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Review: Recentlythe critical discussioraboutthe preser
vation of natural resourcesand recycling hasled to the
renewedinterestconcerniry biomaterialswith the focus
on renewableraw materials.Becauseof increasingenvir-
onmentalconsciousnesanddemand®f legislativeautho-
rities, useandremovalof traditionalcompositestructures,
usuallymadeof glass,carbonor aramidfibers beingrein-
forcedwith epoxy unsaturategbolyesteyor phenolicsare
consideredcritically. Recentadvancesin natural fiber
developmentgeneticengineeringand compositescience
offer significant opportunities for improved materials
from renewableresourcesvith enhancedsupportfor glo-
bal sustainability The important feature of composite
materialsis thatthey canbe designedandtailoredto meet
differentrequirementsSincenaturalfibers are cheapand
biodegradablethe biodegradablecompositesirom biofi-
bersand biodegradablepolymerswill rendera contribu-
tion in the 21* centurydueto seriousenvironmentajpro-
blem. Biodegradablepolymers have offered scientistsa
possible solution to waste-disposaproblems associated
with traditional petroleum-derivelastics.For scientists
therealchallengdies in finding applicationswvhich would
consumesuficiently large quantitiesof thesematerialsto
lead price reduction,allowing biodegradablgpolymersto
competeeconomicallyin the market.Today's muchbetter
performanceof traditional plastics are the outcome of
continuedR&D efforts of last severalyears;howeverthe
existingbiodegradablgolymerscameto public only few
years back. Prices of biodegradablepolymers can be
reducedon massscale production;and such massscale
productionwill be feasiblethroughconstantR&D efforts
of scientiststo improvethe performanceof biodegradable
plastics. Manufactureof biodegradablecompositesfrom
such biodegradableplasticswill enhancethe demandof

such materials. The structural aspectsand propertiesof

several biofibers and biodegradablepolymers, recent
developnents of different biodegradablepolymers and

biocompositesare discussedn this review article. Colla-

borativeR&D efforts amongmaterialscientistsand engi-

neersaswell asintensiveco-operationand co-ordination
among industries, researchinstitutions and government
are essentialto find various commercialapplicationsof

biocompositegvenbeyondto ourimagination.

Life cycle of composable, biodegradablepolymers (after
ref.”®)
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1. Intr oduction

Fibre-rinforcedplastic composies beganwith cellulose
fibre in phenolcs in 1908, later exterding to urea and
melamine, and reachingcommodity statws in the 1940s
with glassfibre in unsaturagd polyestes. From guitars,
tennisracquetsandcarsto microlight aircratts, electranic

comporents and artificial joints, composies are finding

usein diversefields. Becauseof increasimy environmen-
tal consciousassand demandsof legislative auttorities,
the manufacture, useand removal of traditional compo-

site structures,usualy mace of glass,carbonor aramid
fibres beingreinforcead with epaky, unsatuatedpolyester
resins, polyuretanes,or phenolics, are consideed criti-

cally. The mostimportantdisadzantageof such compo-
site materids is the problem of convenent remowal after
the endof life time, asthe componats are closelyinter-

connected relatively stable and therebre difficult to

separatandrecycle’. In the moden polymer technolagy

it is a greatdemandhat every materialshouldespecidly

be adapte to the envronment.In order to succeskully

meetthe environmentalandrecyclingproblemsthe DLR

(Deutsckes Zentum fir Luft- und Raumfrt e.V.) Inst-

tute of Structual Mechanics,applying their knowledgein

composie technol@y in a new broacenedway?, devet

opedaninnovativeideain 1989.

By embeddng natual reinforcing fibres, e.g. flax,
hemp,ramig etc. into biopolymeric matrix madeof deii-
vativesfrom cellulose,starch,lactic acid, etc; new fibre
reinforcad materids called bioconpositeswere creaed
andarestill being devebped®. Biocomposiesconsistof
biodegra@ble polymer as matrix material and usualy
biofibre as reinforcing elenent. Since both comporents
are biodegradake, the composie as the integral patt is
alsoexpectedto be biodegradale. Biofibres, i. e., natural
polymes, are geneally biodegradble but they do not

possesshe necessar thermaland mechaical properties
desirablefor engneeringplasics. On the otherhard, the
best engineeing plastics are obtaned from synthetic
polymers,but they are nontbiodegadable A lot of R&D
work hasbeencarriedout on biofibre reinforcedsynthetic
polymers.The conpositesof naturalfibres and nonbio-
degradale synthett polymers may offer a new classof
materiak but are not completdy biodegadable.Govern
ment regulations and growing environmental awareness
throughaut the world have triggered a paradign shift
towardsdesiqiing mateials compatble with the environ-
menf). The biofibres derived from annually renevable
resourcesasreinforcing fibresin both thermophsticand
thermogt matrix composies provide postive environ-
mentalbenefitswith respectto ultimate disposability and
raw materid utilization'®. Auto makers now seestrong
promisein natual fiber reinforcaments?. We find a num-
ber of pubications on natual fiber conpositesin auto
motive applicatong?4, Literature also shows some
reviews on cellulosic as well as ligno-cellulcsic fiber
basedcomposite$™8, Advaniagesof biofibres over tra-
ditional reinforcing materiak such as glassfibres, talc
and mica are”: low cost, low densty, high toughnes,
acceptablespecificstrengthpropertiesyeducedoo wear
reduceddemal and respiratoy irritation, good thermal
properties,ea® of sepaation, enhaicedenegy recovey
and biodegraability. The main drawbackof biofibres is
their hydrophilic nature which lowers the conpatibility
with hydrgphobic polymeric matrix during composie
fabricatiors. The other disadvanageis the relatively low
processg temperaturerequired dueto the possbility of
fibre degradabn and/orthe possilility of volatile emis-
sionsthat could affect composie propertes. The proces-
sing temperaturedor mostof the biofibres are thus lim-
ited to about200°C, althoughit is possilhe to usehigher
temperatuesfor shortperiods®.

The anrual disposalof over 10 milli on tons of plastics
in both the US and EC countrieshasraisel the demand
for means of mamaging this non-biocegradab® waste
stream. The syntetic polymers have displacedmetals
glassesceramicsandwood in mary products,especidy
in the areaof packaging The commality plastics, the so
called “big four” polyethylere (PE), poly(propyleng
(PP),polystyrene(PS)and poly(vinyl chloride) (PVC) in
a variety of forms suchasfilms, flexible bagsand rigid
containershawe rewvolutionized the packagiry industry
However oncethesemateriat are discaded,they persist
in the environment without being degraed thus giving
rise to a multitude of ecologicé and environmentalcont
cerns. The important feature of composie mateials is
that they can be desigied and tailored to meetdifferent
requiremats. Since biofibres are cheapand biodegrad
able, the bioconpositesfrom biofibre reinforcced biode-
gradablepolymerswill rendera cortribution in 215 cen-
tury due to seriousenvironmental problem. Now it is a
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challengefor scientststo exanine the properties of dif-
ferentbiodegradake polymersavaiable in the marketto
makesurewhetheror not they are suitedto be usedasa
matrix systemfor biocompodies. Keefng above facts
into consideation the presentreview article dealswith
the currentdevebpmentof bioconpositeswith a broad
outline of discussbn on structuralpartts of some impor
tantbiofibres,the currentdevelopmenof differentbiode-
gradablepolymerssoasto give a broadideafor the future
R&D activitiesin this challengig field of work.

2. Reinforcing biofibr es

In biocomposdies the biofibres seve as a reinforcemen
by enhancingthe strengthand stiffnessto the resultirg
composié structures.Sourke, origin, natue as well as
physical and chenical composition of differert natural
fibers have beenreviewa?*?%, The conventonal fibres
like glass,carbon,aramid, etc., can be prodwed with a
definite range of propertes, whereasthe chamacterigic
properties of natural fibres vary consderably?. This
dependson whether the fibres are taken from plarnt stem
or leafs?®, the quality of the plantslocatiors??, the ageof
the plant® and the preconditionng?®?”. Depending on
their origin, the natural fibres may be groupedinto: leaf,
bast,seedandfruit origin. The bestknownexanplesare:
(i) Leaf: Sisal, pineappleleaf fibre (PALF), and here-
quen;(ii) Bast: Flax, ramie, kenaf/meta, hempandjute;
(i) Seed:Cotton; (iv) Fruit: Coconuthusk i.e.,coir. The
naturalfibres are lignocdlulosic in nature.Lignocelluo-
sic materiab are the mostabundantenewablebiomaer-
ial of photosyithesison earth.In termsof massunits, the
net primary prodiwction per year is estimated to be
2 x 10" tong® as comparé to synthett polymers by
1.5 x 1 tons. Lignocelulosic materids are widely dis-
tributed in the biospherein the form of trees (wood),
plantsandcrops. Cellulose,in its variousforms, consttu-
tes approxmately half of all polymer utilized in the
industryworldwide?.

2.1 Chemicalconstituentsandstructuralaspects

The major constitients of biofibres (lignocellulose) are
cellulose,hemiceluloseandlignin. The amaunt of cellu-
lose, in lignocelulosic systems,can vary dependag on
the speciesand age of the plart/speces. Celluloseis a
hydrophlic glucan polyme consising of a linear chain
of 1,48-bonded antydroglucase units’® which contains
alcoholic hydroxyl groups. Thesehydroxyl groups form
intramolecularhydrogenbondsinsidethe macromdecule
itself and amongother cellulose maaomolecuesaswell
aswith hydroxyl groupsfrom the air. Therdore, all of the
natural fibres are hydrophlic in natue; their moisture
contentreaches8—12.6%4?. Althoughthe chenical struc-
ture of cellulosefrom differentnaturalfibresis the same,

the degreeof polymerizaion (DP) varies. The mechani-
cal properties of a fibre are significantly relatedto DP.
Bag fibres conmonly show the highest DP among
appoximately 10000 differentnatural fibres™.

Lignin is a phenolt compound, generallyresistantto
microbial degradtion, but the pretreatmentof fibre ren-
dersit suscepble to the celluloseenzymé?®®, The exact
chenical natureof the principal comporent of biofibre,
the lignin, still remairs obscue'®34, The main difficulty
in lignin chemistry is that no method has so far been
edablishedby whichit is possble to isolatethe lignin in
the native statefrom the fibre. Although the exactstruc-
tural formula of lignin in natual fibre hasyet not been
edablished, maost of the functional groups and units
which make up the molecuk have beenidertified. The
high carbonand low hydrogencontentof lignin suggest
thatit is highly unsaturéed or aramaticin chamlcter Lig-
nin is chaiacterizedby its associaté hydroxyl and meth-
oxy groups. Ethylenic and sulfur-containing groups have
alsobeenfoundin ligning®. The chemnical natureof lig-
nin in lignocdlulosic materiabk has been an importart
subgct of studieg®®. Lignin is a biochemical polyme
which functionsasa structural suppot materid in plants.
During synthess of plart cell walls, polysaccharidssuch
as cellulose and henicellulose are laid down first, and
lignin fills the spaceshetweenthe polysaccharie fibres,
cenmenting them together This lignification process
causesa stiffening of cell walls, and the carbohylrateis
protectedfrom chenical andphysicaldamage.Thetopol-
ogy of lignin from differentsourcesmay be differentbut
hasthe same basiccomposition

Although the exact mode of linkagesin biofibre'® is
not well known, lignin is believedto be linked with the
cartohydrate moiety through two types of linkages,one
alkdi sensitive andthe othe alkdi resisant. The alkali
sensitive linkage forms an estertype combination
betweenlignin hydroxyls and carboxylsof hemicelulose
uronic acid. The ethertype linkage occus through the
lignin hydroxyls combining with the hydroxyls of cellu-
lose. The lignin, being polyfunctonal, existsin combina
tion with more thanone neighbouringchain molecule of
cellulose and/or hemicellulse, making a crosslinled
structure. The lignocelulosic matrial possessesnary
active functional grous®® like primary and secondary
hydroxyls, cartonyls, cartoxyls(esers), carbon-caboon,
ethe andacetallinkages.

The chemical compositiors and structural parametes
of somre importart biofibresarerepresentedn Tab.1. As
it is found from Tab.1 the various chenical corstituents
of a specfic natual fibre also vary constderably Such
variation may be dueto the origin, age,retting (mode of
extracton of fibre from the source)processadmted, etc.
Among all the natural fibres listed, coir is observedto
cortain leastamaunt of cellulosebut highestpercentof
lignin.
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Tab.1. Chenical compogdtion andstructuralparameter®f somenaturalfibres

Typeof Cellulose Lignin Hemicellulose  Pectin Wax Micro- Moisture References
fibre fibrillar/spiral conten
wt.-% wt.-% wt.-% wt.-% wt.-% angle(Deg.)
wt.-%
Bast
Jute 61-715 12-13 13.6-20.4 0.2 0.5 8.0 12.6 22,28,37,38
Flax 71 2.2 18.6-20.6 23 17 10.0 10.0 22,28,37,38
Hemp 70.2-74.4 3.7-5.7 17.9-22.4 0.9 0.8 6.2 10.8 22,28,37,38
Ramie 68.6-76.2 0.6-0.7 13.1-16.7 1.9 0.3 7.5 8.0 22,28,37,39
Kenaf 31-39 15-19 215 - - - - 28,40
Leaf
Sisal 67—-78 8.0-11.0 10.0-14.2 10.0 20 20.0 11.0 22,28,37,41
PALF 70-82 5-12 - - - 14.0 11.8 42
Heneaien 77.6 131 4-8 - - - - 28
Seed
Cotton 82.7 - 5.7 - 0.6 - - 43
Fruit
Coir 36-43 41-45 0.15-0.25 3-4 - 41-45 8.0 37,41,44
Tab.2. Compaative propertiesof somenatuial fibreswith conventionalmanmaddibres
Fibre Density Diameter Tensilestrength Youngsmodulus  Elongation References
atbreak
glcm? um MPa GPa _—
%
Cotton 15-16 - 287-800 5.5-12.6 7.0-8.0 45,49
Jute 1.3-1.45 25-200 393-773 13-26.5 1.16-1.5 22,23,37,45,49
Flax 1.50 - 345-1100 27.6 2.7-3.2 22,23,37,49
Hemp — - 690 - 1.6 22,37
Ramie 1.50 - 400-938 61.4-128 1.2-38 22,37,46,49
Sisal 1.45 50-200 468-640 9.4-22.0 3-7 22,23,37,45,49
PALF - 20-80 413-1627 34.5-82.51 1.6 45
Coir 1.15 100-450 131-175 4-6 15-40 22,45
E-glass 25 - 2000-3500 70 25 22,47
S-glass 25 - 4570 86 2.8 22,23,47
Aramid 14 - 3000-3150 63-67 3.3-37 22,47
Carbon 17 - 4000 230-240 1.4-1.8 22,47

2.2 Propertiesof biofibres

The natual fibres exhibit considerdale variation in dia-
meteralongwith thelengh of individualfilaments.Qud-

ity aswell as most of the propertes dependon factors
like size,maturity aswell asprocessig methodsadopted
for the extracton of fibres. The modulus of fibre

decraseswith increasein diameter The propertiessuch
asdersity, electricalresistivity, ultimate tensile strength
initial modulus,etc., are relatedto the internd structure
and chemical composiion of fibres. A conparison of

properties of somenaturalfibreswith conventonal man

madefibres can be obtaned from Tab.2. The strength
and stiffness correlate with the angke betweenaxis and
fibril of the fibre, i.e., the smalkr this angle, the higher
the mechanical properties;the chemicalconstituers and
complex chemical structureof naturalfibres also affect
the propertes consderably Coir shows least tensile

strengthamang all the naturalfibres as listed in Tab.2
which is attributed to low cellulosecontentandconsider
ably high microfibrillar angle as evidencedfrom Tab.1.
Again high tensilestrengthof flax may be attributedto its
high celluloseconentandcompaatively low microfibril-
lar angle.Howeva, it is not possble to correlatethe fiber
strengthexactly with cellulosecontent and microfibrillar
angle becauseof the very complex structure of natural
fibres. Filament andindividud fibre propertiescan vary
widely dependng on the source,age, separatingtechni-
que, moisturecontent,speedof testirg, histoty of fibre,
etc. The lignin content of the fibres influencesits struc-
ture’™, propertest® 9 and morphobgy*®. The waxy
substanes of natual fibres, gererally influence the
fibre’s wettebility andadresioncharateistics™->2.

In tems of specfic strengh, natual fibres canbe conmt
paredwith well-known glassfibres. The breakinglength
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Fig.1. Breakng length versus elongation of some natural
fibers (afterref.?)

versuselongationof somenatual fibresis represetedin
Fig. 1. As observedthe stiffnessof henp is evenhigher
than that of E-glass.The natual fibres showng best
mechaical propertes are to be selectet>® for compo-
site fabricatian. On the otherhandthe low thermal resis-
tanceof naturalfibres doesnot allow an arbitrary choice
of polymersasmatrix mateials. For marufactureof com
positeswith suitablematrix systens, it is very important
to know the degradtion of mechanich properties when
the fibres are expo®d to composie processig tempera
ture between180-200°C for certain time. The tempera
tureresisainceof coir andof differentmaodified jute fibres
hasbeeninvestigaed°"%®, The surfacemodification of
natural fibre improvesthe medanical propeties of the
fibre®®. The studieson degradabn of tensle strengthof
elementaryramiefibres dueto the influenceof tempen-
ture andtime of exposue reveat>® that marufacturing
conditionsat about200°C lasting for a pefiod of 10 min
make the fibres lose neaty 10% of their strength.The
said testswere performed on pure fibres. As fibres are
usually surounded and protectel by the matix when
exposedto heat during the conposite fabrication, the
actualdecreaseof mechanichpropertiess expededto be
lessthanreported.

2.3 Degradationpropertiesof biofibres

The lignocellulosic natural fibres are degraed biologi-
cally becaus®rganismsecognsethe cartohydmatepoly-
mers, mainly hemicelulosesin the cell wall and have
very specific enzyme systens capalte of hydrolysirg
these polymers into digestibe units*®. Fig.2 denon-
strateshow the comporentsof lignocelluloscs interactin
various ways. Biodegadation of the high molecubr
weight cellulose weakens the lignocellulosc cell wall
becausecrystalline cellulose is primarily responsite for
the strengthof the lignocelulosic$?. Due to degradition
of cellulose,the strength getslost. Photodhiemicaldegra-
dation by ultraviolet light occus when lignocelluloscs
are exposedto outside. This degradéon primarily takes
placein the lignin component,which is responsite for

BIOLOGICAL DEGRADATION

Hemicellulose > > > Acessible Crystalline Cellulose > Non-crystalline Cellulose > > > >
Crystalline Cellulose > >> > > Lignin

MOISTURE SORPTION

Hemicellulose > > Accessible Cellulose > > > Non-crystalline Cellulose > Lignin > > >
Crystalline Cellulose

ULTRAVIOLET DEGRADATION

Lignin > > >> > Hemicellulose > Accessible Cellulose > Non-crystalline Cellulose > > >
Crystalline Cellulose

THERMAL DEGRADATION
Hemicellulose > Cellulose > > > > > Lignin
STRENGTH

Crystalline Cellulose > > Non-crystalline Cellulose + Hemicellulose + Lignin > Lignin

Fig.2. Cellwall polymersresponible for lignocdlulosic prop-
erties (afterref.4%)

the charateristic colour charges$?. The surfacebecomes
richerin cellulosecontentasthelignin degradesin com-

patison to lignin, cellulose is much less suscepble to

UV degradtion. After the lignin is degraed, the poaly

borded carbohylrate-rich fibres erode easly from the

suiface, which exposes new lignin to further degradtive

readions. It is importantto note that hermicellulose and
cellulose of lignocdlulosic fibres are degradedby heat
much before the lignin®. The lignin componentcontri-

butes to char formation, and the charredlayer helpsto

insuate the lignocelluloscs from further thermal degra-
dation. Biofibres changetheir dimensons with varying

moaisture content becausehe cell wall polymers contain
hydroxyl and other oxygen-cataining groups which

attract moistue throughhydrogenbonding®™. The hemi-

cellulosesare mainly respondile for moistue sorptim,

but the accesible cellulose,norcrystallinecellulose, lig-

nin, and surface of crystalline cellulosealso play major

roles.Lignocelldosicsshrinkastheylosemoisture.

2.4 Costaspectsavailability andsustainable
developmeinof biofibres

Theworld’s supplyof naturalresourceis beingdeplded,
the demandfor sustaimble and rerewableraw mateials
cortinues to rise. In 1997, approxmately 25 million
metic tonsof manmadefibres (about45 million metric
tons of man-madeand natural fibres) were producd
worldwide®®. So responsite use of availeble natural
fibres has becomean inevitable task for scientsts. In
order to ensurea reasonatd returnto the farmers,non
traditional outlets haveto be exploredfor biofibres. One
suchavenueis in the areaof fibre reinforcedcomposites
Now we canrot only useour natual renevableresources
for applicatonslik e for makingtwines,ropes,cords,etc,
where cheapand synthett PP fibres can be used.The
price for biofibres which are feasble for differentappli-
cationsvariesalot dependingon the changedecoromy of
the countrieswheresuchfibresarewidely available.Jute
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Tab. 3. (a) Compaison of the price of synthaic and natural Tab.4. Costsof wastemanagemetnoptionsin Germany Bel-
fibres(cf. ref2?) giumandThe Netherlandgin US$ perton) (cf. ref.’?)
Fibre Carbon Steel Glass Sisal Jute Coir Option Germany Belgium  TheNetherland
Cost 200 30 3.25 0.36 0.30 0.25 Composting 151 80 60
(US$/kg) Incineration 486 110 135
Modulus/cos 20 6.7 215 417 433 20.0 Landfilling 402 75 105
(GPakg/$)
Eg?ésilggbg)z:??ggfﬂgg))of plant fibres in compaison to glass 3. Blodegradablepolymers
Therising oil priceshelpedto stimulak early interestin

Fibre Pricein compaison Prodution biodegradbles backin the 1970sand concernsover the

to glassfibres (%) (10009 dwindling avaiability of landill sitesare reviving inter-
Jute 18 3600 estsin biodegradale materiab today Tab.4 illustrates
E-glass 100 1200 some typical prices for composting, incineration and
Flax 130 800 landfilling in three Europen countries®. The difference
Sisal 21 500 in cost between the various counties can be partly
CB:anrana ‘11(; 188 explainedby somereasonssuch as a different level of

is the so-alled golden fibre from India and Bangla-
desh¥; coir is produed in the tropical countriesof the
world and India accounts20% of total world production

of coir®¥; sisalplantthoughnative to tropicd andsub-tro-
pical North and South America, is alsowidely grown in

tropicd countries of Africa, the West Indies and Far
East?, Tanzana andBrazil being now the two main pro-

ducing counties’®; Kenafis a crop grown commercially

in the U.S®); flax is mostly plartedin EC althoughnow it

is grown in mary diverseagricultural systens and envir-

onmens throughout the world, as far apartas Canad,

Argertina, India and Russia,and flax fibre accountsfor

lessthan 2% of world consumption of apparelandindus-
trial textiles, despitethe fact that it has a numbe of

unique and beneficia properte$”; henp is originated
from Central Asia, from which it spreadto China,andis

now cultivated in many countries of the tempeature
zoné”; ramiefibres arethe longestand one of the stron-
gestfine textile fibres and mostly availableand usedin

China, Japanand Malaysigf”. For compaison, prices of

some natural and synthetic fibres are representedin

Tab.3a andb. From Tab.3a it is observedhat the price
of natual fibre is very low as compaed to synthetic
fibres. For specific price (modulusper unit price), jute is
the best.In recentyears,pricesof naturalfibres were not
stable,especidly for flax fibres®, beingabout30% more
expeng/e thanglassfibres (Tab.3b). For theseecorom-
ical reasms,a subsitution of glassfibresby natual fibres
seemsnot to be easily reaized. Howeverbiofibres offer
severaladvantags,the mostimportantbeing biodegrad
ibility . Geethammaet al 5% havereportedthe costratio of

some natual fibres as coir:sisal:PALF:jute =

1:15:1.5:2. From the abovediscussionit is found that
costof natual fibres variesa lot dependingon the place
of origin andchangedeconony of thatplace.

technol@y required,environmenté regulatons, scaleof

installation, etc. Biodegmadabé polymers have offered
scientistsa possille solutionto waste-dispsal problems
associatedwith traditional petroleumderived plastis.
First introducedin the 1980s, biodegradale plasics and
polymersas usedin films, molded articles, sheets etc,

comprie amarke thatis still in its infancy.

3.1 Definition

According to Albertssonand Karlson™” biodegradtion
is defined as an event which takes place through the
action of enzymesand/or chemnical decanpositionasso-
ciated with living orgarisms (bacteria,fungi, etc.) and
their secretionproducts. It is also necessar to consider
abiotic reactiors like photodegadation, oxidation and
hydrolysiswhich may alsoalter the polymer before, dur-
ing or instead of biodegrad#don becawse of environmen-
tal factors.Internationalorgarizations,suchasthe Amer
ican Society for Testingand Materids (ASTM) in con-
nectionwith the Institute for StandardResarch(ISR),
the European Standadisation Committee (CEN), the
Internaticnal Standarisation Organisation (ISO), the
Germanlinstitute for Standardiation (DIN), the Italian
Standardiation Agency (UNI), the Organic Reclamatio
and Composing Assocation (ORCA) are all activdy
involved in deweloping definitions and testsfor biode-
gradability in different environnents and compostabit
ity”>7, A standad world-wide definition for biodegrad
able polymersalthough hasnot yet beenestabished, all
the definitions alreadyin place, correlatethe degradail-
ity of amaterialto a specfic disposé&environnentandto
a specific test methodwhich simulates this environment
in a time period which deternines its classificaton’.
Thebasicrequirenentsfor a materid to be declaed com-
postableare basedon: 1. Complet biodegradbility of
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Tab.5. Classificdion of biodegradhle polymerson the basisof materialclass(cf. ref.”®)

Material class Manufacturer Productname
Celluloseacetate Mazzucchdi BIOCETA®
PlanetPolymer EnviroPlastie-Z
Copolyester BASF Ecoflex
Eastman EasteBio™
Polycaprolatone(PCL) BirminghamPolymers Poly(e-capiolactone)
PlanetPolymer Enviroplastie-C
Solvay CAPA®
Union Carbide TONE®
Poly(esteramide) Bayer BAK 1095
BAK 2195
Poly(ethylengerepthalate DuPont Biomaxe®
(PET)-modified
Polyglycolide(PGA) Alkermes Medisorty
BirminghamPolymers Poly(glycolide)
Boehringeringelheim Resomey
PURAC PURASORP PG
PolyhydroyalkanoategPHA) Metabolix PHA
Biomer Biomer™
Monsanto Biopol®
Poly(lacticacid) (PLA) Alkemers Medisorty
BirminghamPolymers Poly(L-lactide) & Poly(L-lactide)
Boehringeringelheim Resomer
Camill Dow Polymers EcoPLA?
Chronopol Heplort™
Hygail PLA
Neste Poly(L-lactide)
PURAC PURASORP PL/PD/PDL
Poly(vinyl alcohol)(PVOH) Idroplast Hydrolene
Novon Aqua-NOVON®
PlanetPolymer Aquadrd"
TexasPolymer Vinex™
Starch& starchblends AVEBE Paragof
BioPlastic(Michigan) Envar
BIOTEC Bioplas®P, Bioflex®, Biopur®
BunaSowLeuna Sconaceft
EarthShell Starch-basedompogte
MidwestGrain Polytriticum™ 2000
Novamont MaterBi™
Novon Poly-NOVONe
StarchTech ST1,ST2,ST3
Otherblends Alkermers Medisorty

Bio Plastic (Colorado)
BirminghamPolymers

Boehringer
PlanetPolymer
PURAC

Biocompositematerial
Poly(pL-lactide-co-caprolactone)
& Poly(pL-lactide-co-glycolide
Resomey

EnviroPlastie-U

PURASORP PLG,
PURASORP PDLG

3  Reproduedwith permissiorfrom Mar Tech,USA (Website:http://www.Mar Tech-Repais.com).

the material, measuredy respiranetric testslike ASTM
D5338-92 ISO/CD 14855 and corresponohg CEN draft
or themodified SturmtestASTM D5209,in atime period
compatble with the composing techrology (some
months);2. No adveseeffectson compostquality andin
particular no toxic effects of the compostand leachates
on the aquaticandterrestal organsms;3. Disintegation
of the material during the fermentaion phase4. Cortrol

of labaratory-scée results on pilot scale conposting
plans.

3.2 Classification

The classifcation of biodegadablepolymerson the basis
of materialclassis represeted in Tab.5. Biodegradake
polymersmay be classifiedas:biosyntetic, semi-biosyn
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thetic, and chenosynthett type. Steinbichel® hasstud-
ied the useof biosynthett, biodegadablethermophstics
andelastanersfrom renevableresairces.Almostall bio-

synthetic polymers which are readily available from

renewale resoures are biodegradhle within a reason-
able time scale.Many semibisyntheticand chemosyn
thetic polymers are also biodegradhle if they contain

chemical bondswhich occu in naturalcompounds. Thus
biodegradbility is not only a function of origin but also
of chemicalstructureanddegradig environments.

3.3 Importanceof biodegradablgpolymersfrom
renewablaesouces

When a biodegra@dble mateial (nea polymer, blended
produd, or conposite) is obtained conpletely from
renewale resourceswe may call it a green polymeric
materid. Biopolymers from rerewable resoures have
attractedmuch attertion in recent years”. Renavable
sourcesof polymeric materids offer an answerto main-
taining sustanable devebpment of econonically and
ecolaically attractve techrology. The innovatiors in the
devebpmentof materiak from biopolymers, the preser
vation of fossil-basedaw materials, complet biological
degradaliity , the reducton in the volume of garbag and
composability in the naturalcycle, protedion of the cli-
matethroughthe reductionof carbondioxide released,as
well as the apgication possbilities of agricultual
resourcs for the production of bio/greenmaterids are
someof thereasonsvhy suchmatrialshaveattractedthe
public interest®. The life cycle of compostablebiode-
gradabé polymersis represeted in Fig. 3. The use of
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Fig.3. Life cycle of composable, biodegradablepolymers
(afterref.’®)

agricultuial mateials and biomasshasbeenreviewedby
Mulhaupt® who has concludel that, although Germary
is at the forefront of greentechnol@y and a wide range
of biodegradale pharnaceutcal and novel surfactam
materiak can be made from renewabé mateials, it is
only as comporents of packaging and as natural fibre
composies that these materiak are currently viable in
terms of price and performance.The effect on the US
economyof substiuting prodiction of corn-basedpoly-
mer resihs for petrokeum-basd polymers hasbeenana-
lysedby Beachet al &%

3.4 Structue, synthesisind propertiesof
biodegradablgolymers

The beststartingpoint for a correctapproacho the pro-
ductionof bioconpositess to knowthe structure proper
ties, and function of biodegradake polymersvery well,
andalsohow they intercombineor interactwith different
natural fibres in the formation of bioconposites.Struc
tural aspectsand propertes of somenaturalfibres have
alreadydiscussedn Secton 2. In this sedion the struc-
ture, synthesis,and propertiesof somre biodegradale
polymersaresunmmarized

3.4.1 Aliphatic polyesters

Structual effects on the biodegraation of aliphatic
polyestes have beenreported®. Aliphatic polyestes as
biodegradhle structuralmateials are classifed into two
types regarding the mode of bondirg of constituen
monomes, i. e., polyhydmoxyalkaroates,which are poly-
mersof hydroxy acids,HO-R-COOH, asrepeating units
and poly(alkylenedicarboylate)swhich are syntheized
by polycordensabn reacton of diols and dicarboxyic
acids.Again hydraxy acidsare classifiedinto a-, - and
w-hydraxy acidsin resgectof bondingpostion of the OH
groupfrom the COOH endgroup All suchstructuresare
represergdin Fig. 4.

i. Poly(a-hydroxy acid) such as poly(glycolic acid),
PGA, or poly(lactic acid), PLA, are crystalline polymers
with relatively high melting point. Although recently
microomanismsor enzymesthat can degade PLA have
beenreportedthe numbe of carbon atomsbetweenester
bondsin the main chainmay be responsike for the major
nonenzymat hydrolytic degradabn of poly(a-hydroxy
acid). Recetly PLA hasbeenhighlighted becauseof its
availabiity from renewabé resouceslike corn.PLA is a
hydrophdic polymerbecausef the incorporationof the
—CHs; side groups when compared to PGA. PLA is
synthegzed by the condenston polymerization of D- or
L-lactic acid or ring opening polymerization of the lac-
tide. Advancel industrial techrologiesof polymerizaion
have been devdoped to obtain high maecular weight
pure PLA which leadsto a potental for structuralmateri-
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als with enoughlifetime to maintain mechanical proper

ties without rapid hydrolysis evenunderhumid environ-

ment,aswell asgoad conpostabiity. The physical prop-
erties and biodegradibilty of PLA can be regulatedby

employinga comonaner comporent of hydroxy acidsor

racemizaibn of D- or L- isomer whereasPLA homopoly

mer suchas poly(L-lactic acid) (PLLA) is a hard,trans-
parentand crystalline polymer having a melting point of

170-180°C and a glasstransition temperatue of abaut

53°C8, PLLA, a highly crystalline polymer is more

resistanthanPGA to hydrdysis dueto the methyl substt

tuent’s sterc shieldirg effect of the estergroup. PLA is

primarily usedfor medcal applicationsincluding sutures,
drugdelivery, vascuar grafts,artificial skin, andorthope-
dic implants®. Syntheic biodegradale PLA, PGA, and
copolymes of these,have been manufatured for bio-

medicalapplicatonssincethe 1970s.

A newrangeof PLA biodegradble polymersis being
offered by Camill Dow Polymer$®. All PLA resinsare
manufatured using renewable agricultural resourcs,
suchascom or sugarbeets.They areconmposedof chains
of lactic acid that are producedby convertng starchinto
sugarwhich is thenfermented By remo\al of waterlac-
tide is formed which is then conveted into PLA resins
throughsolventiree polymeization. Cagill Dow is con-
fident that the new PLA polymerswill conpetesuccess
fully on a cost-peformancebasiswith certainpolymers,
like polyethylere, poly(propylene)andpolyester Cumrent
commerci& applicationsinclude compostablefood and
lawn wastebags,yoghurtcartons,seedingmats andnon
wovenmulchto prevert weedgrowth.

DuPonts biodegradake Biomax copolyester resin, a
modified form of PET, waslaunchedin 1997. Its proper
ties, accoding to DuPont,are diverse and customisale,
but they are geneally formulatedto mimic polyettylene
or poly(propyleng®®. Becauset is basedon PETtecmol-
ogy, and can be produed on commercial lines, DuPont
believesthat Biomax is only maginally more expensive
to producethan PET itself, and signficantly cheagr to
producethan other biodegradble polymers. Biomax has
arelativdy high melting point for a biodegadableresin,
of araund 200°C, which accountsfor its wide range of
procesig options.As a modified PETit canalsobe pro-
cessemdn equpmentsdesigqiedfor the standardpolymer
It canbe mack into film s, fibre and non-wovens,aswell
as being thermobrmed and injection moulded. Biomax
hasa broadrange of potentid appicationsincluding sin-
gle-useproductssuch as geoextiles agricutural mulch
films, seedmats,plant potsandbagsfor coverirg ripen
ing fruits, disposableplates and cups, wase bags, etc.
Biomax canberecycled,incineratedor land-filled, but it
is intendedmainly for disposl by composing andin-soil
degradabn. It is hydro/biodgradableasit mustundego
hydrolysisfirst beforebecaming biodegradble. Thelarge
molecuks are split by moisture into smaller molecules

which areconsumedandconveredto carbondioxide and
water by naturallyoccuring microbes

ii. Poly(f-hydroxyalkanoate)s (PHAS), which are
synthesizedbiochemically by microbial fermentationand
which maybeproducel in the future by transgeit plants,
representnatural polyestes. Bacteriacamefirst and are
still the only real sourceof thesepolyesters;it will still
require somemore yeass reseach until transgaic plans
will be available for production.Poly(B-hydroxybutyratg
(PHB) (commecial hame Biopol®) is a biotechnolai-
cally producel polyesterthat constitutesa carbonreserve
in a wide variety of bacterid” and has attractedmuch
attention asa biodegradble thermopéstic polyestef>=5"),
It can be degra@d to water and carbon dioxide under
envronmenté conditionsby a variety of bacteriaandhas
much potential for apgications of environmentally
degadableplastics®®. However it suffers from somedis-
advantages compaed with conventonal plasics, for
exanple, brittlenessand a narrov procesability win-
dow®®. To improve thesepropeties, various copolymers
containing hydroxyalkaroateunits other than 3-hydroxy-
butyrate (3HB) havebeenbiosyntheized. PHB andthe
copolymer,  poly(3-hydrakybutyrae-co-3-hydmoxyvale
rate) (PHBV), are prodwedby Monsantoand sold under
thetradenameBiopol®. PHBV polyme's were first manu-
factured® by ICI in 1983andwereoriginally intendedas
biodegradale substiutes for oil-based polyolefins in
films, bottles and plastc continerg?. The actual and
potential usesof PHB and PHBYV for motor oil contan-
ers,film formation andpapercoding materiak havebeen
reviewed?. In 1990 the marufacture of blow-moulded
bottles using Biopol® for packajing shanpoo wasstared
in Gemanyby Wella AG, Damstadt.The rangeof possi
ble usesof Biopol® polymers have beensummaized by
Amasset al®® PHBVs are highly crystalline polymers
with melting pointsandglasstransiion temperaturesimi-
lar to poly(propyleng (PP¥¥. Due to characteistics of
biodegradallity through nontoxic intermediates and
eay processabity, PHBV polymersarebeingdevebped
and commercidized asided canddatesfor the substiu-
tion of non-biodgradablepolymeric materids in com-
modity applicatorn®®>. However the prohibitive cost,
the small differerce betweenthermal degradtion and
melting temperaure and especidly the low impactress-
tane around the room temperatue and below, due to
high crystallinity and relaively high glass transiton,
hawe preventedts larger commercialapplication.

With all melt-processegbolymersthereis the possibility
of thermaldegradabn attenmperaturesn theregionof the
melting point (in caseof PHB, melting point ascalcuated
is 180°C)%. PHB is knowr?*®?to be susceptile to ther
mal degradtion at tempeaturecloseto its melting point.
This degradabn occursalmostexclusivel via a random
chan scissionmechanisminvolving a six-membereding
transition staté®%), LehrleandWilli amg®Y havereported
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Chemical structure Examples

R O R =H, Poly(glycolic acid), PGA
! I
4+ 0-CH-C-}, R = CHa, Poly(L-factic acid), PLLA
Poly(a-hydroxy acid)
R = CHj3, Poly(B-hydroxybutyrate), PHB

R o]

! il

£ 0-CH-CH;-C—},
Poly(B-hydroxyatkanoate)

R = CHj, C;Hs, Poly(B-hydroxybutyrate-co-
valerate), PHBV

CHy 0 CoHs o
| I [ 1l
4CH - CHy — C- O Jr—f= CH~ CH, ~ C~ 0 3y
(FIB) HVv)

(PHBV co-polymer conaining 3HB and 3HV
units)

I(f) x =5, Poly(e-caprofactone), PCL

40 - (CHa)x - C
Poly(w-hydroxyalkanoate)

x =2, y = 2, Poly(ethylene succinate), PES

o] o x =4,y = 2, Poly(butylene succinate), PBS
i 1l x =4,y = 2,4, Poly(butylene succinate-co-

~f O = (CHy), - O - C — (CHy)y - C —a | butylene adipate),PBSA

Poly(alkylene dicarboxylate)

Fig.4. Unit structuresof typicd typesof biodegradablalipha-
tic polyesters

that under certain conditionsrandom chain scissioncan
not be respnsible exclusivey for the formation of the
observediegadationproducts.n particuar, it wasshown
thatprimaryprodwtsareinvolvedin anumberof seond-
ary reactonsandisomeriationsand,indeed thattetraner
is formed principally asa resut of suchsecondry reac-
tions'%2, Thetwo monomerunitsi. e., 3-hydroxypentaric
acid (trivially known as 3-hydroxyvaleric acid or 3HV)

and3-hydroxybutyricacid (3HB) of PHBV copolymerare
shownin Fig. 4. The copolymercanbe produce by add-
ing propionicacidto the nutrient feedstocksuppliedto the
bacteria.The copolymercomposiionscontainingupto 30
mol-% of 3HV canbe produ@d by contrdling the feed

stock and the conditions. Biopol® is also producedcom:

mercialy by afermentationprocessisingglucoseandpro-
pionic acidascarbon sourcedor themicroogansms.The
mole perentageof valerat in the polymersampleis lim-

ited by thetoxicity of thepropionicacidto themicroomgan-
isms used Alcaligenes eutrophug®. Howe\er, polymers
with compositiors up to 95 ma-% 3HV hawe been
obtainedby addng controlled mixture of pertanoic acid
andbutyric acid to the feedstock®%), The copolymeris
believedto possesanalmostcompletly randomdistribu-
tion'%>-1%) The comonomerreducesthe crystallinity and
alsothe melting point of the homaolymer The meling
point (Ty,) of the copolymerdecreasgfrom the calculaed
180°C with increasng 3-hydroxywalerate content and
reacles a minimum value of 75°C at approxinately 40
mol-% 3HV. Again, asthe 3HV conentincreasesowards
pure3PHV, the melting pointincreasesthus at 95 mol-%
3HV the melting point increasesto 108°C?%106.108) The
impact strengh®®, flexural modulus®), melting tempea-
ture!®®), andtherate of crystallization*® of PHBV copoly-
mershavebeenshown to be regulated by the contentof
3HV units.

There are not only poly(f-hydroxybuyrate) and the
copolymerof 3-hydroxyhutyrate with 3-hydroxyvaleiate
that are prodwced by baceria, other bacterial polyesters
are also available. Steinbuclkel and ValeninV have
reviewedthe diversity of bacteial polyhydroxyalkanoic
acidsin which an overviewis provided on the diversity
of biosynhetic polyhydroxyalkaroic acids, and all
hitherto known consttuents of these microbial storage
compounds. The occurenceof 91 differenthydroxyalka-
noic acidsrefleds thelow substra¢ specifidty of polyhy-
droxyalkamic acid synthegswhich arethe key enzymes
of polyhydroxyalkarpic acid biosynhesis.Inspite of the
excitemen of morethan 90 differentconsttuentsof bio-
syntheticPHA, the commercial exploitation of this vari-
ety remainslimited, sinceonly very few PHA are avail-
ablein sufficient amauntsto allow the evaludion of the
physical, chemcal and biological material propertiesof
thesepolyestes. Microbiologists can contibute signifi-
cantlyin the nearfutureto solvethis dilemma.

iii. A Poly(w-hydroxyalkanoate) such as poly(e-
caprolacbne),PCL, is a pattially crystalline linear poly-
esterwith alow T, of —60°C anda low T, of 60°C. It is
producel by seveal marufacturersjncluding Union Car
bide, Solvay and Daicel. PCL is preparedfrom cyclic
estermonomer lactone, by aring-opening readion with a
catalystlike stannousoctaroate in the presenceof an
initiator that cortains an active hydrogenatonf?. PCL is
atoughandsemi-rigid materid at roomtemperaturehav-
ing a modulusbetweenthose of low-density and high-
density polyettylene. It has been shown that PCL is
degradedy enzymeslipases,secretedrom microoigan-
ismgt2113), Currertly, most of its apgications are not
relatedto its biodegadability PCL is conpatible with
many organic materids and polymersandthusit is used
in manypolymerformulationsascompatbilizers. Its low
Ty (high chan flexibility) leadsto its useas soft blocks
for segmentedpolyurehanes.Recentfindings showing
thatPCL canprovidewaterresistancen stard-basedor-
mulationsmay leadto future appication of large quanti-
ties of this polymer in this ared?.

iv. Poly(alkylene dicarboxylate) type of biodegrad
able aliphatic polyestes has beendevdoped by Showa
Highpdymer under the trade name *‘Bi onolle”. Different
grades(Fig. 4) of Bionolle are: polybutylene succirate,
PBS (#1000 series),poly(butylere succirate-co-buglene
adipate),PBSA (#3000 series)and poly(ethylene succi-
nate), PES (#6000 series).Bionolle polymers with high
molecula weight ranging from severaltensto several
hundreals of thousand were inventedin 199 and pro-
ducedthrough polycordensatiorreactionof glycols (such
as ethylene glycol and butaneddl-1,4) with aliphatic
dicarboxylc acids(suchassucciric acid and adipic acid
and others}*>17, In cae of needof higher molecubr
weight, coupling reacton is carried out with a small
amountof coupling agentsas chain exterders'®19, As
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reportedby Fujimaki'®, Bionolle is a white crystalline
thermoplatic with melting point of about 90-120°C
(similar to LDPE), glasstransitiontempeature of about
-45to —10°C (betwesn PE and PP), density of abaut
1.25g/cn® (similar to PET), tensik strengthbetweenPE
and PR stiffnessbetweenLDPE and HDPE and heat of
combustdn below 6 kcallg, i.e., aboutone half of poly-
olefins. Bionolle hasexcelent procesability and canbe
procesed on polyolefin processig machinesat tempeg-
ture of 160-200°C, into various prodwts such as
injected, extruced and blown oned®*-1%) A new grade
Bionolle (coded#1900 series), which hasa long chain
branch,and high recrystllization rate, has beendevel
oped,to enableto preparestreched blown bottles and
highly expandedbottlesaswell asfoamg?®, The biode-
gradability of Bionolle polymers dependsupan their
structuresand also the environmentin which they are
placed Biodegralability of different gradesof Bionolle
buried in activaed sludges, soils and composthasbeen
studied*?”. As per the findings, Bionolle #3000 showed
the bestbiodegradbility in soils and a compost while
Bionolle #6000 showed besthiodegradabity in activated
sludged®. Fujikami'?®® has reported the potential and
nearfuture applicationsof Bionolle.

3.4.2 Polyestelamides

Aliphatic polyester amides have been suggeted and
recently investigaed as a potential family of polymes
with goad mectanicalandtherma propertiesaswell as
processg facilities and suscepbility to degrada
tion'?8129, A seies of biodegradhle aliphatic polyester
amidesderivedfrom 1,6-hexaediol, glycine, anddiacids
with avariable numberof methylene groups(from 2 to 8)
hasbeensynthe&ed and charaterized®®. The synthess
andsomephysicoclemical propertesof polyesteramides
derivedfrom 1,6-hexandiol, sebacicacidandana-amino
acid suchasglycine, alanineor phenylalaninehavebeen
reported®”. Saotomeet al.**? havesynthe&zed a seriesof
polyesteramideshasedn 1,2-ethaediol, adipc acid, and
an amino acid asglycine, leucine,or phenyhlanine.The
degradabn studieswith proteditic enzymegqchymotrip-
sine and elasta®) indicatedthat only the polyme's con
taining glycine were not degradedby any of the tested
enzymesThey alsoreported® thatinclusion of phenyt
alaninein the glycine-derived polyesteramiesenhaices
their degadability with chymiotrpsine As repoted by
Paredegtal *?the polyeste amidesderivedfrom diadds
with a high numberof methylenegroups possesadequate
molecubr weightsto give film- andfibre-formingproper
ties. Again the decanpositiontempegturesof suchpoly-
esteramideswere always higher than the corresponihg
melting tempeaturessuggestinghat thesepolymers can
be processedrom the melt. Enzymaticincubaton with
papaindenonstratel the biodegraability of all the poly-

eder amides of the series. In all case, the polymers
showedahigh suscegpbility to enzymatt degadation.

On a call from the Govenment of Germary for
reseach and devebpmenton biodegradale thermopla-
tics with goad perfaomanceand procesig behavior in
1990"*Y, Baya presentedits first grade of polyeste
amide (BAK 109%) to the pullic, five yearslater®®. Dur-
ing 1997 Bayer, launchedanothergradei.e. BAK 21%.
BAK 1095is basedon capiolactam(Nylon 6), butanediol
andadipc acid, whereasBAK 2195is synthefzed from
adipc acid and hexametlylene diamire (Nylon 6,6) and
adipc acidwith butanedbl anddiethyleneglycol asester
components Sincethe produdion procesof BAK is sol-
vert- and halogenfree, the polyme is free of halogens,
aromatic compounds and toxic heay metals Although
the procesig conditionsaresimilar to polyolefinst®¢:137,
the biggestdifferencebeing the shapeof the granuks,the
granulationtechniqwe is under constint devebpmentby
Bayer to reachat easly processiblegranubes.BAK 10%
has mechanich and thermal propertiesresemhbing to
those of polyethylene=®. The resinis also notedfor its
high toughressandtensilestran at break.It canbe pro-
cesedinto film andalsointo extruded or blow-moulded
pats. It is suitablefor thernoforming andcanbe colored
printed, hot-seatd and welded. The crystallisation tem:
perature of BAK 1095is 66°C and it crystallisesrela
tively slowy andsoit is notidealfor injection moulding
BAK 21% resh is ananinjection-mailding gradebiode-
gradablethernoplasticthat exhibitsgreaterstiffness.This
resn hashigher melting point (175°C) than BAK 10%
(m.p. 125°C) andalsohigher crystallisgion tempeature,
i.e., 130°C. The propertyprofile of BAK 2195 canalso
be extendedhroughthe addtion of fillers andreinforcing
subsancessuchasstarch,natual fibres, wood flour, and
mineral$®. The combired performance of both BAK
gradesandthe compoundsopena wide rangeof apgica-
tions like disposble plant pots, agricukural films, bio-
wase bags, plant clips, cemeery decoratbn, one-way
dishes and others. BAK 10% breaksdown into water,
carton dioxide, and biomassunder aerobic conditions.
The degradabn rate is companble to that of othe
organic materials that are composted®. All the biode-
gradability testd**'49 denpnstratethe complete biode-
gradability of BAK 1095 andsimilar testsfor BAK 21%
arein proces$®).

3.4.3 Starchplastics

Starchis producel in plarnts and is a mixture of linear
amylose (poly-a-1,4-D-glucopyranoside) and branchel
amylo-pecin (poly-a-1,4-D-glucopyramsideanda-1,6-D-
glucopyraroside). The amaunt of amyloseandamylopec
tin varieswith the source . The chemicalstructureof amy
loseandamylopectinis shown in Fig. 5. The exactstruc-
ture of stard granuksis not yet fully understood Amy-
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Fig.5. Chenical structureof some biodegradhle polymers:
amylose amylopeetin andcellulosediacetate

loseis the minor comporent of starchrangingfrom 20 to
309%“Y. The amylopectirs arerespondile for the crystal-
line properties of starches The relative amaunts, struc-
tures and molar massef amyloseand amylopectin in
starchesaredeternined by mears of geneic andenviron-
mentalcontrol during biosyntheis, andhencewide varia-
tion occus ammg plart raw materials. Corn is the pri-
mary sourceof staich, althoudh potato, wheatand rice
starchalso have markets in Europe and USA2). Up to
US$ 1.8 x 10" worth of corn is producedin the USA
annually*¥. Starchis one of the leastexpens/e biode-
gradabé materiak availablein the world markettoday. It
is a versatile biopolymer with immerse potentid for use
in the non-food industries. Of the 6.8 million tons of
starchproducedin Europe annually approxmately 20%
is usedin non-foa industrie$*Y. Howeverfrom a recent
report® it is found that, starchis industially processd
with a volume of almost7 million tons/yearin Europe,
and nearly 50% of the starchprodwedis usedfor non
food applicatons.

Starchcorvertedto thermophsticmaterial (starchplas-
tics) offers an interesting alternative for synthetc poly-

merswherelong-term durability is not neededand rapd
degraddbn is an advantag. The properties and apgdica-
tions of starchand starch plastics hawe beenreviewed
recentlyby Shogrei*. Stach canbe made thermoplatic
throughdestruturizationin presenceof specificamounts
of plasticises (water and/or poly-dcohols) in specific
extrusion conditions®. Themoplastc starch prodicts
with different viscosity water solubility and water
absorpton have beenprepare by altering the moistue
content,amylose/amyopectin ratio of raw product and
the tempenture or the pressurein the extrudert44-148)
Thermopastic stard alone can be processeds a tradi-
tional plasic; howe\er, its sensitivityto humidity, makes
it unsuitalbe for mary appications. The thermoplatic
starchalore is mainly usedin soluble compostablefoams,
suchasloose-fillers,expandedrays,shapemouldedparts
and expanded layers, as a replacenent for polystyrene
BIOTEC of Germary hasconduded promisingresearch
anddevdopmentalong the lines of starch-lasedthermo-
plastic matrials. The companys three prodict lines are
BioplasP granuksfor injection mouldng, Bioflex® film,
and Biopur® foamed starch. Starch-lased biopolyme
thermoplatics include, in particular thermoplastic
starches(TPS®)**? and the group of polymer blends of
thermoplatic starcheswith additional polymer conmpo-
nentslike aliphatic polyestes e.g. polycaprdacton and
bionolle, poly vinyl alcotol, polyladic acid, copolymer
from aliphatic diolin and aliphatic as well as aramatic
dicarbon acids together with especidly biodegradale
polyesteamides®. Theresearchesultsfor TP bioplas-
tics andtheir prodiction processsare protectal by inter-
nationalpatenrs or havepatets pendirg'®*-*%%) Underthe
MaterBi trademark,Novamontof Italy today produces
four classeof biodegradblemateriasz, Y, V, andA, all
containing starch and differing in synthetic conpo-
nent$¥. Eachclassis avalablein severalgradesand has
beendevebpedto med the needwf specificappications.
The current prodwction capadty of Novamontis 8000
tons/year MaterBi canbe processedising conventonal
plastic techrologies such as injection moulding blow
moulding film blowing, foaming, thermofaming and
extrusian. The physicalmectanical propertiesof Mater
Bi aresimilar to thoseof convenional plasticslike poly-
ethyleneandpolystyrene Mater-Bi is not only recyclable
but also as biodegadableas pure cellulose. The biode-
gradability of Mater-Bi prodwcts has been measued
accordirg to standad testmethodsappoved by Interna-
tional Orgarizations (ISO, CEN, ASTM). The compost
ability of someMater-Bi gradeshasbeencertified by the
“Ok Compost labd. Mater-Bi can be usedin a wide
range of applicationssuch as disposble items (plates,
cutlery, cuplids etc.), packaging (wrappirg film, film for
dry food packaging, board lamination etc.), statimery
(pens, cartridges, pencl sharpenes etc.), personalcare
and hygine (sarntary napkirs, soluble cotton swals etc)
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anda lot otherslik e toys, shogping bags, mulch film etc.
Variousstard plasics with differenttrade namegTab.5)

arenow availablein the market BunaSow Leuna(BSL)

of Germary hasdevdopeda line of biodegradble poly-

mersbasedon ederified starchwith thetrade namesSco

nacell S, Scahacell A, and SconacellAF. Compaed to

common thermopéstics, howeve, biodegradake pro-
ducts basedon starch still reveal many disadvanages
which are mainly attributed to the highly hydrophilic
charater of stard polymes. Inspite of many positive
results thermoplatic starch-lasedmateriak arestill atan
early stageof developmehandthe markes for suchpro-

ductsare expectedto increasein future asthe properties
aremoreimproved pricesstill decline,andaninfrastruc-

turefor conmpostingbecanesmore estabished.

3.4.4 Celluloseacetate

Celluloseesters,e.g., celluloseacetate(CA) are consid-
ered as potentally useful polymers in biodegradale
applicatong®-¢? CA is a modified polysacchdde
synthegzed by the reacton of acett anhydide with cot-
ton linters or wood pulp. The structureof cellulosediace-
tateis represerdd in Fig. 5. The productian of cellulose
estersfrom recycledpaperand sugarcanehasalsobeen
demonstrad®Y. Historically, therehasbeenconsiderable
confusionregardingthe biodegraddbn potential of CA.
It was generdly accepéd that cellulose esterswith a
degreeof subsitution (DS) lessthan 1.0 will degrade
from the attack of microorgansms at the unsubstitited
residuesof the polymers,and that the ethe linkages in
the cellulose backbone are generallyresistantto micro-
bial attadk621%%), |t is alsoreportedthat CA is a poar sub-
strate for microbial attack®®. Early evidenceas to the
biodegradton potental of CA is reportedby Cantorand
Mechale'®® who demonstated that reverse-osrosis
membranesprepared from CA with DS = 2.5 suffers
lossesin semipermehility dueto microbial attack Gard-
neret al.**® showal, basingon film disintegrationandon
weight loss, that celluloseacetateshaving DS lessthan
approximately 2.20, compostat 53°C and 60% moisture
at ratescompaable to that of PHBV. Komarek et al.**®
providedvia aerobicbiodegadationof radiolabeledCA,
thatin CA with a DS of 1.85 morethan80% of the origi-
nal **C-polymeric carton wasbiodegradedo **CQO,. The
studies on biodegraddon of CA although have been
given much attentionin recer times; scarceattertion has
beenpaidto the biodegradabn of formulated resinscon-
sisting of cellulose acetateand diluents. This shouldbe
takeninto accountseriously asthe melt processg tem
perature of the cellulose acetatesexceedsthat of its
decompaition temperature which implies that mostcel-
lulose acetags mustbe plasicized if they areto be used
in thernmoplastic apdications'®®. Effect of plasticizeron
biodegradton of CA films hasbeenreported by Jiang

andHinrichsert®”. In thatwork, biodegadationof plasti
cized cellulose acetae (PCA) film was evalwatedby the
ways of percent corversionof carton to CO,. A strong
lossof 20%in weight occured within the first two weeks
of degadation. It was concludel that the fractions of
lower molecubr weight or lower subsitution portion of
PCA were biodegradedand removed preferenially from
the film. CA of various DS arenow being widely usedas
films andcoafings. Commaecially avaiable CA hasa DS
betweenl.7 and 3.0. CA films have a tensle strengh
comparableto polystyrenewhich makesthe polymer sui-
table for injection moulding®. CA is usedto prodwce
clearadhesivdape,tool hardles,eyeghssframes,textiles
and related materiak. Mazzuwchelli of Italy and Planet
polymer of USA marufacture biodegradble plasics
basedn celluloseacetae under thetradenames,BIOCE-
TA® andEnviroPlsstic® Z respectively BIOCETA® is tar-
getal for the manufatures of biodegradale packagim
films, retractdle films, tubes, and continers for oils,
powdkrs, and other products.EnviroPlastic® Z mateials
arealsoaimedat usein produds in the packaying andthe
industrialmarkets.

3.4.5 Soyplastic

The prodiction, structure, and composition, physico-
chemical properties, processig for plastics, industrial
apdicationsandbiodegradble natue of soy proten bio-
polymer hawe beenreviewed®®. In US, soykeansprovide
over 60% of thefatsandoils usedfor food andthe major
ity of the feed protein. Soybeangypically containsabout
20% oil and40% proten. Proteinlevels ashigh as55%
hawe beenobservedn soyteans.Soybeangonsst of dis-
crete groupsof proteins(polypeptides)that spana broad
range of molecular sizesand are compiised of approxi-
mately 38% of non-polar non-reactve amino acid resi-
dues, while 58% are polar and readive. Modifications
that take advantageof water solubility andreactvity are
expoited in improving soy protein for usein plastics and
other biomateriab'®®1%, Soy proten plastics of different
compositiors have been preparedby injection mould
ing'™". Compressionmoulding is alsousedfor soy plasic
processingLessthan0.5% of the availeble soy proteinis
usedfor industial product$’> ", Soy protein hasun-
usud adhesie propertiesSoy plasics havebeenusedfor
marufacturing automobié parts by Ford company®®.
Dried soy plasics display an extrenely high modulus,
50% higherthanthatof currertly usedepoxyengineeing
plasticst™. Sowith propermaisture-barier, soyproten is
a potential staring material for engineeing plastics.
Blending the biodegradale soy proten plasic with poly-
phosphate filler greatly reduced its water sensilvity,
allowing new usesin moist and load-bearing environ-
merts where the unfilled plastic was not useabd!™.
Developmen of affordeble soy-baseglasics, resins and
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adhesiveds reviewedrecertly*’®. The reacton product
of soylean,a carbohylratefiller, a reducing agent water
andaddtivesresultedin animproved biodegra@dbleplas-
ticY’?havinghigh degeeof flowability for procesing by
extrusian andinjection mouldinginto solid articleswith a
high degreeof tensik strengthandwaterresistance.

3.5 Biodegradableplasticsvs.traditional plastics

The growing environmental concernhasmace plastics a
targetof criticism dueto their lack of degradality . Of all
the packagig wastes discardedn the United States plas-
tics accountfor about20% by volumé’®. Annud expen-
diture on packaging increasedoy more than 4% to US$
111 billion between 199 and 1996, accoding to a
report™ from Pira, the UK packagingconsultagy. Plas-
tic's shareof the totd packagingexpenditure remaired
constanbverthe sameperiod,at 29%, secondn termsof
sector importance behind paper and boad, which
accountedfor 41% of the marke in 1996. So there has
beena lot of interestin researchcommitted to the design
of biodegradhle plastcs'®®. The conceptof environmen-
tally consciousmateriak (ecomateials) is being rapidly
accepte by countriesall over the world*®V. Biodegiad-
able polymersare consteredasan environmentalwaste-
manaementoption'®?. They consttute a loosely defined
family of polymersthat are desighedto degrae through
actionof living organismsandoffer a possilte alternaive
to traditional non-biodegradab¢ polymers where recy
cling is unpracticalor not econom¢al. Thetwo mainrea-
sonsfor the interestin biodegadablematrials are: the
growing problem of waste thereby resultig general
shortageof landfill availability andthe needfor the envir
onmenally respnsibleuseof resaircestogetherwith the
CO, neutraity agpect®. Interestin biodegradate plas-
tics is being revived by new techrologies devebped by
major companes, suchas Bayer DuPont,and Dow Car
gill®®. Demandsfor biodegradales are forecastto grow
nearly 16% per annuni®®. Perbrmancelimitations and
high costshaverestrictal the adoptio of suchplasics to
very small nichesup to now. For scientsts, the real chal-
lengelies in finding applicatbns which would consume
sufficiently large quantties of thesematerialsto leadto
price reducton, allowing biodegradble polymers to
competeecononically in the market. The chalenge in
replacirg convenional plasics by biodegradbale materi-
alsis to designmaterialsthat exhbit structuralandfunc-
tional stability during storageanduse,yet are suscepthle
to microbial and environnental degradabn upon dispo-
sal, without any advese environnental impact. The
designof appropiate biodegradblematrialswill require
a clear understandig of factors influencing matrial
properties and performance as well as biodegradbility,
sothat apprgriate trade-of canbe made The balancing
of degadability andperformanceof biodegadablemate-

rials is reviewed®. The performance of biodegradale
materiab must be maintainedduring processing storage
and usein orderto ensue that they can carry out their
intendedfunctions.

Theblending of biodegradale polymesis a methodof
reducing the overall cost of the matrial and offers a
method of modifying both properties and degradéon
rates. Howeve a blerd, particdarly with a non-bioce-
gradablepolymer, can evenreduce or even inhibit the
degradabn of the biodegradale component?. In recent
years,the biodegradale polymershaveofferedscientsts
a possiblesolution to the waste-dsposalproblemsasso-
ciated with traditional petroeum-derived plasics. Most
of the biodegradale polymerswereintendedto be used
in packagim industries,in farming andalsoin speciaized
bio-medial apgdications.A lot of researctwork hasbeen
doneon blendingof biodegradale polymers.

The main constrant on the useof biodegradake poly-
mersis the differencein the price of thesepolymerscom:
paredto bulk prodwced oil-basedplasics®®. The cost of
Biopol® is approximately 8000 UK pounds per ton
(1000kg), comparedwith the UK prices of commality
polymersof between500 pownd/ton (PVC and PP) and
600 pound/ton(HDPE andhigh-impactPS).According to
arecen report'®), Monsantosaysit will ceag prodiction
andresearchasit cannot sustainthe moneylosing busi-
nessAccording to Mar Techreportof July 1998, a larger
market for biodegra@ble plastics and polymersis not
expectedto openup until prices drop belon US$ 2/lb;
which is not likely to occur until prodiwcts can be mass
marketed.The pricesin US$/b of somebiodegradale
andtraditional plastics arerepresentedn Tab.6. As can
be observedfrom the table, biodegradake plasticscan
costupto tentimesmorethancommodity plastics. Mayer
and Kaplarf? have also reviewel the cost (US$/Ib) of
polymers such as, starch (0.15-0.8), cellulose acetate
(1.70),PHBV (6-8), PVOH (1.5-2.5), polycaprohctone
(2.7) and PLA (1-3). Accordng to thesevalues PHBV
costing6.00-8.00US$/Ib is aboutfour to tentimesmaore
expensivethanstard which costsonly 0.15-0.8 US$/Ib.
First prices of BAK of 7.00 DM/kg (ca. 2 US$ib) are
subject of further quantiies per delivery and annual
demané®”. The productcostsof differentgradesof Sco
nacellwill dependon the prodiction scale and as specu-
lated by the produ@r BSL, Germary*®®, the costswil | be
in the range 0.6-1.1 US$/bb. Starchbasedand PLA-
basedholymershawve occupiedthe majormarke of biode-
gradableplasics today Camill Dow officials say that
PLA will initially be pricedin the 50 cts — $ 1/Ib range,
butthatwill comedownasgreaterscaleand processeffi-
ciencies are achieved®. The marketpotential for biode-
gradableprodicts in the nextfive years canbe estimated
at apprximately 30000-40000 tons/yeaf® in Europe
American and Jganesemarketsare of great potential,
but arestill atavery early stageof devdopment,with the
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Tab.6. Biodegradablevs.traditionalplastics— costcomparisor(cf. ref.19)a

Material Averagecost
$//lb.

Biodegradablelastics PLA (Camill Dow Polymers) 1.50-3.00
Stach-basedesins(Novon/Novamor) 1.60-2.90
PHA (BIOTEC/Monsanto) 4.00-6.30

Commoditypetrochemichplastics PP 0.33
LDPE 0.41
HDPE 0.37
PS 0.39
PVC 0.28
Polyester 0.52
PVOH 1.40
Polycarbonate 1.60

3  Reproduedwith permissiorfrom Mar Tech,USA (Website:http://www.Mar Tech-Repais.com).

excepion of starch-lasedloosefillers. The demandsof 140

certain biodegra@ble productsare at the rising level. A

pilot plart of Bionolle by ShowaHighpdymer® with a o ol

capaciy of 10 tons/yearwas built in 1991, whereasa I

plant with a capaciy of 3000 tons/yearwas construced  _ o i

only after three years,i.e., in 1993. Camil's existing & = i

PLA facility nearMinneapdis, in US, having 3600tons/ ~ & i

year capacityduring the begnning of 1998, expandedto % ., '

7200 tons/yeartowards the end of the year A new Z = I

140000 tons/yearcommercia planf® is also plamed for 40 ’ :

2001. The prodtction capaciy of starch-baed materials : I

by Novarmont™® is 8000 tons/year The marke potential i I I

for bioplasticshasbeenstuded by EC Commission GD B ,_‘ B

X119, 1.1 million tons/year of bioplastics with an o o ;:-::- sz o

increasein econonic value andjob potental of four bil-
lion DM and 20000 new jobs resgectively is predicted.
This optimistic forecastappeardo be unbeliewably high
when the current produdion amouns of bioplastics are
takeninto accownt’®; howeve, in comparisonwith the
currentprodudion datafrom plasic industry: 32 million
tons/yeaiin Europeand 120 millio n tons/yeamworldwide
displaysrealigic estimatesfor the future technolayy. Up
to the year 2000 an averageincreasein the consumgion
of plastics of abaut 5% per annumis expected®®. In
USA, peopleprimaily userecyclingandlandill to dis-
pose the plastic matrials; composting is also being
debatel, especidly in Europe for disposing of plasics
andin Japanwherethe land is expensiveand not avaik
able for landfilling, combustionto carbondioxide and
waterandreuseof the enegy seemso be only choice'®?.
Today's much betier performance of traditional plastics
arethe coninued R&D efforts of severalyears. Most of
the biodegradble polymeas came to public only few
yearsback and from around 1990 onward the market
and prodwction for biodegradale materids havetakena
marchingform. Pricesof biodegradblescanbe reduced
only on massscale production; and suchmassscalepro-
duction by companés will be feasiblethrough constat

ear

Fig.6. Market for biodegradale plasticsin North America&
Europe(1997 — 2006) (after ref.”, reprodicedwith permission
from MarTech,http://www.Mar Tech-Repowrt.com)

R&D efforts of scientiststo improve the performanceof
biodegradale plastics.In any case,the potential market
for biodegradbleplasics is significant, evenif theyonly
marage to captue a smal segmentof the commality
plasics market.Over the next severalyears,demand for
biodegradale plastics is expectedo grow fastestin Eur-
ope dueto Europeandirectivesthatencourgethe useof
biodegradake polymersfor compostablepackagim. The
GemanFederalGovernmehandthe GermanParliamenmn
hawe agreel on an amendmentto the Packagng Regula-
tion with a rule for conpostableplasic packagimg. This
specal provision is valid for compostable packagimy
materials that contan mainly biodegadable mateials
basedon renewabé resoures®. In nearfuture becaus®f
saious environmentalthreatwhole world will takea ser
ious look towardsuse of biodegradake polymers. The
market for biodegradble plastcs in North Americaand
Europefrom 1997to 2006(Fig. 6) is quiteencouragg.
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4. Biocomposites

The literature surveyreveds that only little work hasyet
beendore on bioconposites.The devdopmentsof bio-
composiesstartal in the late 1980s,and mostof the bio-
degradale polymersas discussedn Section3, not yet
satisfyirg eachof therequirementgfor bioconpositesare
now avaiablein the market.The biodegradale polymers
like Biopol®, polycapolacton,Bioceta,Mater Bi, Scona-
cell, etc®1°® hawe beentested,in orderto exanine their
properties with specid emphasison the suitability of such
polymers for useasmatrix materialfor the fabrication of
bioconposites.The low viscosity of thesematrix poly-
mers at the processingtempeature, good mechanical
properties of both the matix and reinforceng fibre as
well asgoodfibre-matrix adhesion arerequiredto obtain
high-quaity biocompodies.

4.1 Cellulosefibre basedbiocomposites

The study of polymer compositesthat contan cellulosic
materids has beenrecognged as an importart area of
researchfor over a decade Cellulosic materiak are used
in the polyme industry for a wide rangeof appications,
including: laminags, fillers and panel products,conmpo-
sites,alloys andblends,andcellulosederivaives?®. Inter-
estis growing in thefield of cellulose-renforcedtherno-
plastics'®+1") Graft co-polymers of the matix maierial
andthe additionof a polargrouphavebeenusedsuccess
fully to improve the mectanical properties of cellulose-
polymea composieg®1%9, Cellulosic fibresarealsofind-
ing appicationsasreinforcenentin mostcommonther
moset polymerg®-2%? |ike polyeste, epay, amino and
phenolt resins Shot cellulosic fibre-reinforced elasto-
mer composies have gained practical and ecoromic
interestin the rubber industry®2°%, Howewer, all the
abovementicnedcellulose-basedomposiesarenot fully
biodegra@dble becawse of non-degadable synthetic
matrix cormponents.

The structure and physical propertes of bacterialy
synthe&zed polyestes have beenreviewed®. The pro-
cessingand properties of biodegra@ble conposites of
bacteria-poduced polyesters (Biopal®) reinforced with
wood cellulosehavebeenreportedoy Gatenhdm et al2%®)
Although cellulosefibresimprovedthe strengh andstiff-
nessof the polyhydroxybutyrate (PHB), the composites
werevery brittle. At a high proportionof HV, the tensile
modulusis reducedup to 30%, whereaselongation at
breakincreasedo about60%. The effect on the tensile
modulus (TM) by the incorporatin of cellulose fibres
into three different thermopésticslike PR PS (polysty-
rene), and PHB has also been investigded, which
reveded thatthe tensilemodulusincreasedor eachcom
positewith increasimg fibre content.The stiffening effect
of cellulosefibre in PHB wasin the sameorderasin PS.

From the studes of dynamic mectanical properties of
PHB copolymes of varying composiion and of cellu-
lose-filled compositesit was observedthat the introduc
tion of celluloseresultedin a decrasedmechaical loss
factorowing to restricions of chain mobility in theamar-
phousphase,while animprovenentin the dynamic mod-
ulus wasnoticed.An excellentdispersilility of cellulose
fibreswasachievedin the PHB matrix asconmparedwith
syntheticmatricessuchasPPor PS.The degreeof disper
sibility was strongly dependeton procesig conditions
andrelatedto thefibre-length reduction.The microscopic
investigatons on the fibres extracted from composite
showeddefibrillation chaiacteridics, suggestinga posst
ble hydrolysisof celluloseby crotoric acidformedin situ
asa resultof thermal decanpositionof the PHB matrix.
The synenpistic effectsduring the processg of cellulose
with Biopol® have been reported®. Lignocelluosic
straw fibre-reinforced PHB generaly leads to expect
good medanical properties of such conposites as
reportecby Avella et al 2%

4.2 Flax, hemp,andramiebasedbiocomposites

As discuissedunder Section2, flax, henp and ramie are
the mostinteresting biofibres to be usedasreinforcenent
in compositestructures.Flax fibre-reinforced PP compo-
siteshaveattraced muchattentian®®®-2Y, The resultsof a
researchproject of a Geman company (DaimlerBenz
A.G.) sugeest§'? thatflax andsisalbasedcomposiesare
usedfor making vehide interior parts.The reinforcement
of polyisocyamte-bondedoatticleboardswith flax fibres
led to prodicts compagble to those of carbon and glass
fibre-reinforcedparticleboad<,

As far as bioconpositesare concerned Hermann et
al? havereportedthe tensik strength and stiffnesg*421
of unidirecional-laminatesfrom hemp, ramie and flax
eachcombined with a matrix of Scanacell A and ramie
embeddedin a shellac basedresint®). The stiffness of
ramie/Scoacell A andflax/Scoracell A wereabout50%,
whereagensik strenghswere about60% ascompaedto
E-glass-epxy composies (GFRP) The stiffness of
ramie/stellac laminates was quite comparable with
GFRR while the tensle strengh was only 43%. Hemp/
Sconacellbioconposite showed 143% of the stiffness
and60% of tensik strengthascompaedto GFRP These
valuesof mecanicalproperties revealthatbioconposites
canin mary case replace GFRPin structural applica-
tions. Seweral publicatiors*7216217 report aboutthe com
parability of mechanicalpropertiesof biocomposieswith
well-known glassfibre reinforcd plasics. Testswith dif-
ferent flax fibre-reinforced biodegadable matrix poly-
mersby Hanseka et al.¥ showed thatthe tensle strength
andYoung’'s modulusof thesebioconpositeswvere cleaty
influenced by patticular matix and adhesion between
fibre and matrix. The mechanical propertes of extruced
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flax fibre-reinforcedthernoplasticstarch(structued with

wateror glycerin) showedincreased/alues,especally for

tensilestrengthand Young’s modulusbecaseof addtion

of green-flaxfibre rovings. The literature on this subgct
suggest that from the point of view of the mectanical
properties,such bioconrpositesare suitable constriction
materiak; howe\er, limitations must be seen where
excessive environmental conditions exist. Major pro-
spectsfor these material systens are, therefoe, lining

elementswith supprt functionin theautanobile, rail car,

and furniture industrie®. The tensike strengthand stiff-

nessof biocomposiesmainly mear for useaspandlings

i.e. nonwoven fabrics from flax reinforced with Scana-
cell A, Bioceta, shellic and some newly investigaed
matrix systens (yet confidential) and also from Lyocell

(a man mack cellulosic fibre), embealded in Scaacell
havebeenreported. The fibre volume content was 30%
with the excepion of an additional flax/shelac sample
containng 45% fibres by volume. As reported, flax/

newly devdoped matrix systemand flax/shellac com

poundsgawe goad values of tensile strengthwhich were
in the rangefrom 80 to 93 MPa or even109 MPa with

increasedibre volume contentof flax/shellaccomposites
from 30 to 45%. A consterableimprovanentin tensile
strengthwas achiewed by using Lyocell insteadof flax

fibres eachembeddd in SconacellA; the correspnding
valuesbeing 57 and 80 MPa, respetively. Strucural bio-

composiesarereinforced by multilayer or wovenfabrics,
mainly from yarns or slivers for strengthand stiffness
requiremats, whereasparellings are usually madefrom

non-woven fabricsfrom relatively shortfibresfor a better
draping.Biocompsitescontaining natual fibres andbio-

degradale matricesare patented?® for appications as
building materiak. The title materials contain natural
fibres, e.g, flax, hemp,ramie, sisal or jute and a biode-
gradablematix such as cellulose diacetate,or a starch
derivative. While reviewing the chancesand limitations
of biodegadablepolymersbasedon renewale raw mate-
rials, Fritz et al. ¥ havereportedthatsomedestructuized
polysacchdades can form the polymer matix of flax

fibre-reinforcedcomposies.

4.3 Jutebasedbiocomposites

Juteis one of the mostcomma agro-fibres having high
tensile modulus and low elongation at break. If the low
density(1.45g/cn¥) of this fibre is takeninto considea-
tion, thenits specificstiffnessandstrengtharecomparable
to therespectiveguantites of glassfibre??>-22%) The speci-
fic modulusof juteis superiorto glassfibre,andonamod-
ulus per cost basis, jute is far superig. The specific
strengthperunit costof jute appracheghatof glassfibre.
Therearemanyreportsaboutthe useof jute asreinforcing
fibres for thermogt$?42%) and thermoplasticg®230-2%2)
MohantyandMisra'® havereviewedjute reinforced ther

mosets,thernoplastic, and rubber basedcomposites To

reducethe moistue regain propety of jute, it is essatial

to pretreatjute so that the moistureabsorptionwould be
reducedand wettability of the matix polymer would be
improved.Recenly, Mitra et al.2*® havereportedthe stu-
dies on jute-reinforced composites their limitations and
sorre solutiors through chemicalmadifications of fibres.
Flexural strengh, flexural modulus and the dynamic
strength of chenically modified jute-PP composies
increase by 40,90 and40% respectively ascomparedto

unmadified jute-PP composies®¥ due to the chemical
madification of jute with maleic anhydide graftedpoly-

propylene.The reinforcementof jute with biodegadable
matix hasnotbeenstudiedto a greatextent.The effect of

differentaddtives on performanceof biodegradake jute

fabric-Biopol® composies has been reported®. In

absewe of any additive both tensike strength (TS and
berding strengh (BS of composies were found to

increasearound50%whereaslongationat break reduced
only 1% as comparedto pure Biopol® sheet.In orderto

study the effectsof additives, thejute fabricswere soaled
with seveal addtive solutiors of differert concentations.
During suchtreamentsdicumyl peroxide (DCP)wasused
asthe initiator. The effects of various suiface modifica

tions of jute on performance of biodegadablejute-Bio-

pol® compositesaspreparedby hot-presstechnigle, have
beenreported very recently*¢23", The surfacemodifica-
tions of jute, involving dewaing, alkali tregment, cya-
noghylation and grafting are made with the aim to

improve the hydrophdicity of the fibre so asto obtain
goad fibre-matrix adhesbn in the resuting composites.
Differertly chemicaly modified jute yarn-Bopol® com

posies*® showedmaximum enhancerant of mechanical

propertiedike tensle strength(TS, bendingstrengh (BS),

impactstrength(lS) and bendingmodulus(Bmf) by 194,
79,166and162% respetively in comparisonto pureBio-

pol®. With 10% acryloritile (AN) graftedyarn,the TS of

compositeentancedby 1020, whereaswith 25% grafted

yam, TS enhancedby 84%in comparsonto pureBiopole.

Thus with increaseof grafting percent the mechaical

propertieswere found to decrease.The compositesmace

from alkali treaedyamsproducel bettermechanichprop-
erfiesthandewaxedandgrafted yarns.Orientationof jute

yam played an importart role on the propertes. The
enhancemenbf mechanical propertesof compositesare
noticedonly whenthe propertiesof composieswere mea

suredalongtheyam wrappigdirecion.

Unlike jute yarn,the enhaacemenif mectanical prop-
erties of jute fabric-Biopol composiesdo not showany
variation with the direction of measurerant of proper
ties’*”. More than 50% enhancerant of TS 30% of BS
and 90% of IS of resdting composies as comparé to
pure Biopol® shees were observedunder the experimen
tal conditionsused.Scanning electronmicroscopy(SEM)
showedthatthe surfacemodificationsimprovedthefibre-
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matrix adhesion.The superiorstrengh of alkali treated
jute may be attributedto the fact that alkali treatrrent
improvesthe adresive chamacterigics of jute surfaceby
removingnaturaland artificial impuritiestherebyprodu
cing a rough surfacetopograpy?®. In addition, alkali
treatment leadsto fibre fibrillation, i. e., breakirg down of
fabricsfibre bundle into smaler fibres.This increaseshe
effective surfaceareaavailable for contactwith matrix
polyme. An effective method of natual fibre chemical
modificafon is graft copolymeizatior?423%-24) |t is
observedthat the composie preparedfrom 10% AN
graftedjute fabric shows superiorpropertiesascompared
to untreatedfabric>®*”. AN-grafting exhibited compan-
tively better properties of the composies than methyl
methacylate (MMA) grafting. Similar resuts have also
been reported in the literature®?). From the compost
degradabn studies it was observedthat about 34%
weight loss occured for neat Biopol®, while dewaxed,
alkali treated,19% AN-grafted, and 30% AN-graftedjute
fabric-Biopol composies decreased their weights by
about 56, 42, 37 and 34% after 150 d of degadation.
Higher pereent weight loss of dewaxed sample as com
paredto alkali treatedsamplewas attributed to the fact
thattherewasa weekfibre-matrix adhesionwhich might
have boostedthe degradabn. A lower degraddbn rate
of AN-grafted basedcomposieswas noticed becauseof
the non-biodgradabilitybehaviorof polyacrylonitrile.

Keepng in view thebroaderapplicatonsof commercial
biodegraa@ble polyesteramide (BAK), different surface
modified jute fabrics were usedasreinforcing comporent
in biodegradale conposite$*? basedon BAK 1095.
Amongthe chemicaly modified jute (dewaxedbleached,
alkali treated cyanoetlylatedandgrafted),the alkali trea-
ted,cyaroethylatel andlow percenigrafted sampledased
composiesproducedconparativelybetterpropertesthan
their untreaed and dewaxed counteparts. The effect of
differenttypesof surfacemadifications of jute fabricson
themechanicalpropertief compositesarerepresetedin
Fig. 7. More than40% improvenentin TS of BAK 10%
occurrel asaresultof thereinforcementwith alkali treated
jute. Jute content also affected the propeties of conmpo-
sitesand about30 wt.-% jute gaveoptimum mectanical
properties. Among MMA and AN grafted sanples, the
low percent,. e., 10% AN-graftedjute showed compan-
tively betterimprovenmentof meclanicalpropertesof the
composies than high perent grafted counteparts. SEM
investigaions demongtatedthatfibre pull out from com
positesamplewasreducedasa restut of the fibre surface
modificaion. From degadationstudiesit wasfound that
about5—10%weightlossandaboutll to 45%decreaeof
bendingstrengthof differenty surfacemodifiedjute-BAK
composiestook placeafter 15 d of compostdegradabn.
The loss of weight as well as the deceaseof BS of
degradedomposiesweremoreor lessdirectly relatedto
eachother
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Fig.7. Effect of differentsurfacemodificationsof jute fabrics
ontensilepropeties of the compogtes: (A) bleached{B) deter

gent washed;(C) dewaded; (D) alkali treated;(E) cyanoethy-
lated (afterref24?)

4.4 Miscellaneoudiocomposites

A nonwoven fabric sheetand a film both from Bionolle

1030werelaminaked andbondedto give composie sheet
materia**® showing good water resisance, flexibility,

anddecanposition in soil after 6 months.Thefirst sheet,
i.e., norwoven fabrics of melt-spun continwus long

fibres from polyesterscomprising glycols andderivatives
of dicarloxylic acids,werebondedwith the secondsheet
comprisng films (obtaned from samepolyester)on one
sideto give the title prodwcts uselll for disposabledia-

pers,etc. It hasbeenshownthat aliphatic polyestes like

polycaprobctone(PCL) and PHBV canbe usedto form

biodegradhle composies with polysacchariés reinfor-

cing materiak**¥. The naturaly occurirg polysacclarides
haverelatively high strengh in the dry state,however
their physical propertiesweaka when plasticized and/or
swollen by water When used as reinforcing materiak,
they are proteced by hydrophdic polyester matrices.
The polarity and hydrophilicity of polysacclaridespro-
vide gasbarrier propertiesto the composies. Cross-link-
ing was necessar to provide dimensonal stablity and
creepresistace to the conpositesand it was obseved
that suchcross-linkingdid not affect the biodegadability
of the compositematerial. It is alsoreportedthat compati-
bilizers and reactive oligomers can be usedto provide
better bording of the PCL and polysaccharié compo-
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nents,therely increasng the strengh andrigidity of the
composies, and the use of oligomerscan also increase
the ea® of procesmg of thecomposies.

Relatively waterredstant biodegra@ble soy-piotein
composie is resuted®® through blending of special
bioabsorbale polyphosplate fillers, biodegradake soy
protein isolate, plasticizer, and adhesbn promoterin a
high-stearmixer followed by compressionmouldng. To
developaffordable, stiff, strong bioabsorbale polyphos-
phatefiller/soy protein polymer composies, along with
methodsfor making practicalshapesrom theseproducts
are under current investigaions*>249) The degradate
composie films composedof soy protein isolate (SPI)
andfatty acid®*® aswell asSPIlandpropylenedycolalgi-
nate(PGAY*? havebeenprepared.Incorporaton of fatty
acidsinto SPIresultedin film s which werethicker, more
whitish, and less suscefible to shrinkage upon drying
than the contrd SPI films. The composite films with
morethan 20% of fatty acidswere heatsealableandalso
showedimproved tensle strength.The incorporatian of
PGA into SPlalsoresuted in conpositefilms of modi-
fied physical propertiss. Sw and Netrawli?® have
reportedthe mecanical and thermal propertiesof bio/
green composites obtained from pineapple leaf fibers
(with fiber content up to 28%) and Biopole, i.e., PHBV
resin. Thetensle strengthand modulusof the bioconpo-
sitesincreasedsignificantly as comparedto pure PHBV
resin, in the longitudinal direction but deceasedin the
transvese direction with increaseof fiber content. The
flexural strengh andmodulusof the biocomposiesalong
the longitudinal direction increasedwith increaseof fiber
contentwhereaghe flexural strengthalong the transverse
directiondeceasedandthe flexural modulusin the trans-
versedirection showael little changewith the increaseof
fiber content. The interfacial and mechanical properties
of PALF-PHBV green composies with 20 to 30 wt.-%
contentof fibers placedin a 0°/90°/0° fiber arrangenent
havealsobeenrepoted®?. Thetensle andflexural prop-
ertiesof thosegreenconpositesin comparisonwith dif-
ferenttypesof wood specimes showed that althoughthe
tensile and flexural strength and moduli of the former
specimensverelower along the graindirectionof testing,
they were significantly higher perpendicur to grain
direction than the coresponihg wood specimes. SEM
photograps of the fracture surfaceof the biocompodies
showedfiber pull-out indicating week fiber-matiix adte-
sion. More investigatiors on such bioconposites are
neededo improvefiber-matrix interactons.

4.4 Applicationsof biocomposites

Recentwork on biocomposiesrevealsthatin mostcases
the specific mechanich propertes of biocomposies are
compardle to widely usedglassfibre reinforced plastics.
Variouscomplex structures,i. e., tubes, sandwichplates,

car door interior pandlings, etc; havebeenmadeof bio-

conpositeg“ . A newvertical drainage produ¢ madeof

cocanut andjute fibres is being introducedin Europeby
Hormart®?. Vertical drainages needdto acceleatecon

solidation of soft compressible clay soils. With the right
preservatiorof the fibre the prodict hasa prediced life-

time, andafterthe consolidation procesghis environmen-
tally friendly produd will decanposeas claimedby the
company A resinmadeout of soy beanoil on reinforce

mert with glassfibre prodwceda new productdevebped
at the University of Delawae asto be usedin pats of

newesttractors prodwced by JohnDeeré®. The repace-
ment of GFRP by biocomposies in many apgdications
has been proved from the results of seveal investiga-
tions 8199, Apart from satishctory medanical proper

ties, there are very often applicatons demanding addk

tional featules. Since biocomposies are organic materi-
als, they are combusible. So, one of the mostimportart

requirementsfor bioconpositesasto be usedfor panel-
lingsin railways or aircrat is a certain degreeof flame
resstance.ln the modernpolymer industry the different
typesof polymer flame retadantsbasedon halogens(Cl,

Br), heaw andtransitionmetals(zn, V, Ph Sb), or phos-
pharus organic compounds may reducerisk during poly-
mer conbustionand pyrolyss, yet may presentecolai-

cal issuesThe useof halogenaedflame retadantsis still

showing an up-ward trend, and the environmental con-
cerrs have stared a definite search for environmentally
friendly polymer addtives. The new aspectsof ecolgi-

cally friendly polymerflame retardantsystens havebeen
reportec?>. Whenregardingthe latestresultsof exanina-
tions on naturalfibre andmatrix combindions andenvir-

onmernally compatible flame retardants,biocomposies
canrepaceglassfibre reinforcedplasics in manycases.

The new corstructionmaterids arewell suitedfor anise

tropic and specially tailored lightweight structural parts
aswell asfor panelling elementsin cars. The potental
apgicationsof bioconpositesin railways, aircratf, irriga-

tion system furniture industiies, sportsandleisureitems
areunder currert reseactactivities?.

5. Conclusion

The persisenceof plastcsin the environment,the short-
age of landfill space,concernsover emissons during
incineration,and entrapnent and ingestion hazardsfrom
thesemateriak havespurredefforts to developbiodegad-
able materids. In orderto be conpetitive, biodegradale
plasics must have the same desirabé properties as
obtainedin convention&aplastics. Existing biodegradale
productlines needto be broacenedto meetspecfic end
usephysical propertyrequirementsandpolymer formula
tions must be further researché and modified so that
degadationtiming canbe easly maripulatedto account
for climate differencesand performance requiremets.
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Thereis broadagreenentin the industry that thereis the
room, andthe needfor differentbiodegra@dble techrolo-
gies, but thereis still muchwork to be dore if the useof
biodegradblesis to acceleate. The most importantfac-
tors to the formation of a succeskul biodegradale poly-
merindusty include costreductionaswell aspublic and
political acceptanceGovermment shold encairage the
useof biodegradale matrialsby tax reducton. Gemany
is fore-runnerin the field of green tecmology. The mar
ket although is increasimg sigrificantly in Europe, but
lagsbehindUSA.

Existing biodegradble polymers are mainly blended
with differentmateriak with anaim to reducecostandto
tailor the product for sone specfic applcations.Applica-
tion of biodegradake polymersin natual fibre-reinforced
composieswill brodentheir uses.The world's supply of
naturalresoucesis being depkted. The demandfor sus-
tainableand renewalle materials cortinuesto rise. Nat-
ural resourcedevebpmentand agricuture will continue
to be key sectors for the developng counties but
researcthasbecomeso globalizedand complexthrough
trade,finance,and electronic devebpmentthat no coun-
try can es@pe globalizatin’s embarce. As alreadydis-
cussed,biodegradble polymers may be obtaned from
renewalte resoucesor by syntheticroutes.Since certain
bioconpositeshaveprovento be a very interestingalter
nativeto traditional GFRR the new or existingbiodegrad-
able polymers should be contnuously devebpedwith a
close co-operatbn with such polymers prodiwcers to
satisfy the specid demand of biocomposies. Becauseof
the very complex structure of biofibres, more data on
properties of bioconpositesarerequiredto establgh con-
fidencein their uses.Training must havepriority to accel-
eratethe acceptancef bioconpositesfor variousappli-
cations.The structural aspectsand propeties of various
biofibres and biodegradble polymers, recent devdop-
mentof differentbiodegradale polymersandbiocompo-
sites as discussedn this review article and appropiate
knowledgemight be usedwith properR&D efforts, for
the commercidization of biocomposiesproductsfor var-
ious applicatons. An intensive co-operatbn ammg
industiies, researchinstitutesand goverrmentsis essen-
tial for achieving this.
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