss of smnrh of polvethylcnc film comammg
69‘2 starch afier exposure to vanous snvironments.

Ecostir without the auto-oxidant ha.s bc:n used I several
pondegradable applications as a Hghtweight filler which can
also impart desirable texmure qualities to an item. Examples of
these applications are vinyl wailpaper. glass reinforeed polyester
and injection moulded polypropylene parts. Of these only the
&rst is commerciz] at this time.

ECONOMICS

The current price of Ecostar is approximately 10-15% lower
than that of polyethyleae resin, depending upon location. In
addition, North America Is self-sufficient in corn. As a result

TABLEII: Physical Properties of Linear Low Dexsity
Polyethylene Films Containing Varfous Amonnts

of Ecostar

Swerch Conteat (52) . 0.0 3.0 6.0 9.0

Gauge (miD) 2.1 22 1 22

Elmendor! Tear (gm) MD 51 6 . 637 Vil
Fyo) 1190 1113 1133 1126 -

Texnse @ Yield (kgfcm®) MD VYR - 126 1

1D 2z 125 124 5o

Tensile @ Break (kg/em?) MD 9 57 250 poa]

. 1D %6 o y «a] 158

Eongetion (55) MD g7 . 77 T4 &7

D 889 Ti4 764 oz

Dart impect (gm) 192 160 14 118




.
PO

12,

/T WIS 29 0 LT

N RS-
Pt s

<he prices of corn and corn starch are far less influenced by the
-+ pnce of peoroleum than are polymer prices.
In applications in which direct addition is possible. significant

, ‘material cost savings can be realized. In applications in which
the sdditional masterbatching process is roquired. material costs

are increased slightly. For example, at current masterbalch
‘concentrations and prices the material cost increase for poly-
cihvlene film containing 6% starch would be approximstely
10%%. This differential would be lower for higher priced resins.
In filler applications the low density of starch compared with
mineral fillers must be taken Into azcount as fillers are purchased
by weight but are utilized on a volume basis. :

As corn prices are expectad to remain constant or decrease
in the future while polymer. prices are beginning to exhibit a
slight upward movement. this differential will be reduced.
Increased levels of masterbarch production should also belp in
this regard. This differential is also less significant in 2 packaging
application in which the package forms only a small portion of
the product price, than in an application such as carry bags.

CURRENT AND FUTURE BIODEGRADABILITY STUDIES

At present the University of Surrey is conducting & study of
starchfilled carry bags in a number of laboratory and in sim

environments including compost, garden sofl, fresh water and
864 water,

Diversified Research of Toronto is testing flm samples o
and 15% starch loading and blow moulded bortles at 1055 Joac:
using ASTM standards for fungal and bacterial amack
polymerne materials.

In Switzerland several different compost bag formulatic
are being tested. A further development in this ares is
degradable composting bag containing Ecostar and anott.

"additive which biodegrades in less than four months.

A large scale two- 1o three-year comprehensive smdy of t
parameters affecting biodegradability of starch-filled materi:
will stant later this year. The effiects of material thickness ar
type, active ingredient loading and environment will be studie

SUMMARY

Ecostar has proven to be a visble method of renden:
common polvmers biodegradable. The system is currenty
use in several applicetions. :

The method is complimentary to current development wo:
in the area of recycling and incineration. Ecostar should ha-
&3 cicct on thoss processss wheo they are develepsd ver
provides a method of eliminating those products which will a-
pass through the recyling or incineration streams. Furthermo:
Ecostar is available now as a method of making biodegradat:
plastics in applications or geographic areas in which legislatic
may be pending. - .
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STARCH-BASED DEGRADABLE PLASTIC FILM

Felix H. Otey and William M. Doane
Northern Regional Research Center
Agricultural Research Service
U. S. Depariment of Agriculture

Starch from cereal grains such as comn and whear shows
promise as a componenat of plastics. especially where the
intreduction of a biodegradable component is important. For
many years up to the earjy 70s, peovieum was readily available

-~ at $2 to $4 per barre! and starch sold for about 5 cents per

pound. Since that time, pemroleum has increased 5~ to [0-fold
while starch maintained a steady price or increased lintle more
than 2-{oid. These price changes and increased availability now
make starch economically atractive as a substituze for perro-
leum.

Most common starches contain 17-27% amylose. a linear
polysaccharide consisting of 400-1,000 {.4-linked a-D-glucose
units. and 73-82% amylopectin. a branched molecule consisting
of D-glucose units linked a-D(]—+) with branches at the C-§
position once every 26 or more D-glucose units. Starch readily
gelatinizes (or disperses) in hot warer 1o form a paste that can
be cast into film. However, such films are sensitive to water
and become quite britde upon drying due to retrogradation of
the starch. To alter these proparties. starch has been blended
with water-solublie plasticizers and synthetic polymers, Unfor-
tunately, starch is quite incompatible with most commerciaily
available synthetc resins used in plastic production such 2s
low deasity polyethylene (LDPE). Aqueous biends of gelarn-

. ized starch. poiyviayl alconel and glyceroi or other polyols can

be cast igro dexible fims (1). For large-scale appiicatons.
water-extractable plasticizers must be avoided. and the for-
mulations must be adaptable 10 tmore ¢conomically feasible
exmrusion blowing techniques now used for most syntheric film
production. Also, refativealy high levels of starch (409% or mors)
may he required to achieve desirable rates of biodsgradation.
We have had considerable success in achieving these objectives
by blending gelatimized starca with poly(ethylene-vo-acrylic
acid) (EAA).

~(CH,CHp,—(CH,.CH)y—

[
COH

Films made from this system require po plasticizer, yet they

=" remain flexible even after exposure to water and drying.

Although the mechanism is not known, we eavision that as
Internal bonding within the starch moleculs is reduced doring
gelatinization and extrusion, new bonds are formed between

;. the starch hydroxyls and the EAA carboxyl groups that retard

Tetrogradation of the starch.
Stareh not only serves as a biodegradable. renewable com-

%= Ponent but reduces oxygen petmeability and can introduce

semipermeable charactetistics into the film. Starch-contzining
films may have application as agricuitural mulch for which the
removal and disposal of conventional films is expensive and
disposal sites are increasingty difficuit to find. '

Film Preparaton, Several techniques have been explored
for making the films. Imitially, they were made by castng
aqueous dispersions of starch and EAA (2), These films are
promisiog for applications where up to 9092 starch is needed
for rapid biodegradation but where strength. flexibility, and
water resistance are not critical. When lower levels of starch
wers used. good physical propetiies and water resistance were
achieved: however. the cost couid prohibir certain large-scale
applications because casting is a relatively siow. process and
aqueous dispersions of EAA are more expensive than peflerized

" EAA, :

39

- A second method, which allowed the use of EAA pellets,
invelved premixing flm formuiations with excess water (50%
or less solids concentration) at 90~100°C in heavy-dury Sizma.
or Banbury-style mixers for 45 minutes (3). The resulting dough-
like product was repearedly exwusion-processed into strznds
until the moisture content of the exruded product was about
5 to 10%. The produet was then blown into film by extruding
it througih a 0.5-inch blown film die. Smail amounts of alkali

- were sssential to obtaining quaiity film. Ammonium hydroxide

is the preferred alkali for general purpose film because any
excess readily escapes during processing of the films. When
strong alkali is added, such as sodium hydruxide, the resulting
films have semipermeable properties. This premixing method
allows the addition of various forraulating aids such as LDFE
to lower the formulation cost or various polyols and sugars to
increase the amounts of biodegradable composidon. Films have
been made by this method with up to 60% starch: however,
the preferred maximum starch level is about 40-50%%.

One major concern [0 potential manufacturers was the need
to premix the starch and EAA in a heavy-duty mixer with large
amounts of water before exmusion processing and blowing into
film. Quality films have now been made without this premixing
step and with much lower initial moisture, by incorporaring
urea ioto the system. The major function of the ur=a i8 to
reduce the amount of water and time ne=ded to gelatinize the
starch. Using this technique, a 354b. pdot-plant run was
successfully completed. A semidry compasition of 45% EAA,
40% starch, and 15% urea pius about 17 parts per hundred of
aqueous ammonium hydroxide was mixed in a ribbon blender
and then extruded into small sttands. The exuuded product
was fed through a commercial blown-film extruder by Rex
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Plastics. Thomasville, N.C. The extruder had a 2-inch diameter
screw and a 4-inch die. The bubble had a3 lay-flar width of
12 inches,

Film Pruperties. In general, starch-EAA films had tensile
strengths that remained constant at 2000-2300 psi, but their
percentage elongarion dropped from 13095 to 209% as the starch
level was increased from 209 to 50%. Substtuting up to half
of the EAA with LDPE caused some loss in both strength and
percentage elongation. especially with aging; however, cost
reduction may outweigh these slight propenty losses.

Incorporating [0-15% uorea into & starch-EAA formulation,
to eliminate the heavy-duty mixing step, lowered tensile streagths
of films with 40% starch to about 1600 psi, but the percentage
elongation increased slightly due to the plasticizing effect of
urea. After soaking in water, which removed the urea, tensile
strengths 2nd percentage elongatiens were comparable to those
made, without urez, by the premixing method.

FLL UHK 4lb-BZ(-3obb

U FPCL BEHS KN FRGE . Bz8

No field studies have been conducted on the films to determir
effect of long-term outdoor exposure on decomposition rate:
In laboratory studies, films containing 40% or more starc
develop mold growth within one month after being sprave
with a mixture of micreorganisms. and they lost 505 or mo:
of their mechanical properties when in contact with soil for
few months,
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This is to certify that researches in the Department of"
Microbiology at the University of Surrey have shown that
low density polythene suitably formulated to contain
surface modified starch grains* is biodegradable in a
range of natural environments. These include soils of
different types as well as fresh water. Biodegradation
was assessed by measurements of the decrease in tensile

strength resulting from exposure to these env1ron “_

'0 (P‘
/’LC ~

L.,Lfoﬂ =3 51((0:}(&&0() a5
* The rights for the patents ‘relating Yo thes ~§:Efm—§nr°““

. e g

modlflcatlons are. assigned to the St Lawrence Group.
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(Ed.) Koonlin Tan, Kuals Lumpur:1977,

A Study on Biodegradation of Starch-Filled Plastics in Malaya

K.C. ONG andW.R. STANTON
University of Malaya
! Kuala Lumpur

Ordinary plastics (polyurethane and polyethylene) are widely used as disposable
packaging materials in Malaysia. These synthetic polymeric materials are noted for
their resistance to bicdegradation, and therefore pose environmental problems aftor
disposal as the elemental components in the plastics cannot be recycled.

A new gzneraticn of plastics has recently been developad. These

ese plastics are
manufactured with incorporation of starch polymers in the process. Four typas of

starch-filled plastic shesets were kindly supplied by Dr. Griffin (Brunal University,
England) for this study; their formulations zre listed in Tabla 1. ‘

Table 1: Formulations of Palyuretharie and Pelyethylene Samples

Sample Type of Plastics Maize Starch % (w/w)
B ThermdAplastic~ polyurethane 30.0
Il Low-dznsity polyethylens: g1

1t Ethylene vinyl acetate copolymer 13.0
v Low-density polyethylene 9.1

Samples H, 11l and IV 3it contain iess thun 1% of an unssturated

fatty acid ester, and ali tomples viere
manufactured by the pracess cf extrusion blowing.

The piastic sheets were cat into_strips.40 cm x 200 ¢m {Samples I, 11 and 1)
and 20cm x 100 em (Sample 1V); they were buried in garden soil on the campus of
Universiti Malayz. Semples {in triplicates) were removad and examined 15, 30 and
BC days after soil burial: Plates 1-2 show the extent of biodeyradation of thesa

plastics. The loss in weight of the plastics was also recorded {Table 2}. The comoingd

action of insacts, fungi and bacteria was found to be responsible for the deagradation;

insacts in particular played an important role in this aspect.
Ali of these samples supporta:d the growth of microarganisme. P

siches of nirk,
vehiow, brown and hisck staining by {ungi and bacleriz wess dateciod on the shoet:
Piate

¢ 3 shows the fungi grown on the 50-day sanple.

1
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Piate 1. Biodegradation'of four types of
plastic sheets. after 15, 30 and 60 days’
burial in soil.

Plate 2. Closer view of plastic sheets in Plate 1.

Table 2: Weight Loss of Plastics Buried in Garden Soi!

Sample % Weight Loss after Burial for v
15 days 30 days 60 days
! 0.20 10.31 21.80
I 0.24 - 4.23 5.82
1 0.64 1.31 . 2.57
v C102 3.74. 4.21

Table 3: Weight Loss of Plastics Suspended in Garden Soil Solution

Sample % Weight Luss after Suspension in 10% (whw)
Soil Solution for 7 days at 30°C .
) N - 0.82 ‘ _
1 . . 1.30 . ) .
! S . 2.20 |
v 0.90

Biodegradability of these plastic sheets by microorganisms alane was also
strips of the samples were placed in flasks
garden soil solution ang incubated in a rotary shaker for 7

yradiag power of soil microorganisms

studiad by suspending in soil water:
conteining 107 (/)
Gays at 307 Q.
{Tabla 35,

Thy results inticaie the biode
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Plate 3. Exhumed degraded pl'astic sheet: Plate 4, Micr'oorganis'ms growing out on malt
Fungi growing out of the sheet on the right. extract agar plate from exhumed plastic .

sheet,

R ST
TRIRE

Plate 5. Microorganisms growing on starch Plate 6. Microarganisms growing on nutrient
agar plate from exhumed plastic sheat. " agar plate from exhumed plastic sheet,

Further study was carried out to determine the types of. fungi and bacteria
responsible for the biodegradation. Malt-extract agar {Oxoid), starch agar (1% w/v,
commercjal grade) and nutrient agar (Oxoid) were used for isolating and culturing
microorganisms from the exhumed degraded plastic samples (Plates 4, 5 and 6).

Subsequsnt isolation and purification of these microerganisms revealed that the

- fungi include Trichoderma sp. (Plate 7), Mucor sp. (Plate 8) and Streptomyces sn.,

and the bacteria are mainly bacilli and cocci (Plate 9).

It is concluded that the starch-filled plastic sheets under study are all
susceptible to insact and microbial degradation.

-
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CO-POLYMERS

G.JL L. GRIFFIN and H. MIVETCHIL
Middlesex, UK.

BIODEGRADATION OF ETHYLENE[VINYLACETATE

Brunel University,

Sumrﬁary .
The commou synthetic plastics have not generally been regarded as
d PVC. Because of the

tindegradable, apart from the special case of plasticise
1 objectives in, on the one hand, maintaining the

confiicting technelogica
stability of plastics used in exposed conditions as structural materials and,
e interaction between

on the other hand, in achieving some control of th
nt, any observed cxcep-

throw-away plastics packaging an
tions to the biologicai inertness merit special study. This work reports
EVA co-polymers.

obscrvations on the growth of fungi in association with E
hown to increase with the vinyl-acetate content

The extent of the growth is s

and also the presence of starch as a filler. A simple optical technique 15
described for recording the extent of fungal invasion, and the actual penctra-
tion of hyphae into the body of the sanples is confirmed by microscopy- The
results of experinsents with pure cultures and burial in soil are tisted. Gross
changss in the physical properties of some samples are repc')Tf?d with, in the
extrems -case of pure polyviay! acetate, the appearance of partial water

solubility.
INTRODUCTION

If we limit our definition of biodegradation to ‘a
component of 2 raterial in the metabolic process
in practice, implies a situation in which the normal enzyme S
raicroorganism may be regarded as corrosive agants tow
also that the corrosion products diffuse back into the microorganisms wi
nutritionalily Lenefcial rasuits. This happens in the case of plasticise
and it is generally accepted (Booth 2
involves a diffusion of the low mofocular W
of the plastics material to the surface region
corrosion process. Let us call this Type 1. In this particular case,
consequences would be a loss in weighit accompanied by an
narduess and tensile strength. Therz is, as yci, no evidence for att
vinyl chloride polymer chain itself. 1f we Testr
<utilization of part of the polymer chain structure proper’, tix
ihe microozganism to cause a real collapse of the structure
there are vary few authenticated examples of synthetic polyme
be quoted as demonstrations of this type of process,
J1. The most celebrated are fungal corrasion of certai
poiyurcthangs =nd the eflect was originally identified by Lev
(1966) in these materials. It is very clear {from microscopy
- 807

es of microorganisms’, this,

cight piast

direct utilization of a major -

ecretions of that
ard the material and

d PVC

nd Robb, 1968) that the meachanism
iciser out of the body
which is being depleted by the -
the physical =
increase in -
ack on the .
ict the definition still further to
en the ability of -
is implied and
rs which can
which we can call Type )
n of the polyester
isohn and Evans,
that, in this case,

o v
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Table I
. ) Melt flow Density Vinyl acetate
Supplier Code index gem—3 content %,
- ICH Ql388 2 0916 0
ICI EVA 49 10 0-937 18
USI Chemicals UE 631 I-4 0941 18-21
USI Chemicals UE 633 20 0941 17-19
USI Chemicals UE 634 3 0-950 26-28
USI Chemicals UE 636 - 22 0948 26-28
USI Chemicals UE 646 16 0-949 26-28
USI Chemicals UE 643 9 0-941 18-20
USE Chemicals EY 902 34-2 0967 41-7
USI Chemicals - 20150 73 0973 )
Cairn Chem. Co. S7 Mw 86 000 —_ 100

Assessment methods

Optical. Gross changes could be noted visually -and recorded photo-
graphically. Less dramatic effects needed a more refined approach. In an

attempt to quantify the extent of the overall change in the samples, they were
scanned by a standard microdensitometer and the change in optical dznsity
between the exposed sample and a stored control sample recorded as an
index of attack. Figure 1 shows a typical scan across a control and a soil

05
units

optical
density

1

Controt

I

3 weeks

soil Euriat

J.

o 25

Fig. 1.

75
Cms

10

Change in optical density of a typical EVA saniple sheet after exposure to soil burial

Jor 3 wecks. Reproadiced from a single micradeusitometer trace., Sample was a proprictary

partly hydrolvsed EVA moulded sheet.

burial sample with almost no eflects, while Fig. 2 shows the efiect of starch
addition to an otherwisc identical pair. Data extracted. from six sets of
sumples for a typical EVA/starch blend are shown in Fig. 3 plotted against

tiine of burial. Even when the growth was irregular and the traces corre-

spondingly broadencd, it was easily possible to draw in a mid-line for the

Purposgs™of extracting a single density change figure. The method was sens;-

tive to & '@pnm!lelism between the faces of the samples and, if present,
i . :
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this became evident in the form of an imposed gradient on the trace which
could be accommodated by, again, drawin
centre as the measurement point.

The samples were also examined by a high power optical stereo-microscope
and, in certain cases, sections cut, stained jn lactophenol cotton blue, and
mounted in Jactophenol for photomicroscopy. : )

Mechanical. Because of the extieme difficulty of handling the quantity of
material that would have been necessitated by a decision to use conventional
tensile testing procedures, hardness was adopted as an alternative index of
mechanical change. Because the specimens were thin (ca. 0-5 mm), it was
Niecessary to use a very small indentor and this was available in the ICI
pattern microhardness tester. ) -

Me:abolic. Because evidence for major breakdown of the material was
being sought, this aspect of the work was confined to following weight loss of
the samples after careful conditioning to constant weight at 35°C,

RESULTS

Because the test period was limited to

15 weeks and the testing environments
were mild, as compared to the more ¢

hemically aggressive nature of a com-
[ =2~}

posting garbage environment as reported by Wallhduser (1973) and Griffin

(1975), polyethylene itself showed ve

t ry little reaction in any of these tests. At
the other end of the scale, however,

polyvinyl acetate (Mw-86 000 visc. 26-32
cps 86 g/1000 ml bznzene) developed a high degree of water sensitivity very
quickly, especially if starch filied, and could not then be separated from the
soil. On drying the soil a *biscuit’ of impregnated soil could be recovered.,

10¢—
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Waeight
loss

15—

1 1 I 1
3 6 . 12 1S
Veeks :

o

"W taize starch louded EVA with three different vinyl acetate contents.

iz, 4. (:'V ariution in prreentage weighi loss with time ou exposure fo soil burial conditions af
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In all other intermediate cases the dominaat influences were, first, the vinyl
acetate content and, second, the addition of the auxiliary starch nutrient.
These impressions are confirmad by the weight loss measurements, typically

~ asin Fig. 4, and it is significant that for a few of the high VA content samples

with added starch, at the end of the 15-week period the weight loss exceeded
the weight of the starch addition. ' . ’

.Microhardness was a rather more puzzling quantity, as Fig. 5 suggests,
although the general trend was still evident. It has to be remembered that the
results here would be very different in the presence of moisture as was evident
when handling the samples immediately after removal from the culture
dishes.

Studying the surface of the soil burial samples yielded views of micro-
organisms typified by Fig. 6 2nd it .was easily apparent with the stereo-
microscope that hyphal penstration had occurred especially with the high
vinyl acetate/starch loaded samples. This is not so clearly apparent in 2D
and therefore cut sections were prepared and stained in cotton blue. From

these it was clear that hyphal penetration had occurred through the body of
the sample. : Temm .

CONCLUSIONS

Polymerized vinyl acetate js clearly capable ‘of-being attacked by micro-
organisms, especially fungi, in a manner which increases its water sensitivity
to the point of incipient dissolution. Its co-pclymers with ethylene all show
this effect to a degree and the attack is very greatly stimulated by the presence

of starch as a filler. It would appear to oller an alternative degradation route -

avoiding the oxidative chain scission requirement for the microbiological
digestion of polyolefines, i.e. make an initial stage that of enzymatic hydro-

- lysis of side chain ester groups in order to achieve a degree of water dis-

persability as-a hydrophyllic colloid. There is a strong indication from the

. achievement of hyphal penetration through the polymer films between the
starch grains that a2 major breakdown of the polymer is occurring. This is

supported by the fact that some of the buried sampies lost more weight than
the actual starch content would permit if the polymer were remaining inert.
Furthermore, the hardness eventually increased in all cases, just the opposite
to what would be expected for simple starch removal.
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BIODEGRADATION OF A POLYETHYLENE COMPOSITE

A composite film of polyethylene and starch (6%) together
with an unsaturated fatty acid ester (circa 0.5%) and calcium
stearate (circa 0.5%) was subjected to tests to determine its
biodegradability in soil and freshwater environments. Samples
were exposed to microbial attack in the test environments and
in simple laboratory models of these environments.

Biodegradation was investigated by light microscopy following
both staining the intact film and sectioning and staining the
film. Scanning electron microscope studies of the intact
film were also made during microbial attack.

,
Changes in the mechanical properties of the composite were

- as'sessed at time intervals during degradation by tensile strength
measurements. Some of the organisms inwvolved in the degradative

process were isolated and pure culture studies were carried out
to confirm that degradation was due to microbial attack.
Preliminary enzyme studies have been initiated in an attempt to
further understand the nature of this attack.

The composite was found to be substantially degraded in both
soil and water environments and similarly degraded in laboratory
models and pure culture studies. ' The rate of degradation being
found to be related to the type of microbial flora present.

A sample of a commercially available polyethylene film was not

found to be degraded during exposure to microbial attack in
these test environments. .

P.J.W./9.6.76




BIODEGRADATION OF A POLYETHVLENE COMPOSITE

by P.J. Whitney and V. Willians
Department of Microbiology, University of Surrey
)

The mterial‘i.nveui:igated vas & commercially Avai]:able low density
polyethylens containing et utarch,'O.S% unsaturated fsfty acid ester and
0.5% calcium 'stemta. The ai;arch grains in thie composite produced a
textured aurfa:ce to the film (plate 1) each grain appearing to be covered
by a thin menbrane of polyethylene. The material used bad undergone -
considerable handling including manufacture into polyethylene bags.

’ I!uch of the surface debris iaithought to l;ave been accumulated during this
handling, : : ‘ ' ‘ .
: Sanplen‘vera burived in 80il in the field and in pots in an
incubator and Alao suapendad in a fresh-water lake.’ Degradntion vas
not measured by the most obvious method of loss of dry weight beca.use of
the poasibili'ty of nutrienfgs heing transported to the film during the'early
stages of colo:;isa.tion by filamentous fungi masking a genuine weight losa
by the filn;_ _imtead loss of.tensne strength was measured. Very - )
sinple apparatus was used to measurs temsile strength (Fig. 1). The film
vas cut into the almpo indiontud around & metal template and replicates vere
carried out vith differant orientations of the film.

The ef.fect on tensile strength of a number of treatments are shown in
figure 2. ~ Kot .surprisingly Aegradntion occurred mors rapidly in soil in the
fisld at or below 12°c than i.n 80il in a laboratory incuhator at 1o°c, but
intereatingly the greatest loéu of strength vas in the samples suspended in a

' tresh—watar lake, (down to about 57% of original strength).

Soil typs and temperature were further inveatigated in the laboratory
vhere .1t was clear that again degradation ves greater at higher tamperatu.res
and also greater in a sandy loam than in a clay soil (Fig. 3). This

probably ‘reflects a higher microbial activity at higher temperatures and




Yexry inferoatingly 1t was found that some bacterid and fungl
appeared to attack the polyetilyleno matrix itself resulting in a cracking
of the film. The aci:ual ctacking may be an artefact produced by th;
freeze drying process used 1n preparing the sample for S.E.H. but if this
cracking is an artefact, co’nsiderable breakdown of the polyethylene must
have occurred to make the polyethylene so fragile that it cracked during
drying (Plates 3 & 4). This criaoking not o;:Lly occurred around mature

fungal hyphas but also around the tipas of developing hyrhae, vhere

. shrinkage of the polyethylere could alsc be seen (Prate 5). The

degradation of the polyethylene would seem to be due to extracellular
attack extending a small distance from the h&phae and bacterial cells.
One can apécuiate that this breakdown is due t9 oxidase or peroxidase
encymas ls.th-ase have ‘been showvn to bs involved in the bréakd;)m of other
carbon chains;' ; :

¥ot all bacteria or fungl found groving on the surt.a_c‘e of the film
produce this apparent degradation (Plate 6) but it was fairly common and
ﬁistinct vhere it occurred,. - ; » ‘

The same material that was uged for S.E.H. studies was also used for
1light licro;cop.y.' Sections were cut after embedding in'a hard ester wax
(Steedman, 1960 < Difoo) and were stained with iodins. The large dark
areas in the figures are stlained starch graina and ths =mall dark areas
titenium oxide pigment. - . o .

Incubation in the pe?;ri dishes containing water agar did not result
in the compiete hydrolysis of aéazch even in the surface grains,

Some loas of starch may veli have occurred but the éeuitiﬁw of the _
fodine reaction ia such that even a small amount of starch remaining ‘vould‘
resilt in -'tha characteristic blue/bléck reaction. : There did, hovever seem

to be a detectable change in the surface ot. the entire film which also tended to
break 'ava'y into small 'whiskers' during sectioning (Plate 7) and often to

tear avay as a sheet during sactioning (Plate 8), a phenomenon not observed
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with the ‘hetter‘oxygen availability invtha loan.

I;!t was thought that the loss in strength could be due at leaat
in part to hydrolyaiab of the starch grains, Clearly there is a problem
of enzyme penetration tb starch grains covered by more than a very thin- or
incomplete membrane of polyet.hylene. Staining with iodine caused practically
all the surface atarch grains to blacken,. 80 obviously small molecules such
ag jodine can gain re]iativel'y easy ‘access to the starch griai.ns, bu't 1:.he
penstration by iarga enzyme molecules is more difficult to enviaage.
Treatment of the film of polyethylene composite with a bacterial amylase
resulted in at most a 10% loss in strength but there did appear to be
hydrolysis of at least some of the surface grains as thsy no longer stained
80 strongly y:j.th iodine. . ‘

Mechanical penetr-atioti by fungal hyphae would of course greatly
extend the depth of enzyme attack and to investigate this scanning
electron micrographs were taken of degraded polyethylene film. Piéces
of u.nsterili‘_z.ed £ilm were laid on‘ wafcér agar and inocuiate(i with soil crumbs,
a80ll wvater or left uninoculated and were tﬁen incubated for 7 or 14 weeks at
15°C. Tensile strength changes were not statistically significantly
different between the three treatments and they were similar to those
found in the soil burial experiments. It would seem therefore that after

normal handling procedures there was sufficient deposition of bacteria and

fungal spores to cause degradation in a suitable environment without further -

inoculation with organisms from acil or vafer.

» Ve couild find no clear evidence of any penetration by fungal hyphae
(this does not of course prove it does nmot occur, simply that we could not
sea it in our S.E.H.). There did, however, appear to be examples where
surface starch graina were distorted and shrinkage had occurred causing
folding of the overlying polyethylene film (Plate 2). This effect could
‘be due to hydrc;lyais of the atarch by extracellular enzymes, provided they

are able to penetrate the polyethylens covering the starch grainm.
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in the undegraded material (Plate 9).

The organisms capable of colonising the plastic wers isolated and
culturad on soil water agar supplemented with starch as a ca.rbon source
and thelr ability to cause a loass of strength 1n the plastic investigated.
A1l organisea found colonising the plastic with any r:;quency vith the
exception of Pseudomonas 3p. produced amylases resulting in a clear area
in the region-of the colony vhex; the plate was flooded with iodine.

The ability of the organishs to degrade the plastic was tested by

inoculeting the organism onto soil water agar or soil water plus sAtarch

. 8gar and a plece of plastic previously sterilized in 70% aleohol placed

on top. The changes in strength of the pieceﬁ of plastic were measured

after 4 and 8 igeks incubation at 25%°¢ (Table 1). Interestingly the

Bacillus species caused greatest loss in strength on the nedium sﬁpple-
mented with starch bl_lt nons of the ‘bacteria. vere abl}o to dég:'r:ade the
plastic in the absencs of an externsl carbon source. The fungi on the )
other hand ceused greater 1oss in strength of the plastic when grovn on
a :;ediun cqnﬁining s0il water aloﬁe.

Thes.e results may give a somevhat erroneous picture of the- relative
importance of fungi and bacteris in the degradation of this starch-filled -
Polyethelene composite because in the natural ;nv-i:onhent there are likely
to be significant amounts of external nutrients both in ths soil as plant
debris mﬁ~in the water as epiphytes colonising the surface of. ‘i:he plastic
start to die, 80 that ’?ha role of 'bacter.i.a 18 1ikely to be significant and
may wvell be as important, or more important than that of fungi. '

In conclusion, I would just like to say that we kmow the biodegradation
of this, and p;:dbably all plastics, is a complex one which is further _
complicated by such factors as the interaction of different organisms
attacking it.z‘a.t the same time, the probable succession of organisms as the _
material changes its cha;:acter during degrgdation and the inﬂuenco of the ;

environment affecting all tﬁe degradative changes.
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Table 1

PERCENT OF CRIGINAL -STRLNGTH ( Incubatced 5%y .

’ - Eoil extract + starch medium Scal extract medium
ORGANISM dweeks - 8weeks 4weeks Bvceke

gacillus 1) 6.9 . 6.4 100.0 100.0
Pacillus sp, (11) .0 . . TR " 1000 100:0
‘Bacillus sp.(111) 67.9 45.0, 100.0 . 100.0
Bacillus sp.(iv) 1.4 50.0 v ’ 1c0.0 100.0
Enterobacteriacea sp. 85.7 o121 100.0 100.0
Flavobacterium sp.  89.3 67.1  100.0 " 100.0
Aercmonas sp. (1) 98.6 90.0 - . 100.0 _ 100.0
Aercmonas sp.(11) 993 . %0.0 _ © 100.0 7 lo00.0
Pseudcmonas sp. (1) 92.9 © 85.7 _ 100.0 - 100.0°
Pseudcmonas sp:(ii) 92.1 C 8.3 - 100.9 100.0
ﬁot;it:- . 84.3 62.1 1.4 D 57.1 -
Aspergilius sp. - 85.7 . BT T I S ' 57.1 ' 39.3
Cladosporium sp. . 85.7 © . 66.6 85.0 - 68.6
¥onilia sp.  90.0 70.7 829 10.7
Pestazzolia sp. 88.6 69.3  s5.0 38.6 -

Epicoccunm sp. 100.0 $0.0 100.0 %0.0

The reduction in tensile strength caused by attack from bacteria

(1 = 10) and fungi (11 - 16) isolated from the surface of starch

filled polyethelene after burial in soil when grown on soil water
agar and soil water agar supplimented with 2% starch
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Plate 1 Scanning electron micrograph showing surface of starch-filled
polyethelene (x 100).

TENSILE STRENGTH TESTIHR APPARATUS

Figure 1




Plate 2

Plate 3

Scanning electron micrograph showing collapse of astarch grains on
surface of starch~filled polyethelene (x 3,500)

Scanning electron micrograph showing cracking of the starch-filled
polyethelene caused by bacteria (x 7,500)
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Plate 4 - Scanning electron micrographs showing cracking of starch-filled
. polyethelene caused by fungal attack (x 6,000)

3
.

Plate 5 Scanning electron micrograph showing cracking and shrinkage of
starch-filled polyethelene at around the tip of a fungal hypha
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Plate 8 Light micrograph of a saction through starch filled polyethelene
after microbial attack showing tearing away of the surface "layer
that occurred during sectioning.

Plate 9 Light micrograph of a section through starch filled polyetheleme

film stained with iodine
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SYNTHETIC DOIYMERS AND THE [IVING ENVIENAENT

G.J.L. Griffin

Departrent of Kon-metailic Materials, Brimel University, Usbridge,
: T Middlesex, UK.

fbstrct - The interacticn between synthetic polyners and the physical

" ‘envircament, especially in temrs of tke effects of oxygen and radiant
energy, has been extensively studied and reported and directly useful
results have bzen obtained by the use of experirental techniques of a
kind very familiar to physical chemists, The introducticn of Yiving
organiszs to the system, however, adds to the acknowledged difficulty
of polymer characterisation other problems more familiar to the biologist
Attenpts to recduce the complexity of the system and create study models
such as a single homodisperse polymer in contact with a single organism
a1e very misleading because of the mutual dependancy of living things and
the delicate balance between organisms, polymer, and auwxdliary nutrition.
This field is reviewed here, and extended with observations on the
interdzpendouce of macro and micro biological phenorena in the destruc-

tion of plastics together with the significance of oxidatioa as an
intermediate stage in the sequence of events, *

INTRODUCTICN

The primary ochject of this paper is to sunrarise the evidence for the breakdown of synthetic
pPolyners in the natural environment wnder the influence of living organisms. Certain new
experim:ntal infonration is also offered on the quaestion of an oxidative first siep in the
process of biodegradatiocn of polyolefines., The precise meaning of the term biodegradaticn
has bcen the sthject of some questioning over the last docade. It would appesr to imply a
very clear organism/material relatioosiip where a ccnjunction of the specific biolozical
vector and the precise material will always produce a given set of changes inplying that

2 particular process in the life action of the orgonism, such as the excretica of an
identifiable enzym=, is linked to a chemically recognisable cleavage of the mplecular
structure of the sibsirate material. Current activity in this field is here reviewsd as a
survey of iecent literature. .

It can be equally argied, howewer, that a particular case of functicnal decay of a mterid,
e.g. loss of strength, substance, transparency, or good dielectric properties should be
teimed bicdegradation where it is known to be icentifiable with exposure of the material to
a living envircament, which may itself be very coaplex, and the property loss may be
attributable to physical ar chemical actims as first steps in an elshorate chain of
processes. The exposure of a cotton fabiic based resin laminats to a himid tropical
envircament wouid ke itypieal of this latter situation in which the initial activity could be

-the colonisation of the surface by a damp filin of fimgi encouraged by surface dirt with a

subsequent swelling of the lominate surface layers. caused by seepage of moisture aloag tha
c2lluloze fibres. The swelling of the fibres causing cracking and disintepgration of the
resin natrix would bz the first stage of proparties loss followed rapidly by 'true' bio-
dzgradaticn of the fibres. Biological attack on the resin mtrix might, indeed, never occur
or mght itself be preceded by atnosrberic oxdation of the fractured suriaces.

Finally, w2 mst also actnovledge the contribution of 2 merobiological vector, this being
the mechanical destructica of plastics mterials by creatures larger than the bzcteria znd
fungi in the course of nest building , bwrroving in search of food, or direct chewing or
attriticn du2 to a presumption of nutritive value. This lutter situaticn my be d2liber-
ately c i7agnd by a eodification of the plastic to make it attractive to particular
jasects .- cpustacemns whose habitat and life cycle is appropriate to achieving destiuction
of & plasiic artefact after it has served its useful purpxse and especidlly if it has been
improperly discardad. L,

‘e can summrise the probable degradatica routes thus @ .. -+ ¢ . . e

1) -Direct biodsgradaticn, involving a direct enzymic scissica of the macromlecule which

- .. .
. b : ceo T
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assimilatica of the nacromlecule starting from chain ends.

(ii) Indirect biodegradaticm, oxidative cleavage of the mrcromolecule followed by metabo-
lisation of the fragments.

(11i) Macrobiological degradation, mechanical attrition of the plastic by rodents, insects,

coustucea etc. probably followed by type (i) or (ii) action accelerated by the fine state
of subdivision of the material, , :




General

Tue ooe type of degradatumn where direct enzyme dissolution of synthetic polymers seexs to
be beyond dispute is in Uiose cases where "actual pepetratian of a solid polymer mtrix by
fungal hyphze cun be established visually. The classic example is the interaction between
polyester polyurethane elastarer and Ulocladium Chartarum as described by levischn (Ref. 2).
A recent photamicrograph of a discrete event of this kind is seen in Fig.l. )

i A ";H;,

Fig.l. An optical plotamicrograph of a fingal hypha in its tunnel etched into ICT
'Daltorul' cast polycster polywretnare clastarer. The hypha y '1s about 2 micro-
netres in diureter and the tuanel X gl_:our. 10_. .
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Similar action has been noted in Starch/EVA blends by Griffin & Mivetchi (Bef. 43). The
Author has found it possible to mmitor the growth of single hypbal .tips within spall -
blocks of clear polyester polyurethane cast on glass cover-slips. Time-lapse cinema~
tography through a micrcsccpe over periods of 6-10 hours gave excellent recordings of tip

. growth, althouch the extractioca of quantitative data was made difficult by apparently
random variations in directica, grosth velocity, and branching. .

It is clear to the cbserver that no mechanical forces are at work in this hyphal penetration
the fungal filuwent lies slack in its generous excavation whilst the hole sinply grows

. longer ahead of the growing tip. It is therefore terpting to place the investigatioa ca-a-
more precise fcoting by attempting a formal analysis of the action. We can list the
variables affecting such a venture as follows :— .

! »
! Subject to direct visual chservation — _ : :
i. Geometrical factors . ) . )
ii. Growth kinetics ’ < L
iii. Branching frequency . PP
iv. Relative grovth rates of branches
Measurab! . iocal envircamental influences - B . :
! i. losic strength ) : oo ]
ii. pH - , : .
iii. Surface charge : . - . R
iv. Temperature - et
! V. Concentratioa of auxiliary nutrients .

The gecretrical and kinetic data can be derived by the frame by frome. andlysis of the cine-
mitographie records suhject only to errors of grvth velocity conponents ‘aloug the optical

e




abaame  can

. leaves the focal plune of the micraoscope to ahy sig:;ificaﬁt e:‘(t‘ent._

The microenvirenmental canditions at the hyphal tip present more seriows experimental - E u
problems and would probably have to be derived from bulk values.

Lt =t ma poeabas

Biological Principles

Experience with bacterial cultures suggests the possibility of an induction of enzyme pro-
duction by the substrute (Ref. 48). However, mcromplecular substrates with their hiphly
restricted molecular rooility pose the problem of aceess to the protein-synthesis activity,
‘Within the microorganisns, although general biological evidence might aduit the possibility
of surface receptors respanding to such a substrate despite their pgel or solid form. We
have examples in bacterial membranes and in the hormne receptors of higher animals. There
Seens also, no fundamental reason why the surfaces of fungal hyphae should not be capable
of responding to mcrozplecular substrates. In the case most studied, however, we do not

know whether the DU degrading enzymes are constitutive (i.e. substrate independent), or
induced. )

‘l

[

In order to explain hyphal growth kineties in terms of enzyre kinetics the enzymes respon-
sible mst first be isolated and studied in vitro. This done, then theoretical mndels

could be formulated.
The simplest would involve two growth phases -

4) Initiation of tnel & B) growth by extensica of. the tunnel.

A naive model would thus be a steady state kinetic schere in which a constant concentration
of active enzyme(s) is/are maintained in the growing zane and where growth is assumed to be
restricted to the tip Tegin. Given the surface area of the polymer tunnel at the grosth
zone (noting the problem of its indefinite boundary) and the
grovth zone extracellular fluid we can calculate the local rate of
end simply from the enzyme kinetics.

Fig.2, ’

dissoluticn of the tunnel
The tunnelling geometry might be depicted simply as in

-

Fig.2. Dingﬁumutic representation ‘of .fu:ig;xl penetration into an hamgeneous
polyner by dircet enzyme etching.

lowever, the form of kinetic equation mist depend an the mode of heterogensous catalysis
involved and there will be effective concentrations (that is local thermodynamic activities)
of chain ends and locgs. Different enzymes or different subumits of the same miltimeric
enzyme my be required to degrade.these different sections of polymer. There my also be
different 1ntes applicable to areas of different chain cenlargerent.’ -The differential
ctching o! ,-ilymer surfaces by oxidising agents is a reminder of this possibility.
s=rvaticas will enly relate to short time periods becauvse there are statistical
?:iftg‘fﬁ amonest the hvobhae in 2 mycelium and the growth may. even be_ oscillatory. The
red) situntion with pcssible induced enzyme generation and multi-step enzyme processes
could prove to be exceedingly corplex (Ref. 49) but it is hoped tl}at.calculg.tedﬁavimgited
/rﬂle'_'!,ht lead to bulk invasion rates being c_ieduceq and it is this latter qu?ntlty hat rels
P ,to the progressive destruction of the buik polymer. .
o
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work existing an tiie a:gradation of natuml macrcaplecules such as cellulase but the
refractory nature of ihe common plastics and their often caplex formulations combine with

the complexity and variability of live biological systems to present some formidable
problens. . . . : .

_INDITECT BICYFGRADATICN
General

It is generally accepted that high mlecular weight is a mjor factor in inhibiting-the

- microbiological assi=ilation of polymers. There is, therefore, no difficulty in accepting
pPublished ézscriptions (Refs. 50-51) of the biological assimilatioa of certain polymers
after massiwe exposwe to ultraviolet radiation in the presence of appropriate degradation
catalysts. There has, however, been accumilating evidence that the 'difficult' polymers
are also very slovly dagraded by processes whose final stages are biological wdar certain
environmental contact situations even in the absence of light. The earliest observation is

. the work of Oppenhei=ier and his colleagues in the redical field (Ref. 4) where inplants of
radioisotope labelled polymers, including polyethylene, were seen to be steadily and
progressiwly losing carbon judging by the appearance of radioactivity in the urine of the

: experimental animals. Subsequently the cbservations of Wallhavser (Refs. 52-53-51) on -
polyrer sanples retrieved fram landfall excavations and cposting plants confixmed that
very slow attack was occurring. Then we find the radioisotope labelling experiments of
Nykuist (Ref. 55) d:sipned to show the biological sensitivity of light degraded molyethy-

 _lene but incidantally cthoving a smll level of carbon retzbolization occurring in the

nexposad controls. This could have been attributed to scavenging of lov molecular weight -
polymer normrlly present in the comervial material but when this work was extended by
Albertsson (Fefs. 44-15-46) in the form of experiments lasting several years, it became
apparent that the tailing off of activity that would bhave been expected of the low
molecular vweight fraction explanation was correct did not occur, in fact an actual increase.
in activity was obserted. Such a continuing metabolization mist mean a progressive break-
dmn of the polyrer. .

The apparent contradiction is resolved if we sccept that, wnder certain conditions a two

. stage process can coerate in which the polymer molecular weight is first reduced by

oxidation followed by biological scavenging of the oxidatica products., Evidence in support
of this actica in the composting damestic garbage eavircanent was put forward by Griifin
(Ref. 56) on the basis of the dotection of peroxides and carbonyl groups in low density
polyethylene which had been exposed to warm fermenting garbaze containing autoxidising fats.

Experimental

(o the assumption that it mist be possible” to reproduce the camposting results using clean
and characterised materials the Author set D 2 series of campesitices based on a2 1oy
additives content polyethylene (I.C.I. Q.3188 with MF1 of 2 and density 910kg mr3 blendad

with 1% of various wmsaturated oils and 0.01% of cobalt added in the form of a commercial.
cobalt naphtherate solution in xylene). . )

. The compositicns were mixed in a miniature internal mixture of 10z capacity in an atmos-

phere of nitrogen, the discharged material being immediately pressed into sheets, zbout

100 micronetres thick between polyester foils in a hydraulic press with steam bheated
platens. These sheets, stripped of their protective foils, were examined by ESR spectres-
copy whilst maintained at 80°C in an oxygen atmosphere. Specimens were also mounted for 1R
spectroscopy, maintaired in a circulated air oven at &00C, being remoted for spectroscopy -
_at regular intervals. A further set of 12mn wids strips were cut from the pressed sheets:
and mowuted between roller grips in an Instron tensile tester set ip record a 10% elastic
elongatica slcpe every howr, The sanple and grips were waintained at §6PC in a precision
oven fitted in the working avea of the tester. . :
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Fig.3. Free radicil ESR responses fram a low d:.n_slty polyethylene film cmtaj.niug
1% alkali reficed linsced oil and 0.01% cobalt ns naphthenate.

“ Fig.3 shoss the way in which a typical ESR response appeared and ‘diminished in an LIPE :
sanple containing 1% of alkali refined lirseed oil and 0.01% of cobalt as naphthenate. All
the indications are that the spectrum is associated mth hydroperoxy radials, although the
shape is not quite as expected. Because of the competing reactions in this conplex system
1ijt is difficult to ensure that the specimen is put into the spectrameter at such a stage in
its oxidation as to produce the spectrum reliahly and it may be desirable to simplify the
procedure in sare way.

By deriving a carbonyl concsntration index from the infra red spectra it was possible to
plot the growth of carboayl content against tire and this is shown in Fig.4.
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In this it is evident that ccbalt alone has very little effecf: .on IIFE wmder these mild
conditions, whereas the cosbination in the case recordad of refined soya oil and cobalt
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greater tl_mn would be expected fram the minute arount of oil actually present inJ the_iﬁ-b-_ef;xn
l_)ath bl.xt it is clearly necessary to demonstrate in some positive way that oxidative transfer
1s taking place betwe:zn the o0il and the polymer. 'The sinplest demnstration of this effect
is to shav the correspanding changes in the elastic properties of the polymer which might
be_exxnect.:er:l to stifien initially with crosslinking and then degenerate as the molecular

-wWeight diminizhed. These changes can be ccea clearly in Fig.5 which reconds the tangent
mdulus of LDPE containing these co-oxidants, and controls, as a function of time at 8C°C.:
It is frustmating not to be able tp get closer to zero time because of the technological
‘pmblerrs‘of sample preparation, but the effect is clear enough. This work has been extended
and confirmed by molecular weight change and this will be reported separately.
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Fig.5. ‘The chinge in tanzent mxlulus with time of e.\posu.:e to air at 80°C of low

o | dunsity polyethylene Film alone V) , e same polymer plus 0.01% cobalt as

naphthenate (@) . and with 1% soyit oil and 0.01% cobalt as naphtlienate (@) .

MACRCBICDECGRADATION

The subject of plastics wnder attack by living creatures larger than bacteria and fungi was
extensively reviewed by this Author with Tumer in 1978 (Ref. 57) and need not, therefore,
be considered in such detail here, Its scattered early literature, entirely concerned with
the harmful influence of the attack on man-made artefacts, was given a more forml structure
with the appearance of publicaticas from Becker and his Berlin colleaguss. For exanple on
insect attack in 1952 (Ref. 58), and again .in 1972 (Ref. 59). In a similar menner Schreyer
wrote on rodent attack in 1972 (Ref. 60). An opposite view of the situatiom, i.e. .
mecrobiological attack as a beneficial corponent of the natural cycle, became possible with
the cbservation, reported initially in (Ref. 57) that controlled attractiveness of material
to the animal vector could be achieved with the special case of the erustacsan iscpoda, the
woodlouse, and the novel camposite polyethylene/starch (Ref. 61). It now seems possible to
engineer a comosite by choosing filler ratio, filler particle size, and product geometry
So as to create a particular degree of attraction to the woodlouse thus elevating this
ubiquitous and attractive creature o the status of potential plastics litter scaveager. -
Current experimentation confimms the willingness of the woodlouse to discharge this fimctica

. optim1ly when it is enjoying its normal humid environrent and diet ca decaying leaves or

wood, that is to say it does not have to be starving to resort to eating starch/polyethy-
lene coaposite. It is possible to mke a f£ilm 50 micraoetres thick such that SOmm squares
will be totally ccosured by woodlice in a few weeks. g The,polymer:is. discharged in the
facces of the crustaces as submillinetre particles hafmless-to*thig-environment snd in an
ideal condition for slov indirect biodegradatiom to coatinue. It is clearly likely that
other smll scavengers could becore inwvolved in this action and, fost important, the
parallel creatures active in the marine en viroeoment could be dragomed into beneficial
environmental housskeeping to deal with the alarming burden of nowel artefacts finding
their way into deep water (Ref. G2). . )
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It is interesting to note how the early interest in polyrer/envirocament interactions changed /_ 8
from a preoccupation with damge by micro-organisms to military equipment having plastics iz -
conponents and stored goods wrappad in plastics films, as is typified by the papers of :
Klavsmeier (Ref, 1) to a concem with pollutica by discarded plastics iters made from
emharrassingly long liwed polvors.  Tais latter interest buiit vp a larype body of polica-

tions starting from arownd 1970 many of which were more . alarmist than informative. A mild
conflict appeared baTween those who contended that many polyneErs were everlasting in the

_absence of UV radiation and those who thought otherwise. In 1986 a very factual paper

appeared (Ref. 2) first as a PATRA report in which Miss levisohn reported a clear case of &
micro-organism/synthetic polymer internctica involving polyester PU. Later cbservatioas of
polylactanes (Ref. 3) originally synthesised for fibre improvements is a second such clear
case. Meanwhile medical Tesearch work ca implants and prostheses had stimilated studies of
bioconpatability in which as early as 1935 we find Oppenbeim=r (Ref. 4) using C14 labelling
to demonstrate a progressive biological metabolisatica of polystyrene in the bodies of
experimental animls. - ) .

If we lock nov at the more recent literature spanning 1976 to 1978 it is interesting to note
a sharp growth in research work ca biosensitive polymers . intended for pedical wozk., Vezin &
Fl(_)mnoie at Glasgow are investigating Poly-N-alkyl cyanoacrylates (Ref. 5) vhilst at the
University of Naples Ferruti & otkers (Ref. 6) are examining Polysaccharide succinic esters
as biodegradable drug release matrices. )

At the University of Camecticut Bell, Huang, Knox & Others hawe been studving polyurethanes,
 -benzylated nylons, polyurea, poly (ester-urea) blends with phenylalanine and hydroxyacid
copolymers (Refs. 7-11). At North Carolina State Umiversity Penn (Ref. 12) & Lynn (Ref. 13)
have been working on block copolyrers such as those containing amylose wmits. - ‘

At the Nationzl Cancer Institute, Bethesda, Bergman (Ref. 14) and others are examining the
bicdegradation of polylactic acid in the form of urethral grafts. The US Army Medical '
Bioenginesring Laboratory at Fort Detrick are reviewing biocconpatebility by biodegradation
testing in order to achieve short term evaluation of maEenaJs (Refs. 15-16).

At the University of Maryland, Bailey (Refs. 17-18) has started work on rather complex

- {polyamidss which, by ingenious chemistry, achieve hydrephilicity and biodegradability. The

TS Awmy Dental Teseardy Instituie in Washington D.C. has besn locdking at the biological
hazards of using polylactate and polyglycollate materials as implant mterials (Ref. 19).,
These sane polylactic acid materials have interested Chang at McGill (Bef. 20) and are 2
comercial develcpnent of the Dynatech Research and Development Co (Ref. 21). A variatica
is seen with the work oi Schindler and others (Ref. 22) at the Research Triangle Institut2
N.C. using caprdactme dilactice for drug release systems. At the University of Graningzn,
Netherlands, Marck and others (Ref. 23) have locked at the biodegradsbility of random
copolymers of Y-leucine, l-zspartic acid nd l-aspartic acid esters. An extensive study of
the biodegradaticn oi Polylactcnzs by  hydrosybutyrate specific bacteria and fingi hes been
described in three papers by Tanaka of the Industrial Femmentation Research Institute,

_ Chiba, Japan (Reis. 24-25).

Another approach to surgical inplant elastoamers is to be fownd in work at the University of
Liverpool by Reed and others (Ref. 26) using poly (ethyleneo:dde)—poly (ethyleneterephtha—
late) copolymers. Rather more exotic chemistry comes from Japan with Tabuse and colleaguss
at the Kaijin Cherical Co. claiming biodegradability for polyol modified phosphonitrilic
polymers (Ref. 27), and from Russia where Sukharukova and others have been producing
biodagradsble polyurethane semi carbazides bearing alkyl thio side growps (Rei. 28).

A conmon feature of 211 this medically oriented work is a willingness to accept complex

chemistry with attendant high cost. 'The actual goal of .direct, i.e. enzyme chain breuaking,

biodegradation seems 1o be achievable providsd maly that at least the continuous sinple

_ carbon chain backbone is avoldad by introducing N substituted amide links, ester links or,
under some circunstences, ether Jinks. A waming note by the US Army Bioengineering end
Dentzl Units reminds us that the breakdown products of these exotic polymers cannct auto-
matically be assum=d as acceptable in toxicological terms but we should remeiber that they
are concemed with the very specialised environment of body tissues.

\fhen we consider nco-redical applicatitn areas we find a much.poorer yield. The IS\
1zhoratory at Peoria describes various cellulose and starch graft copolymers (Rafs. 29-30) -
and also water sensitive films cast from ethylens/facrylic acid copolyrers extencad with
solible siarch (Refs. 31-32). 'The water sensitive route to biodegradation is also
reflectes in studies by Cusey and Manley in an elaborate examination of Polyvinyl alcchol
mtaolisaiion in activated sludge (Ref. 33), 2 field also reviewed by Hahn and his _
colleagss at Hydroscience Inc of New Jersey (Pef. 34). Evidence of comercial activity
using PVA in applications other then as textile sizes, comes from the Patent of Comeriord
and Kapur of Perscnal Products Inc. usA (hef. 35). oL . v

Tarly observations of the biodzgradsbility of ester plasticisers has Jed to a few studies of
polycsters as bhiodegradible polymers, for example' Tsuji of the Kuriraay Co. Japan, heos
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‘ N.J. (Ref. 37). We also have Hatakeyara and his colleagues at the Industrial Products
L. 1/ . Fesearch Institute, Tckyo, working steadily on methoxy-hydroxystyrene polymers, seen as

mdels of the natural material lignin (Refs. 38-40).
autoxidant polyolefine formulations as econ
cmtinues to dewvelop (Refs. 41-43),

Few papers are devoted specifically to studying the 'mechanics' of biodegradation and the’
work of Albertsson af Stockholm is wique in many respects (Fefs, 44-46) reporting an
impressively lengthy investigation using the C/14 labelling technique,

" Also interesting is a Patent by Yogo and Minoda of the Mitsubishi Oil Co (Rez. 47) claiming
biodegradation of Polyethylene by Acinetobacter calco aceticus and cunninghamella elegans.
In this work it is claimed that HDPE loses 8,99 of its weight in 60 days incubation in a
redium of nutrients at 30°C. The specified presence of Fe in the nutrient may be signifi-
. cant-in view of the importance of oxidatica in these situations.

Finally the Author's work on starch-
omically feasible degradible films and muldings
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BIODEGRADABLE PLASTICS
G. J. L. Griffin,

Ecological Materials Research Institute,
Brunel University,
Runnymede Campus,
Egham,
Surrey, TW20 0J2

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

- @ 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 dynamlcs of
biological processes: 1living 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 complex than is often thought.

Pine needles falling to the floor of a European forest may take as long as
fourteen years to become assimilated into the soil. The route from dead
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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 oxygen 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 1if 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, 1is 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 1s associated with the activities of fungl, yeast and bacteria, as
‘micro-biodegradation’. 1 have found it also useful to use the
‘macro-biodegradation’ to denote those cases where insects or crustaceans are
involved. There appears to be mno 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 1is
generally excluded from the biodeterioration concept.

Biodegradable Polymers

Most natural organic solids such as wood, flesh, horn casein, strav
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 enzymelpolymer
interactions can be recognised. This area of polymer chemistry has been
reviewed by this Author (Griffin, 1980) and has given rise to & nunber 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 polyethylenes with some authorities (for example
gee 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 p{zsence. Evidence from the
early work of Albertsson (1976), Ain which C carbon from labelled
polymer appeared as radioactive C0. evolution im the air above the
buried samples, was explained by suggest%ng 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 contact! instead of the
oligomeric residue becoming exhausted, the rate of ACO 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 and 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 1s
remarkably parallel to the embrittlement and initial increase 1in tensile
strength seen in soil burial studies of polyethylene at Brunel University
(Griffin, 1976). It can now be stated with some confidence that high
molecular weight polyethylenes are mot 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 1in 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-oxidatiom 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 becausa the plasticiser itself, which may
comprise as much as 40Z 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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2 Prepared starch is now regarded as a standard filler for thermoplastics and is
i consumed on a tonnage scale for modifying PVC plastisols for paper coating as

.the synthetic polymer LDPE could reasonably be expected to be more rapidly

Clearly, 1if 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 Brunel 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 1limitations imposed by the originators of the project it was
not possible to consider any wmethods involving significant changes in
manufacturing methods or the wuse 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 1interesting by the peculiar demands of the film
blowing process. Mineral powders were rejected because 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.
a8 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
a8 technique was developed by the Author, as a result of which a specially

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 polymer, starch, with

ibroken down in the environment than the synthetic polymer alone. This was
:8hown to be the case and, in consequence, the LDPE/starch blend found ready
iCommercial acceptance in the manufacture of shopping bags, some 400,000,000 of
Vhich have been made in the U.K. The shape and size of the maize starch

.pirtiCIes gave exactly the required texture to the surface, as is evident from
gure ],

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 polyethyleme. 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 mnear 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 Brunel University, the University of Surrey, I.C.I1.
laboratories in England, and the University of Malaysia at Kuala Lumpur. At
Brunel the work was based on a miniature Dano garbage composting drum.’
Whitney and Williams (1976) at Surrey used a viety of aquatic environments,
1.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 breskdown than was observed in temperate region
soil burial using starch filler alone. Imn 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 of the surface followed by bacterial
and fungal overgrowth., The film would becone 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 wvulgare; 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 ignore normal plastic
films, will attck polymers such as polyethylene, PVC and polystyrene if starch
filled, and perform best when they have access to their mormal 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 17 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
in the final product involves the familiar intermediate stage of masterbatch
preparation. The very dry starch product is thermally stable at temperatures
up to 230°C for short exposure times and will withstand temperatures
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 &)
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 707 WW) and
physical separation from cooling water becomes almost impossible. Using these
masterbatches in film blowing or extrusion equipment requires mo 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 of 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 137 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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Tabls 1 Pochanice)l Properties of Starch filled LOPL f{Im
No, Semple typs, sterch content
Test of )
repd 0% <7% |1.4% [ 2.8% [4.2% [5.6% [7%
Jhickness (um)
Apporent Mean 98.3 101.3]111.4] 103.1 101.7 | 120.5 [114.7
. fin 5 96 92 108 92 93 196 108
Plax 101 hDs 115 109 111 126 122
Calculated Moen 100.4i1c2.7§103.1] 92.7] o92.8 93,7 92.7
Crammage (g/mz)
B52762 Fethod S12a
floan 92,3 95.0{96.1 B6.6] B7.2] B8B.3 87.2
Rin 5 B8.4 91.1195.1 82.6] B4.3| 86.B 82,5
Pax 94.¢4 97.7{97.4 92.6f] 51.0! 90.4 95.6
Density (9/:m3)
Pican 3 0.52110.924{0.932] 0.934} D.939 0.942 }1D.949
852782 Pethod 5030 '
Burst:Strength
zN7cm 7.IDDum film .
- thickness)
Plean 12.8 12.8{12.6 12,1} 12.2§ 11.6 | 11.6
Pin L] 12.0 11.7{12.1 10.8)] 1.8 11.2 | 0.7
Pax 13.4 13.6/13.2 12.9] 12.4] 11.7 11.5
prns 3/67 .
Dart Impact (an)
(97100 um film
thickness) 20 [aD4 [3B5 {365 399 } 355 |36D 345
852782 Fiethod352D
Jensile Strenath
N7mm2;
D Ultimats Mean 103 } 82 96 91 es 87 B7
fin 5 92 | &3 92 87 BO 78 80
Pax 212 102 103 95 99 94 91
CD Yield pt Faan 49 | 4% 49 47 a8 435 a5
Pin L) 48 456 47 43 4] 48 45
Pax 50 | 52 S0 49 47 S0 47
CD Ultimate Poan % g7 Joo 01 7 90 79
nin 5 66 [ 52 86 62 [:]s] [-]:)
Pax 87 o7 109 L] 98 10 B8
852782 Method326B
Elononation %
no Aean 357 1402 320 N9 325 39D 370
Min S 20D 382 280D 283 286 334 346
Pax 426 |440 408 394 368 426 404
cb Pean 469 jeDO 639 611 SO 591 538
Min 5 384 {aB2 586 564 365 536 a412
Pax 536 (644 685 644 613 663 609
BResistence to
Jear Propmoation
/100 un film .
thickness)
m, Mean 122.4 130.3{116.4]113.1j121.1{145.1}114.3
: Min 1ne (217 f7 {5 Jioz |i2¢ |aos
Pax 124 138 }124 {123 j138 162 123
co Asan 239.2 24D,7}316.0]288.2] 287.8] 272 279.6
Ain 224 222 217 242 ]25D0 }235 255
Pax 272 280 [3%99 345 271 329 19
852782 Ralhod36DA
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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 costs. 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 pade 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 - & property which .
is actually increased by the inclusion of starch filler. :

Jl S

A familiar complication 1is 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 nixing
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:-

% 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.

Z by weight of dry starch in the masterbatch.

R LEY-D

o

Then the density of any mixture D is given by:-
. 100 DBDP
m D0 + b (100 - Q)

An important quantity is the ratio by which the density has been changed
by the introduction of Q% of starch, i.e. D,/D_, because in the
manufacture of goods costed 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

EE Dpu + DE(IDD - Q)

Dm i00 Ds

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

(100 - 0)P + 0S5 + (100/K)OM .
100

cost units pef tonne.

As has been explained, in cases where the product has to be area costed,
the calculated cost must be increased slightly because of the density
increase. Thus the cost of producing the same volume, i.e. area at fixed
gauge, as would have come from one tonne or original polymer is:-

((200 - @)P + 05 + (100/K)QN)D_
: (100 B cost uvnits per tonne
Dpu + Ds 100 - 0 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
fromn 2 to 16, therefore the maximum economic benefits will come from
optimisation of the following factors:- :

l. 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 masterbatch
subject to the 1limitations of the compounding machinery, or avoiding
masterbatching entirely.
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DEGRADATION OF POLYETHYLENE IN COMPOST
BURIAL - - -
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SYNOPSIS

Degradation of buried low-density polyethylenc has been reported but only in the composting
garbage environment. Evidence is offered linking the initial stage of the breakdown with the
transfer by diffusion of unsaturated lipids from the compost to the polymer associated with the
generation of peroxides by autoxidation.

INTRODUCTION

. Concern about the longevity of low-density polyethylene (LDPE) in land-fill
disposal has been widely expressed and discussed. Efforts to achieve rapid chemical
breakdown have caused speculation about possible attendant problems of increased
bological oxygen demand (BOD)X. The view proposed, for example, by Potts? that
LDPE is indefinitely stable in the dark damp conditions of soil burial has been
widely accepted by the polymer industry as the basis of a claim that the material
offers no environmental problems. The first recorded study known to this author of
plastics materials recovered from old rubbish dumps, and thus having experienced
extended contact with soil burial conditions, is due to Wallhduser? and, apparently,
completely contradicts the work of Potts. Extensions of Wallhauser’s work4 to
samples deliberately buried in accelerated composting units cdnfirmed his first work.
Nykvist® in a laboratory investigation of soil/polymer interaction, using radiocar-
bon tracer techniques, reported slow degradation of LDPE and he specified com-
post as the burial medium. Most recently Guillet et al.¢ have confirmed Nykvist's
findings, also confirming the greater speed of degradation in sewage sludge and
composted garbage, and offering their results as a rebuttal of Potts’s observations.

In view of the fact that these faster degradation reports are exclusively associated

with compost burial it would seem reasonable to look for an explanation in this
circumstance and thus avoid a conflict of opinions. I have repeated the tracer work
on certain other polyolefins in contact with compost and found again positive in-
dications of breakdown and there would seem to be little doubt that composting
garbage is, in general, a mildly aggressive environment for plastics, much more so
than garden soil. Observations of the changed physical appearance of LDPE film
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sit through 2 municipal composting plant lead me to the pelief that some
ge and this has been investigated.

substance had been acquired from the garba

EXPERIMENTAL

Commercial Composting Unit
Access was arranged to 2 “«DANO” horizontal cylinder composting unit
whence large numbers of samples of LDPE packaging film were recovered from the
_output screens. This material had 2 peculiar dull appearance and feel and shared
the rancid odor characteristic of the fresh output of these units. The transit time in
-the composting cylinder is ca. 5 days. During this time the temperature peaks 10
60-70°C, aerobic cohditions being maintained by 2 forced draught.

Initial Examination of Samples

al Soxhlet apparatus
v through the composting unit contained &n
- average 9% of hydrocarbon soluble material which took the form of a translucent

soft brown wax. 1t was partly soluble in alcohol but, initially, no further attempt at

analysis was made._NormaHy, LDPE film would yield only minute amounts of solu-
ble matter to petroleum ether, mostly. derived from antioxidants and slip agents.

Solvent extraction with petroleum etherin 2 convention

disclosed that the LDPE which had been

ry compost exposure unit.

FIG. 1. Sketch of 1aborato
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~Lsaboratory Composting Unit

Because of the inconvenience of working with a composting unit remote from
the laboratory and the near “impossibility of recovering from the outlet screens
samples which had been intentionally introduced into the feed stream of the Dano
Plant, it was decided to construct a small version of the equipment in the laboratory
(Fig. 1). An aluminum drum 0.56 m in diameter by 0.92 m long was set upon 4

- small rollers with its long axis horizontal. One end was fitted with a ventilated ac-
cess door and two internal fixed vanes 0.15 m wide running the length of the drum
served to keep the contents aerated when the drum was rotated slowly at 0.0033H;.
A temperature of 35 3 2°C was maintained in the drum by a combination of an
internal thermocouple linked to an external bank of four infrared lamps. Approx-
imately 30 kg of fresh compost, taken from the screens of a Dano plant, was charged
into the drum and renewed each week. It was not practicable to use the initial raw
garbage/sewage sludge blend in this small drum but the conditions were reasonably

well re-established by making additions of water, olive oil, sugar, and potato starch -

50 as to match the raw compost analyses available in the litsrature.? Subsequent

N Y N

15

Load

10}

osf-

0 I | ! - | | !
0 80 1680 240 320 400 480
- . XElongation

FIG. 2. Superimposed load/extension recordings from an “Instron™ tensile testing machine
showing the progressive reduction in breaking energy of LDPE film after exposure to warm

compost. (a) control; (b) 6 weeks; () 7 weeks; (d) 9 weeks; (e) 11 weeks (f) 13 weeks, N

6-2).
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97
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FIG. 3. Density of LDPE film a
12 weeks. These density gradient
. -steep increase to a platean,

fter exposure to warm compost environment for periods upto
column measurement show an induction period followed bya .

comparisons with the full size plant were very encouraging. The polyethylene sam-

ples were introduced as sheets 150 X 100 x 0.075 mm cut from film extrusions
* blown in the laboratory using an ICT polymer grade Q3188 which is substantially

free from additives and has a density of 910 kg m~3 and melt flow index (MFI) 2,

Quantitative Examination of Samples

At regular intervals sample sheets were removed from the composting drum,

- washed in deionized water, and used for the cutting of standard tensile strength .
Specimens. The ultimate tensile strength(UTS)decreased steadily with time although ~°
initially, the yield point changed very little, the best “degradation index™ being the
area under the load/extension curve. This is clear from Figure 2 in which six suc- -
cessive Instron autographic tracings are superimposed. From the same sample
sheets small fragments were cut for density measurement using a density gradient
column, The progressive increase in density with composting time reaching a plateau ,
&t 10 weeks is typified by the results recorded in Figure 3. At the end of the experi- . .*
mental period the final samples were washed and examined for peroxide content by -
solvent extraction with isopropanol in an all glass Soxhlet apparatus followed by -° .
fodometric titration following the method of Wagner et al.8 In the same way LDPE '

film samples recovered from the Dano unit were examined for extractable peroxides .-
and the results, tabulated as active oxygen content, were as follows:

) . Sample identigz Active oxygen, %
LDPE film ex laboratory composter 0.0039
LDPE film ex Dano composter . . - 0.0059 -
Control, solvent only 0.000019




e

o

DEGRADATION OF PE IN COMPOST BURIAL 285

100} | I | | | | i | N

80

Teana)

40

20

1 ] | ]

!
4 3 2 18 1 14 12 10 08
-w?'em"

oL ! |

FIG. 4. IR spectrum of compost exposed LDPE shest (in the Dano unit) showing three new
peaks, “a" being identifiable as associated with the carbonyl group.

The samples of the film recovered from the Dano unit were checked for polymer

. identity by recording their infrared spectrum; a typical recording is shown in Figure

4. The spectrum is considerably modified from the usual LDPE shape, three novel
peaks are easily discernible, one of which is clearly associated with the presence of
carbonyl groups. ’

CONCLUSIONS

It has been shown that thin LDPE film can absorb lipids from warm com-
posting garbage and that the plastic film is then found to contain significant
amounts of peroxides. At the same time the density increases rapidly after an
initial 5 weeks and reaching a plateau at 11 weeks accompanied by a falling away
of mechanical properties to virtually zero strength at 13 weeks. Although some
loss of strength is attributable to abrasive damage, it is nevertheless reasonable to
see a causal link between autoxidative peroixde generation in the unsaturated fatty
acids of the lipids and the subsequent degeneration of the polyethylene. Because
the autoxidation process is very sensitive to heavy metal catalysis this work is being
extended to *“clean” systems with very pure fatty acid esters.

The author wishes to acknowledge the contribution of Mr. D. K. Lennard, formerly of Brunel
University, whose final year project contained much of the data reported. He is also most grateful
to Mr. J. Anderson, Manager of the Leatherhead Refuse and Sludge Utilisation Plant in Surrey
U.K., and his staff for allowing access to the Dano unit in their charge and for helpful discussions.
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O Sifso Research. Toronto, Ontatia.

—~ \. -"L\.,g' '\-:\,-— Laboratories Ltd. MAW 202
LK%S&:E Ql-]- Telex: 065-28057 Telephone: 416-922-5100

September 24, 1987 C:>

Dr. Wayne Maddever

St. Lawvrence Starch

P.0. Box 1050

Port Credit Postal Station
Mississauga, Ontario

L5G 1E8

Dear Wayne:

Re: . Report Update = Project #86-~A-768 _
Biodegradation of Plastic Films and Bottles

According to the ANSI/ASTM standard test procedures G-21-70 and
G-22-76, we found that LLDPE plastic film containing starch was
susceptible to bacterial and fungal growth and, as expected,
specimens with 15% starch were more susceptible than specimens
with 6% starch. :

It was also observed that HDPE bottles containing 10% starch were
susceptible to fungal growth. :

Yours truly,

DIVERSIFIED RESEARCH
LABORATORIES LIMITED

- Marig] Enriqu A)?/’
Man r,

cal Testing and
Packaging Development

C.C.,. Dr. Don Potts

b

CONSULTANTS TO INDUSTRY




