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PerÐlhyh

Sthn ergasÐa aut  proteÐnoume èna upologistikì montèlo gia thn prosomoÐwsh twn diergasÐwn tou
jrummatismoÔ kai thc bioapoikodìmhshc tou grammikoÔ qamhl c puknìthtac poluaijulenÐou(LLDPE).
ProteÐnoume ènan kainoÔrio trìpo prosomoÐwshc thc diergasÐac tou jrummatismoÔ o opoÐoc basÐzetai
sthn arqik  katanom  moriak¸n bar¸n tou ulikoÔ. JewroÔme ìti h bioapoikodìmhsh tou poluaijulenÐou
epitugq�netai mèsw thc katan�lwshc morÐwn apì touc mikroorganismoÔc kai thc meÐwshc moriakoÔ b�rouc
twn morÐwn exaitÐac thc b-oxeÐdwshc. UpologÐzoume th meÐwsh thc m�zac tou ulikoÔ mèsw thc epÐlushc
enìc sust matoc diaforik¸n exis¸sewn me anex�rthth metab lht  ton qrìno kai �gnwsth metabht 
to sunolikì b�roc twn morÐwn sugkekrimènou moriakoÔ b�rouc.PragmatopoioÔme an�lush euaisjhsÐac
stic paramètrouc tou montèlou kai sugkrÐnoume tic problèyeic tou kat¸ apì diaforetikèc sunj kec me
peiramatik� dedomèna pou aforoÔn thn bioapoikodìmhsh fusik� ghrasmènou LLDPE.



Kef�laio 1

Plastik�

1.1 Eisagwg 

Ta plastik� eÐnai sunjetik� ulik� ta opoÐa par�gontai apì sunjetik�   hmisunjetik� organik� polumer ,
ta opoÐa me th seir� touc par�gontai apì petroqhmik� proiìnta. Ta plastik� ìpwc kai to kaoutsoÔk
èqoun mÐa makr� istorÐa exèlixhc, qwrÐc ta opoÐa h zw  s mera den ja  tan ìpwc thn gnwrÐzoume. H
plastik  biomhqanÐa shmeÐwse prwtofan  an�ptuxh  dh apì thn dekaetÐa tou 30� h opoÐa sto sÔnolo
thc basizìtan sthn paragwg  tess�rwn eid¸n jermoplastik¸n, polusturènio, polubinuloqlwrÐdio, po-
luolefÐnec kai polumejulmejakrulikì. Stic mèrec mac mporoÔme na poÔme ìti h plastik  biomhqanÐa
sumbadÐzei me thn petrelaik -petroqhmik  biomhqanÐa se tètoio bajmì pou den ja  tan sf�lma na tic qa-
rakthrÐsoume allhloexarthmènec.MporooÔme na poÔme ìti ta plastik� èqoun diadramatÐsei katalutikì
rìlo me thn suneisfor� touc sthn an�ptuxh thc montèrnac zw c.

SÔmfwna me thn ènwsh PlasticsEurope h pagkìsmia paragwg  plastik¸n gia to 2011 an lje stouc
280 ekatommÔria tìnouc me touc 235 ek twn opoÐwn gia prwtogen  plastik�(qrhsimopoioÔmena stic
alusÐdec paragwg c). To di�gramma 1 apeikonÐzei thn pagkìsmia paragwg  plastik¸n apì to 1950 e¸c
to 2014 ìpou h pagkìsmia paragwg  plastik¸n an lje stouc 311 ekatommÔria tìnouc. Apì to sÔnolo
thc paragwg c, 60 ekatommÔria tìnoi par�qjhkan sthn Eurwph(PlasticsEurope ,2014).

Sq ma 1.1: Paragwg  plastik¸n pagkosmÐwc(mple) kai sthn Eur¸ph(gkri) 1950-2014(PlasticsEurope
)
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Sq ma 1.2: Qr seic plastikoÔ 2014(PlasticsEurope )

1.2 Plastik� sto Perib�llon

H katan�lwsh plastikoÔ odhgeÐ sthn paragwg  ter�stiwn ìgkwn epÐmonwn aporrim�twn. Up�rqoun
di�fora eÐdh plastik¸n me pollèc efarogèc kai qr seic. ( Tachwali et al.,2007 )

• Tetrafjalikì Poluaijulènio (PET) apì to opìio kataskeu�zontai plastik� mpouk�lia, pi�ta,
koÔpec kai doqeÐa faghtoÔ.

• Poluaijulènio uyhl c puknìthtac (HDPE) to opoÐo qrhsimopoieÐtai gia thn paragwg  qrwmati-
st¸n plastik¸n mpoukali¸n malaktik¸n roÔzwn kai ladi¸n mhqan c.

• PolubinuloqlwrÐdio (PVC) apì to opoÐo par�gontai mpouk�lia aporupantik¸n gu�linwn pi�twn
kai plastik� str¸mata

• Poluaijulènio (LDPE) qamhl c puknìthtac apì to opoÐo par�gontai mpouk�lia qum¸n, mpouk�lia
mpÔrac, mpouk�lia moust�rdac kaj¸c kai pl joc �llwn suskeuasi¸n.

• Polupropulènio (PP) gia mpouk�lia siropi¸n kai doqeÐwn giaourtioÔ.

• Polusturènio (PS) to opoÐo qrhsimopoieÐtai gia thn kataskeu  trublÐwn petri plastik¸n sw-
l nwn kai suskeuasÐec aug¸n.

• 'Alla eÐdh plastik¸n apì ta opoÐa kataskeu�zontai mpouk�lia kai eÐdh suskeuasi¸n.

H pagkìsmia z thsh plastikoÔ epikentr¸netai sta jermoplastik� polupropulènio, poluaijulènio
kai polubinuloqlwrÐdio.Oi suskeuasÐec plastik¸n eÐnai èuqrhstec all� to plastikì eÐnai ènac isqurìc
par�gontac mìlunshc eidik� apì thn stigm  pou mac perib�llei se tètoio bajmì ( Jayaraman, 2011;
Knight, 2012) .Epiplèon, gia thn paragwg  plastik¸n apaitoÔntai petroqhmik� .Sqedìn 4% thc pa-
gkìsmiac katan�lwshc petrelaÐou qrhsimopoieÐtai wc prwtogenèc ulikì gia thn paragwg  plastikoÔ,
to opoÐo san telikì proiìn den eÐnai bioapodom simo ( Lithenr, 2011) .

Ta plastik� polumer  den jewroÔntai toxik�, parìlo aut� ta plastik� ulik� diajètoun k�poia u-
polleimatik� monomer . EpÐsic, pollèc qhmikèc en¸seic pou qrhsimopoioÔntai sthn paragwg  plastik¸n
san prosjetik�, sugkekrimèna ta plastikopoihtik�, eÐnai epikÐnduna gia thn anjr¸pinh ugeÐa kai to peri-
b�llon, kaj¸c kai orismèna proiìnta apoikodìmhshc pou endèqetai na apeleujerwjoÔn sto perib�llon
kat� thn di�rkeia tou kÔklou zw c tou plastikoÔ(Jayaraman, 2011 ; Lithner ,2011).ZwikoÐ,futikoÐ,
mikroorganismoÐ kaj¸c kai oi �njrwpoi endèqetai na ektejoÔn se arketèc epiblabeÐc en¸seic oi opoÐec
mporeÐ na apelejuerwjoÔn kat� ton kÔklo zw c tou plastikoÔ proiìntoc. Oi perissìterec apì autèc
tic en¸seic den apoteloÔn kÐnduno gia thn ugeÐa se mikrèc posìthtec, all� an susswreujoÔn,akìma kai
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PÐnakac 1.1: Pagkìsmia z thsh plastik¸n(PlasticEurope)

TÔpoc plastikoÔ %
Jermoplastikì Polupropulènio 21

LDPE , LLDPE 18
PVC 17

HDPE 15
Polusturènio , epekt�simo polusturènio 8

PET 7
Jermosklhrunìmeno plastikì poluourejènio 5

gia mikrì qronikì di�sthma, mporoÔn na prokalèsoun sobarèc epidr�seic sthn anjr¸pinh ugèia kai sto
perib�llon ( Al-Salem et al, 2009; Lithner, 2011; Zhang et al.,2007).

Ta plastik� sto perib�llon mporoÔn epÐsic na odhg soun sthn ekd lwsh anexèlegktwn problhm�twn
exaitÐac thc epimon c kai anjektikìthtac touc sto perib�llon gia meg�la qronik� diast mata.Parìlo
pou to plastikì eÐnai anakukl¸simo ulikì, mìno èna polÔ mikrì kl�sma twn plastik¸n aporrim�twn
anakukl¸netai, kaj¸c to megalÔtero posostì enapotÐjetai se q¸rouc taf c, perÐpou to 50% twn
sunolik¸n plastik¸n aporrim�twn sthn Eur¸ph (PlasticEurope,2009) .

Sq ma 1.3: EpexergasÐa plastik¸n aporrim�twn,2012(PlasticsEurope )

1.3 EpÐdrash kai kÐndunoi apì thn paragwg  kai katan�lwsh

plastik¸n

S mera, h paragwg  plastik¸n kai h anapìfeukth paragwg  plastik¸n aporrim�twn suneqÐzei na gen-
n� probl mata kai periballontikoÔc kindÔnouc. Ektìc apì to meg�lo posostì plastik¸n aporrim�twn(
perÐpou 50%) to opoÐo odhgeÐtai se q¸rouc taf c,h anakÔklwsh plastikoÔ eÐnai mÐa arket� dÔskolh
diadikasÐa exaitÐac thc anomoiogèneiac tou mÐgmatoc twn aporrim�twn kai twn problhm�twn pou aut 
sunep�getai kat� thn sullog . H apotèfrwsh plastik¸n aporrim�twn mporeÐ na efarmosteÐ gia thn a-
n�kthsh enèrgeiac, all� tautìqro par�gei aèriouc rÔpouc oi opoÐoi suneisfèroun sthn uperjèrmansh tou
plan th, en¸ orismènoi mporeÐ na eÐnai toxikoÐ. Ektìc apì autèc tic teqnikèc h an�kthsh qhmik¸n, ìpwc
monomer¸n kai aerÐwn mporeÐ na gÐnei mèsw jermik c apoikodìmhshc, ìpwc gia par�deigma jermìlushc,
Ôpo elegqìmenec sunj kec. (Al-Salem et al., 2009; Lithner, 2011) .

'Ena meg�lo kl�sma twn plastik¸n aporrim�twn katal gei stouc ud�tinouc apodèktec kai se pa-
r�ktiec perioqèc. K�je qrìno, to nerì molÔnetai apì isodÔnamh posìthta 100,000 forthg¸n plastikoÔ
ta opoÐa enapotÐjentai sta pot�mia kai katal goun stouc wkeanoÔc. To nerì me th seir� tou askeÐ
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mhqanikèc dun�meic sto plastikì, to paramorf¸nei kai en tèlei to diasp� se mikr� komm�tia megèjouc
kìkkou rizioÔ.(GESAMP,2015).

S mera h puknìthta twn plastik¸n aporrim�twn eÐnai e¸c kai 100 forèc megalÔterh se sqèsh me 40
prin. Oi kÔriec epidr�seic kai kÐndunoi oi opoÐoi prokaloÔntai exaitÐac thc sugkèntrwshc twn plastik¸n
aporrim�twn sto jal�ssio perib�llon sunoyÐzontai stouc ex c:

• Katastrof  biìtopwn   allag  biìtopwn gia poll� eÐdh

• Allag  udrologikoÔ kajest¸toc(hydrological regime)

• Katastrof  plangktìn kai futoplangktìn

1.3.1 KÐndunoi sthn anjr¸pinh ugeÐa

Ta suntetrimmèna plastik� (plastic debris) apoteloÔn èna pagkìsmio periballontikì prìblhma kaj¸c
mporoÔn na ephre�soun ìla ta upìgeia kai epifaneiak� str¸mta neroÔ, me aprìbleptec kai dus�restec
sunèpeiec sthn �gria zw , sta oikosust mata kaj¸c kai stic par�ktiec koinìthtec. Ta plastik� sw-
matÐdia sta epifaneiak� ner� fwtopaoikodomoÔntai, me apotèlesma na mikraÐnoun se mègejoc(se moriakì
epÐpedo). H apoikodìmhsh twn plastik¸n èqei ¸c apotèlesma thn paragwg  toxik¸n ousi¸n ìpwc eÐnai
h bisfainìlh-A kai to sturènio. H katan�lwsh twn ousi¸n aut¸n apì to plangktìn enswmat¸nei tic
en¸seic autèc sthn trofik  alusÐda, h opoÐa katal gei ston �njrwpo.H bisfainìlh-A kai to sturènio
eÐnai neurotoxikèc kai karkinogìnec en¸seic, oi opoÐec dÔnatai na prokalèsou diataraqèc sthn anjr¸pinh
ugeÐa.

1.3.2 KÐndunoi gia ta udrìbia jal�ssia eÐdh

Oi meg�lec posìthtec plastik¸n aporrim�twn sta ud�tina oikosust mata dhmiourgoÔn kindÔnouc sthn
�gria zw  eÐte mèsw thc q¸neushc twn plastik¸n apì ta z¸a eÐte mèsw thc pagÐdeushc se aut�(Derraik,
2002; Gregory, 2009). H kat�posh plastik¸n apì y�ria , qel¸nec kai �lla eÐdh mporeÐ na epifèrei bl�bec
se zwtik� ìrgana   na odhg sei akìma kai ston j�nato touc.Ta nanoswmatÐdia polusturenÐou ta opoÐa
sqhmatÐzontai apì thn apoikodìmhsh tou plastikoÔ tropopoioÔn tic idiìthtec twn kuttarik¸n membra-
n¸n kai thn leitourgÐa sugkekrimènwn prwtein¸n. To megalÔtero komm�ti twn plastik¸n aporrim�twn
proèrqetai apì plastikèc suskeuasÐec.
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Kef�laio 2

Polumer 

Ta polumer  eÐnai ulik� ta opoÐa sunant�mai s mera pantoÔ sthn kajhmerin  mac zw , apì ta plastik�
kai to kaoutsoÔk mèqri tic autokìllhtec tainÐec. Ta polumer  eÐnai makromìria, dhlad  meg�la mìria,
uyhloÔ moriakoÔ b�rouc ta opoÐa sqhmatÐzontai apì thn ènwsh enìc meg�lou arijmoÔ mikr¸n morÐwn,
twn monomer¸n. H antÐdrash kat� thn opoÐa ta monomer  sundu�zontai prokeimènou na sqhmatÐsoun
èna polumerèc onom�zètai polumerismìc. O polumerismìc eÐnai mÐa qhmik  antÐdrash kat� thn opoÐa dÔo
  perissìterec en¸seic sundu�zontai metaxÔ touc me   qwrÐc thn parousÐa neroÔ, jermìthtac   �llwn
sustatik¸n prokeimènou na sqhmatÐsoun èna mìrio uyhloÔ moriakoÔ b�rouc. To par�gwgo aut c thc
antÐdrashc onom�zetai polumerèc, en¸ to arqikì mìrio monomerèc.

2.1 Kat�taxh polumer¸n

H lèxh {polumerèc} qarakthrÐzei èna meg�lo arijmì ulik¸n uyhloÔ moriakoÔ b�rouc. Ta ulik� aut�
apant¸ntai se amètrhtec morfèc kai arijmoÔc exaitÐac tou ter�stiou arijmoÔ kai diafoetik¸n eid¸n
atìmwn ta opoÐa perièqontai sto mìrio. Ta polumer  mporeÐ na èqoun diaforetik  qhmik  dom , fusikèc
idiìthtec, mhqanik  sumperifor�, jermik� qarakthristik� k.a. Sthn b�sh aut¸n twn idiot twn dÔnatai
na taxinomhjoÔn me diaforetikoÔc trìpouc ìpwc parousi�zetai ston pÐnaka parak�tw.

PÐnakac 2.1: Kat�taxh polumer¸n

B�sh taxinìmhshc EÐdoc polumeroÔc

Proèleush Fusikì,hmisunjetikì,sunjetikì
Jermik  sumperifor� Jermoplastikì,jermosklhrunìmeno
Trìpoc sqhmatismoÔ Prìsjesh,sumpÔknwsh

Dom  Grammikì,diakladismèno,diasundedemèno
Taktikìthta Isotaktikì,sundiotaktikì,ataktikì

Krustallikìthta 'Amorfo,hmikrustallikì,krustallikì
Polikìthta Polikì,mh polikì

Efarmogèc,fusikèc idiìthtec Plastikì,kaoutsoÔk,Ðna

2.1.1 Proèleush

Mè b�sh ton trìpo pou apant¸ntai sto perib�llon ta polÔmer  diakrÐnontai se fusik� polumer   
biopolumer  ìpwc eÐnai oi prwteÐnec kai to DNA. Ta hmi-sunjetik� polumer  eÐnai qhmik� tropopoihmèna
fusik� polumer  ìpwc to kaoutsoÔk, h nitrik  kuttarÐnh   h mejulokuttarÐnh. Sunjetik� polumer  eÐnai
ekeÐna ta opoÐa suntÐjontai sto ergast rio ìpwc eÐnai to polusturènio kai to poluaijulènio.

2.1.2 jermik  sumperifor�

Ta jermoplastik� polumer  ìpwc oi poluolefÐnec, oi poluestèrec kai oi poluaijèrec, paramorf¸nontai
upì thn epÐdrash jermìthtac dÐqwc shmantik  allag  stic idiìthtec touc upì èna sugkekrimèno eÔroc
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sunjhk¸n. Ta jermosklhrunìmena apì thn �llh, upìkeintai se qhmikèc metabolèc upì thn epÐdrash jer-
mik c enèrgeiac me apotèlesma thn metatrop  touc se �morfh m�za. Tètoiec en¸seic eÐnai oi fainolikèc,
oi rhtÐnec   oi epoxeidikèc rhtÐnec.

2.1.3 Trìpoc sqhmatismoÔ

Me b�sh ton tÔpo sqhmatismoÔ touc ta polumer  mporoÔn na taxinomhjoÔn sta polumer  prìsjeshc
kai sumpÔknwshc.Ta polumer  prìsjeshc sqhmatÐzontai kurÐwc apì olefinik� duolefinik� kai binulik�
polumer . SqhmatÐzontai apì thn apl  prìsjesh monomer¸n metaxÔ touc mèsw mÐac taqeÐac alusidwt c
antÐdrashc. H diergasÐa aut  onom�zetai projetikìc polumerismìc.ParadeÐgmata tètoiwn polumer¸n e-
Ðnai to poluaijulènio, to polupropulenio kai to polusturènio. Ta polumer  sumpÔknwshc sqhmatÐzontai
apì diamoriakèc antidr�seic dileitourgik¸n   poluleitourgik¸n monomer¸n ta opoÐa diajètoun leitour-
gikèc om�dec ìpwc eÐnai ta –OH,-COOH,-NCO kai �lla.

2.1.4 Dom 

Me b�sh thn dom  touc ta polumer  diakrÐnontai se treic kathgorÐec.Ta grammik� (linear) polumer 
apoteloÔntai apì monomer  ta opoÐa en¸nontai sth seir� . Ta diakladismèna (branched) polumer  a-
poteloÔntai apìorismèna monomer  ta opoÐa en¸nontai k�jeta proc thn kÔria alusÐda. Tèloc èqoume
ta diasundedemèna (crosslinked) polumer , ta opoÐa apoteloÔntai apì alÔsidec oi opoÐec en¸nontai me
tètoion trìpo ¸ste na sqhmatÐzoun dÐktua alusÐdwn.

X X X

AntÐdrash 2.1.1: Grammikì polumerèc

X X

X

X

X

X

X

X

AntÐdrash 2.1.2: Diakladismèno polumerèc

X X

X

X

X X

X

X X X

X

X X

X XX

X X

X

X

X

AntÐdrash 2.1.3: Diasundedemèno polumerèc

2.2 Poluaijulènio (PE)

To poluaijulènio (PE) eÐnai èna polumerèc, par�gwgo tou polumerismoÔ tou monomeroÔc aijule-
nÐou(aijènio). To poluaijulènio taxinomeÐtai,me b�sh kurÐwc thn puknìthta tou kai tic diaklad¸seic
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tou stic ex c kathgorÐec:

• Qamhl c puknìthtac (LDPE)

• MesaÐac puknìthtac (MDPE)

• Uyhl c puknìthtac (HDPE)

• PolÔ qamhl c puknìthtac (VLDPE)

• Grammikì qamhl c puknìthtac (LLDPE)

• Diasundedemèno (cross-linked) (PEX)

• Diasundedemèno uyhl c puknìthtac (HDXLPE)

• UyhloÔ moriakoÔ b�rouc (HMWPE)

• PolÔ uyhloÔ moriakoÔ b�rouc (UHMWPE)

Sq ma 2.1: Polumerismìc aijulenÐou

2.2.1 Qamhl c puknìthtac (LDPE)

QarakthrÐzetai apì puknìthta 0.910 − 0.940g/cm3 kai sqhmatÐzetai me polumerismì eleujèrwn riz¸n
se pÐesh 140 − 250MN/m2 kai se jermokrasÐa 270oC. DiakrÐnetai apì meg�lo bajmì diaklad¸sewn,
me krustallikìthta pou kumaÐnetai metaxÔ 50 − 65%. O uyhlìc bajmìc diaklad¸sewn kai oi meg�lec
alusÐdec prosdÐdoun sto LDPE monadikèc kai exairetikèc idiìthtec.

2.2.2 MesaÐac puknìthtac (MDPE)

2.2.3 Uyhl c puknìthtac (HDPE)

QarakthrÐzetai apì puknìthta pou kumaÐnetai metaxÔ 0.926− 0.940g/cm3 kai par�getai se pÐesh 0.3−
0.5MN/m2 kai jermokrasÐa 60 − 80oC upì thn parousÐa katalut¸n qrwmÐou,puritÐou   katalut¸n
Ziegler-Natta. Parousi�zei mikrì bajmì diaklad¸sewn, isqurìterec diamoriakèc dun�meic kai antoq 
di�tmhshc, me krustallikìthta metaxÔ 75− 85%. H apousÐa diaklad¸sewn epitugq�netai me thn kat�l-
lhlh epilog  katalÔth, upì tic kat�llhlec sunj kec antÐdrashc.

2.2.4 Grammikì qamhl c puknìthtac (LLDPE)

QarakthrÐzetai apì eÔroc puknìthtac metaxÔ 0.915 − 0.925g/cm3, eÐnai grammikì polumerèc me mikrèc
diaklad¸seic, to opoÐo sqhmatÐzetai kat� ton sumpolumerismì tou monomeroÔc aijuenÐou me megalÔterou
megèjouc alusÐdec olefin¸n. Parousi�zei uyhlìterh diatmhtik  antoq , kai megalÔterh antÐstash se
kroÔsh apì to LDPE.
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2.2.5 PolÔ qamhl c puknìthtac (VLDPE)

DiakrÐnetai apì puknìthta 0.880− 0.915g/cm3.EÐnai grammikì polumerèc me meg�lo arijmì mikr¸n dia-
klad¸sewn. SqhmatÐzetai kat� ton sumpolumerismì tou monomeroÔc aijulenÐou mazÐ me mikrèc alusÐdec
a-olefin¸n, ìpwc to 1-boutènio, 1-exènio kai to 1-oktènio. upì thn parousÐa katalÔth metallokenÐou.

2.2.6 Diasundedemèno (cross-linked) (PEX)

Poluaijulènio mesaÐac èwc uyhl c puknìthtac, sto opoÐo oi desmoÐ metaxÔ twn alusid¸n dhmiourgoÔn
èna dÐktuo diasudedemènwn alusÐdwn prosdÐdontac sto ulikì antoq  se uyhlèc jermokrasÐec kai exai-
retik  antoq  se qhmikèc metabolèc.

2.2.7 PolÔ uyhloÔ moriakoÔ b�rouc (UHMWPE)

Gnwstì kai wc poluaijulènio uyhl c apìdoshc , to ulikì èqei exairetik� meg�lec alusÐdec me moriakì
b�roc pou kumaÐnetai metaxÔ 2−6×106. To uyhlì moriakì b�roc eÐnai apotèlesma thc exairetik c 'topo-
jèthshc' twn alusÐdwn se krustallik  dom , o bajmìc krustallopoÐhshc tou opoÐou anèrqetai se 85%.
Sun jwc sqhmatÐzetai upì thn parousÐa katalut¸n Ziegler h metalloken¸n katalut¸n. Wc apotèlesma
thc exairetik c tou sklhrìthtac kai qhmik c antÐstashc qrhsimopoieÐtai se pl joc efarmog¸n.

Sq ma 2.2: Dom  poluaijulenÐou.Apì arister�:LDPE ,LLDPE ,HDPE)

H paragwg  poluaijulenÐou mporeÐ na gÐnei mèsw polumerismoÔ eleujèrwn riz¸n, aniontikoÔ po-
lumerismoÔ, kationtikoÔ polumerismoÔ   sunergatikoÔ iontikoÔ polumerismoÔ. K�je mÐa apì autèc tic
mejìdouc polumerismoÔ odhgeÐ sthn paragwglh diaforetikoÔ tÔpou poluaijulenÐou.

H moriak  m�za tou poluaijulenÐou exart�tai apì thn mèjodo kai tic sunj kec paragwg c kai poikÐlei
apì merikèc qili�dec e¸c arket� ekatommÔria. Poll� diaforetik� sumpolumer  mporoÔn na sqhmatistoÔn
me b�sh to poluaijulènio kat� thn tropopoÐhsh tou me �llec poluolefÐnec. To poluaijulènio mporeÐ na
sumpolimeristeÐ me èna meg�lo èuroc monomer¸n kat� thn iontik  sÔnjesh. To poluaijulènio eÐnai to
aploÔstero domik� emporikì polumerèc. ApoteleÐtai apì mÐa meg�lh alusÐda atìmwn �njraka, k�je en�
apì ta opoÐa en¸netai me dÔo �toma udrogìnou.
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H

H

C

H

H
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H
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H

C

H

H
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AntÐdrash 2.2.1: Poluaijulènio

To poluaijulènio eÐnai jermoplastikì polumerèc me ta makromìria tou na diat�ssontai kurÐwc gram-
mik�. O desmìc C-H sqhmatÐzetai upì gwnÐa perÐpou 110 moir¸n, kaj¸c k�je �tomo mou tou eÐnai
tetraedrikì. EpÐsic parousi�zei sqetikì mikrì bajmì diaklad¸sewn . O mikrìc bajmìc diaklad¸sewn
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sqetÐzetai me thn meg�lh puknìthta kai ton meg�lo bajmì krustallopoÐhshc. To poluaijulènio eÐnai
krustallikì polumerèc :se jermokrasÐa 20 C o bajmìc krustallopoÐshc poikÐlei apì 50-90% an�loga
me thn mèjodo paragwg c.O bajmìc krustallopoÐhshc mei¸netai me thn aÔxhsh thc jermokrasÐac, se
jermokrasÐa t xhc to poluaijulènio gÐnetai �morfo.
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Kef�laio 3

Apoikodìmhsh Polumer¸n

Apoikodìmhsh polumer¸n qarakthrÐzetai mÐa om�da diergasi¸n oi opoÐec apodomoÔn to polumerèc, meta-
b�lloun tic idiìthtec tou   katastrèfoun thn exwterik  tou emf�nish.Sumbatik�, o ìroc �apoikodìmhsh�
upodhl¸nei meÐwsh tou moriakoÔ b�rouc tou polumeroÔc.H apoikodìmhsh polumer¸n prokaleÐtai apì thn
èkjesh se periballontikoÔc par�gontec ìpwc paradeÐgmatoc q�rin aktinobolÐa UV , jermìthta, ìzon,
oxugìno, me apotèlesma thn jlÐyh, rwgm  kai ton apoqrwmatismì.H apoikodìmhsh dÔnatai na sumbeÐ se
opoiad pote f�sh thc zw c enìc polumeroÔc ìpwc kat� th di�rkeia thc sÔnjeshc   thc qr shc tou.

3.1 DiergasÐec apoikodìmhshc

3.1.1 Jermik  apoikodìmhsh

'Ola ta plastik� mporoÔn na apoikodomhjoÔn qhmik� upì thn epÐdrash jermìthtac.H pleioyhfÐa twn
platik¸n dèqetai thn epÐdrash jermìthtac tìso kat� thn sÔnjesh ìso kai kat� thn di�rkeia leitourgÐac
touc. H epÐdrash thc jermìthtac gia meg�la qronik� diast mata odhgeÐ sthn alloÐwsh twn mhqanik¸n
kai jermik¸n idiot twn tou ulikoÔ kaj¸c kai sthn epifaneiak  morfologÐa tou.

3.1.2 Udrolutik  apoikodìmhsh

Polumer  ìpwc oi poluamÐdec kai oi poluaket�lec mporoÔn na apoikodomhjoÔn exaitÐac thc udrìlushc
se ìxinec sunj kec sto perib�llon.H udrolutik  apoikodìmhsh lamb�nei q¸ra ìtan oi udroluìmenec
om�dec tou polumeroÔc ektÐjontai sthn ugrasÐa.An h udrìlush epiteuqjeÐ enzumatik� tìte h diergasÐa
jewreitaÐ bioapoikodomhtik .

3.1.3 Apoikodìmhsh exaitÐac aktinobolÐac

Oi aktÐnec Q, oi aktÐnec G, aktÐnec A kai oi aktÐnec B eÐnai oi pio gnwstèc aktinobolÐec uyhl c enèrgeiac.Oi
aktÐnec G, ìpwc kai h uperi¸dhc aktinobolÐa an koun sto hlektromagnhtikì f�sma, parìlo aut� h
uyhlìterh enèrgeia twn aktin¸n G tic kajist� perissìtero drastikèc ìson afor� thn apoikodìmhsh
polumer¸n.

3.1.4 Jrummatismìc(Weathering)

H g ransh fusik¸n   teqnht¸n polumer¸n ulik¸n eÐnai èna fusikì fainìmeno.KÔrioi par�gontec pou
epidroÔn sthn apodìmhsh twn polumer¸n eÐnai h hliak  aktinobolÐa se sunduasmì me tic epidr�seic thc
ugrasÐac, thc jermokrasÐac kai tou oxugìnou.

3.1.5 FusikoÐ Par�gontec

Oi fusikèc metabolèc pou sumbaÐnoun se èna ulikì ektejeimèno sto perib�llon eÐnai apotèlesma anti-
dr�sewn kat� tic opoÐec pragmatopoieÐtai sp�simo qhmik¸n desm¸n wc apotèlesma thc aporrìfhshc
aktinobolÐac eÐte mèsw �mmeswn eÐte èmmeswn diergasi¸n.H apoikodìmhsh twn perissìterwn ulik¸n
ta opoÐa ektÐjontai se exwterikèc sunj kec prokaleÐtai kurÐwc exaitÐac thc uperi¸douc aktinobolÐac
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(UV) tou hlektromagnhtikoÔ f�smatoc. Oi aktinobolÐec me ta mikrìtera m kh kÔmatoc èqoun sun jwc
thn megalÔterh epÐdrash.H jermokrasÐa sthn opoÐa ektÐjontai ta polumer  ephre�zei shmantik� thn
epÐdrash thc aktinobolÐac , kaj¸c se uyhlèc jermokrasÐec parathreÐtai epit�qunsh twn deuterogen¸n
antidr�sewn me ton rujmì antÐdrashc touc na diplasi�zetai gia k�je �uxhsh jermokrasÐac kat� 10 C
. Se uyhlèc jermokrasÐec ta mìria apoktoÔn megalÔterh kinhtikìthta.Wc ek toÔtou o rujmìc dÐaqushc
oxugìnou aux�netai me apotèlesma thn �uxhsh tou rujmoÔ sqhmatismoÔ peroxeidÐwn kat� tic prwtoge-
neÐc fwto-oxeidwtikèc diergasÐec.Upì thn epÐdrash tou fwtìc h epifaneiak  jermokrasÐa enìc ulikoÔ
jewreÐtai megalÔterh thc jermokrasÐac aèra.H hliak  aporrofhtikìthta sqetÐzetai me to qr¸ma h o-
poÐa poikÐlei apì 20% gia leuk� ulik� e¸c 90% gia m�ura.Epomènwc ulik� diaforetikoÔ qr¸matoc ja
apokt soun diaforetikèc jermokrasÐec. EpÐsic, kaj¸c h jermik  agwgimìthta kai h jermoqwrhtikìthta
twn polumer¸n eÐnai genik� mikr , anamènetai na anaptuqjoÔn uyhlìterec jermokrasÐec sthn epif�neia
se sqèsh me to upìloipo ulikì.Epomènwc , tìso h jermokrasÐa aèra ìso kai h epifaneiak  jermokrasÐa
tou ulikoÔ paÐzoun rìlo.To nerì me th morf  sthn opoÐa brÐsketai an�loga me thn jermokrasÐa peri-
b�llontoc se sunduasmo me thn hliak  aktinobolÐa suneisfèrei shmantik� sthn g ransh(jrummatismì)
twn ulik¸n.Autì ofeÐletai stic mhqanikèc t�seic pou askoÔntai sto ulikì ìtan aporrof�tai h ekrof�tai
ugrasÐa kai sthn summetoq  tou neroÔ stic qhmikèc antidr�seic.Oi t�seic pou askoÔntai mporoÔn na
odhg soun se domikèc metabolèc to ulikì   akìma kai na epitaqÔnoun thn apoikodìmhsh. H epÐdrash
tou oxugìnou se sunergasÐa me thn hliak  aktinobolÐa   alli¸c h fwto-oxeÐdwsh prowjeÐ thn apoi-
kodìmhsh.Oi elèujerec rÐzec pou dhmiourgoÔntai sta mìria wc apotèlesma thc aporrìfhshc hliak c
aktinobolÐac sqhmatÐzoun peroxeÐdia kaj¸c antidroÔn me to oxugìno.H epÐdrash thc aktinobolÐac me-
gal¸nei me ton sqhmatismì udroperoxeidÐwn ta opoÐa aporrofoÔn epiplèon aktinobolÐa me thn seir�
touc.

3.2 MhqanismoÐ oxeÐdwshc poluaijulenÐou (LDPE)

H èkjesh tou LDPE sto exwterikì perib�llon odhgeÐ sthn bÐaih metabol  twn idiot twn tou.H kÔria aitÐa
thc apoikodìmhshc tou ulikoÔ eÐnai h fwtoqhmik  metabol  thc moriak c tou dom c.H aporrìfhsh thc UV
aktinobolÐac apì ta makromìria sunteleÐtai mèsw thc apom�krunshc enìc atìmo udrogìnou me apotèlesma
ton sqhmatismì elèujerwn makrì-riz¸n(macro-radicals). H allhlepÐdrash metaxÔ thc UV aktinobolÐac,
tou oxugìnou kai twn elèujerwn riz¸n odhgeÐ ston sqhmatismì makrì-peroxulÐwn(macro-peroxyls).Sthn
sunèqeia ta makro-peroxÔlia mporoÔn na aposp�soun èna udrogìno apì diplanèc aleifatikèc alusÐdec
prokeimènou na sqhmatÐsoun mÐa nèa elèujerh makro-rÐza kai èna udro-peroxeÐdio(hydro-peroxide).

RH

Polumerèc

R

eleÔjerh rÐza

+ H

AntÐdrash 3.2.1: Arqik  antÐdrash sqhmatismoÔ makro-riz¸n (macro-radicals)

CH2CH2CHCH2 + O2 CH2CH2CHOOCH2

AntÐdrash 3.2.2: Sqhmatismìc m�kro-peroxulÐwn apì tÐc elèujerec m�kro-rÐzec.

CH2CH2CHOOCH2 CH2CH2CHOOHCH2

AntÐdrash 3.2.3: Sqhmatismìc Ôdro-peroxeidÐwn apì m�kro-peroxÔlia.

Oi polÔplokec antidr�seic thc fwto-oxeÐdwshc odhgoÔn ston sqhmatismì diaforetik¸n telik¸n proi-
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ìntwn an�loga me tic periballontÐkec sunj kec stic opoÐec ektÐjetai to ulikì.Parìlo aut� mporoÔme na
perigr�youme touc kÔriouc mhqanismoÔc pou sunodèuoun ton arqikì sqhmatismo twn makro-alkulik¸n
riz¸n. GnwrÐzoume ìti ta udro-peroxeÐdia paÐzoun kajoristikì rìlo ston sqhmatismì twn telik¸n proi-
ìntwn. Genik� oi aldeÔdec kai oi ketìnec par�gontai se megalÔterec sugkentr¸seic se sqèsh me ta
upìloipa proiìnta thc oxeÐdwshc kurÐwc mèsw dÔo diaforetik¸n metabolik¸n monopati¸n ta opoÐa ba-
sÐzontai sthn aposÔnjesh twn udroperoxeidÐwn. EpÐsic èqei perigrafeÐ ìti oi aldeÔdec kai oi ketìnec
mporoÔn na sqhmatisjoÔn apì thn aposÔnjesh mÐac alkoxulik c om�dac(alkoxyl group).Kai ta dÔo proi-
ìnta ja dhmiourg soun telik� karboxulikì oxÔ(carboxylic acid). Gia tic ketìnec autì ja dhmiourghjeÐ
mèsw tou monopatioÔ tÔpou Norrish I, en¸ gia tic aldeÔdec apaiteÐtai h antÐdrash me mÐa m�kro-rÐza gia
ton sqhmatismo oxèoc.EpÐsic h antÐdrash dÔo udro-peroxeidÐwn endèqetai na odhg sei sthn paragwg 
estèrwn, oi opoÐoi mporeÐ na dhmiourghjoÔn kai wc apotèlesma thc antÐdrashc enìc peroxeidÐou me mÐa
ketình.
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AntÐdrash 3.2.4: Sqhmatismìc ketìnhc apì Ôdro-peroxeÐdio.

C

O
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+ O

H H NorrishI C

O

OHH2C

karboxulikì oxÔ

AntÐdrash 3.2.5: Sqhmatismìc karboxulikoÔ oxèoc apì ketình (Norrish type I) .
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AntÐdrash 3.2.6: Sqhmatismìc aldeÔdhc apì udroperoxeÐdia.
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AntÐdrash 3.2.7: Sqhmatismìc karboxulikoÔ oxèoc apì aldeÔdh
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3.3 Bioapoikodìmhsh polumer¸n

H bioapoikodìmhsh enìc polumeroÔc ulikoÔ eÐnai h qhmik  apoikodìmhsh tou se metabolik� proiìnta
exaitÐac thc enzumatik c dr�shc mikroorganism¸n ìpwc ta bakt ria, oi mÔkhtec kai ta �lgh.Apotèlesma
thc bioapoikodìmhshc eÐnai h metabol  thc dom c tou polumeroÔc kai twn idiot twn tou wc apotèlesma
thc meÐwshc tou moriakoÔ tou b�rouc.

3.3.1 MikroorganismoÐ

Oi mikroorganismoÐ eÐnai exairetik� prosarmostikoÐ sto perib�llon.'Eqoun thn ikanìthta na ekrÐnoun
endoènzuma kai exwènzuma ta opoÐa epitÐjontai sto upìstwma sp�zontac tic moriakèc alusÐdec se tm ma-
ta.Ta ènzuma aut� eÐnai prwteÐnec polÔplokhc qhmik c dom c , uyhloÔ moriakoÔ b�rouc oi opoÐec pe-
rièqoun udrofulikèc om�dec ( COOH , OH ) kai opoÐec mporoÔn na epitejoÔn kai na katastrèyoun
sqedìn opoiad pote ènwsh.PolloÐ par�gontec ìpwc h parousÐa neroÔ, h parousÐa oxugìnou , h jer-
mokrasÐa , to pH, h phg  �njraka kai to oxeidoanagwgikì dunamikì ephre�zoun thn an�ptuxh twn
mikrorganism¸n.Diaforèc metaxÔ bakthrÐwn kai muk twn parousi�zontai ston parak�twn pÐnaka:

PÐnakac 3.1: Diaforèc bakthrÐwn kai muk twn

MÔkhtec(Fungi) Bakt ria(Bacteria)

PollukuttarikoÐ(ektìc zÔmhc) MonokuttarikoÐ
Eterìtrofoi Eterìtrofoi   autìtrofoi
Aerìbioi Aerìbioi   anaerìbioi

EukaruawtikoÐ PrwkaruwtikoÐ
ProtimoÔn ìxino perib�llon ProtimoÔn oudètero e¸c elafr¸c alkalikì

PÐnakac 3.2: Sunj kec stic opoÐec parathreÐtai mikrobiak  zw 

Par�metroc Sunj kec

pH 0-13
JermokrasÐa -5oC èwc 116oC

Pðesh èwc 1000 bar
Oxeidoanagwgikì dunamikì -500 mV èwc 850 mV
Sugkèntrwsh jreptik¸n apì 10 mg/L sto kajarì nerì

Almurìthta Exairetik� kajarì èwc koresmèno nerì

3.3.2 'Enzuma

Poll� diaforetik� eÐdh enzÔmwn up�rqoun se èna biologikì sÔsthma k�je èna apì ta opoÐa epiteleÐ mÐa
sugkekrimènh leitourgÐa. H euaisjhsÐa twn polumer¸n stouc mikroorganismoÔc exart�tai kurÐwc apì thn
diajesimìthta kai thn eidikìthta twn enzÔmwn, thn dom  tou Ðdiou tou polumeroÔc kai thn parousÐa, an
aut  apaiteÐtai sunergatik¸n enzÔmwn. H kÔria antÐdrash sthn enzumatik  apoikodìmhsh twn polumer¸n
eÐnai h diamoriak  antÐdrash metaxÔ tou polumeroÔc kai enìc mikroÔ moriakoÔ b�rouc antidrasthrÐou thn
opoÐa to ènzumo katalÔei. AutoÔ tou eÐdouc oi antdr�seic lamb�noun q¸ra mèsw antidr�sewn apl c  
dipl c antikat�stashc.Sthn antÐdrash apl c antikat�stashc ta dÔo upostr¸mata A,B prosdènontai sto
elèujero ènzumo En , mèsw diadoqik¸n antistrept¸n antidr�sewn,'Epeita to telikì sÔmploko En AB
diaqwrÐzetai sta proiìnta C , D kai sto elèujero ènzumo En. Stic antidr�seic dipl c antikat�stashc
mìno èna upìstrwma prosdènetai sto ènzumo k�je for�.To sÔmploko tou pr¸tou upostr¸matoc En AY
metatrèpetai sthn sunèqeia se èna nèo sÔmploko EnU metaxÔ tou enzÔmou kai tou kl�smatoc U tou AU.
Autì to endi�meso sÔmploko sundu�zetai me to deÔtero upìstrwma B metafèrontac to kl�sma U sto
upìstrwma B.
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En + A EnA + B EnAB C + D + E

AntÐdrash 3.3.1: Antidr�seic apl c antikat�stashc

En + AY EnAY + A

AntÐdrash 3.3.2: Antidr�seic dipl c antikat�stashc(a)

EnY + B EnYB YB + En

AntÐdrash 3.3.3: Antidr�seic dipl c antikat�stashc(b)

3.3.3 Par�gontec pou ephre�zoun thn bioapoikodìmhsh polumer¸n

ExaitÐac thc organik c touc fÔshc ìla ta polumer  bioapoikodomoÔntai ligìtero   perissìtero.H polu-
plokìthta, h dom  kai h sÔnjesh touc eÐnai shmantikoÐ par�gontec pou kajorÐzoun thn bioapoikodìmhsh
touc. H bioapoikodìmhsh polumer¸n eÐnai mÐa eterogen c diergasÐa.Ta polumer  den apoteloÔntai apo-
kleistik� apì èna omogenèc qhmikì sustatikì all� apo diaforetik� polumer  (blends)   prosjetik�
mikroÔ moriakoÔ b�rouc pou qrhsimopoioÔntai san jreptik� sustatik� gia ta mikrìbia pou anaptÔssontai
sthn epif�neia touc.Epiplèon, se èna polumerèc eÐnai pijanì na brÐskontai diaforetik� domik� sustatik�
(copolymers)   akìma kai diaklad¸seic alusÐdwn   olìklhra dÐktua alusÐdwn(cross-linked polymers).Oi
diaforetikèc autèc domèc enìc polumeroÔc mporeÐ na èqoun kajorÐstikh epÐdrash sthn prìsbash enìc
enzÔmou sto ulikì.Ta qarakthristik� pou ephre�zoun ton bajmì bioapoikodìmhshc enìc polumeroÔc
eÐnai ta ex c:

• Dom  kai morfologÐa polumeroÔc

• Moriakì b�roc

• Udrofilik� kai udrofobik� qarakthristik�

• Qhmik� prosjetik�

• Mèjodoc polumerismoÔ

• Periballontikèc sunj kec

Oi parak�tw prot�seic diatup¸jhkan gia thn susqètish metaxÔ dom c polumeroÔc kai bioapoikodo-
mhsimìthtac ( Swift 1992 ; Kawai 1995).

1. Ta fusik� polumer  eÐnai bioapoikodom sima.Ta qhmik� tropopoihmèna polumer  endèqetai na eÐnai
bioapoikodomhsima an�loga me thn èktash thc tropopoÐhshc kai thc tropopoihmènhc om�dac tou
polumeroÔc.

2. Ta sunjetik� prosjetik� polumer  me moriakì b�roc meglÔtero tou 1000 den apoikodomoÔntai me
exaÐresh thn polubunilik  alkoìlh(polyvinyl alcohol).

3. Ta sunjetik� prosjetik� polumer  ta opoÐa perièqoun poluaket�lec (polyacetals) kai poluestèrec
(polyesters) endèqetai na bioapoikodomhjoÔn.

4. Sunjetik� sumpukn¸mena(condensating) polumer  bioapoikodomoÔntai ligìtero   perissìtero a-
n�loga me touc parak�tw par�gontec:

• Zèugh alusÐdac(chain coupling) (ester>ether>amide>urethane)

• Moriakì b�roc(qamhl� moriak� b�rh apoikodomoÔntai grhgorìtera)
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• MorfologÐa

• Sklhrìthta

• Udrofilikìthta / Udrofobikìthta

• Udatodialutìthta( den exasfalÐzei thn bioapoikodomhsimìthta)
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3.3.4 Bioapoikodìmhsh poluaijulenÐou

To poluaijulènio (PE) apoteleÐtai apì epanalambanìmena mìria ( -CH2-CH2-), dhlad  apì exaireti-
k� isquroÔc desmoÔc C-C ,C-H kai genik� uyhlì moriakì b�roc , kajist¸ntac to anjektikì ènanti
twn biotik¸n diergasi¸n apoikodìmhshc.Parìlo aut� arketèc èreunec èqoun katadeÐxei ìti to poluaiju-
lènio mporeÐ na apoikodomhjeÐ biologik�, me thn diergasÐa bèbaia na eÐnai genik� arg  . Oi Watanabe
kai Kawai apomìnwsan mikroorganismoÔc (bakt ria kai mÔkhtec) apì to èdafoc prokeimènou na touc
kallierg soun se deÐgma PE kai na metr soun thn metabol  tou moriakoÔ touc b�rouc Sugkekrimèna
qrhsimopoÐhsan emporik� diajèsimo deÐgma PE san phg  �njraka gia kallierg sima bakt ria kai mÔkh-
tec.Met� thn an�ptuxh thc kallièrgeiac to ulikì epanasullèqjhke mèsw fÐltrou diamètrou pìrwn 10
mm. H katanom  moriakoÔ b�rouc prÐn kai met� thn kallièrgeia analÔjhke mèsw uyhl c jermokrasÐac
GPC(Gel Permeation Chromatography). Ta GPC profÐl èdeixan ìti mìria poluaijulenÐou moriakoÔ
b�rouc perÐpou 3000 kai k�tw katanal¸jhkan apeujeÐac apì touc mikroorganismoÔc. Ta peiramatik� a-
potelèsmata eÐqan èna koinì shmeÐo anafor�c, thn apeujeÐac katan�lwsh morÐwn mikroÔ moriakoÔ b�rouc
ap'ta kÔttara. EpÐsic den parathr jhkan shmantikèc allagèc metaxÔ twn katanom¸n moriakoÔ b�rouc
tou ulikoÔ PE metaxÔ kalliergei¸n muk twn kai bakthrÐwn. Epomènwc mporeÐ na exaqjeÐ to pr¸to
sumpèrasma ìson afìra thn mikrobiak  apoikodìmhsh tou poluaijulenÐou.'Oso mikrìtera eÐnai ta mìria
PE tìso grhgorìtera katanal¸nontai apì touc mikroorganismoÔc. H katan�lwsh twn mikr¸n morÐwn
eÐnai èna koinì stoiqeÐo metaxÔ bakthrÐwn kai muk twn, me ton rujmì kat� ton opoÐo gÐnetai na exart�tai
apì to eÐdoc tou mikroorganismoÔ.EpÐsic gia thn sunolik  bioapoikodomhtik  diergasÐa prèpei na lhfjeÐ
up�ìyin �lloc ènac par�gontac, h b-oxeÐdwsh.

GnwrÐzoume ìti ta n tìso grhgorìtera katanal¸nontai apì touc mikroorganismoÔc.H katan�lwsh-
alk�nia (n-alkane) tìso grhgorìtera katanal¸nontai apì touc mikroorganismoÔc.H katan�lwsh meta-
bolÐzontai mè èna ek twn tri¸n parak�tw metabolik¸n monopati¸n:

RCH3 RCH2OH RCHO RCOOH

AntÐdrash 3.3.4: Termatik  oxeÐdwsh (Terminal oxidation)

H3CRCH3 .. CH3RCOOH ... HOOHCRCOOH

AntÐdrash 3.3.5: Ditermatik  oxeÐdwsh (Diterminal oxidation)

RCH2CH2CH3 .. RCH2COCH3 ... RCH2 + CH3COOH

AntÐdrash 3.3.6: 'Upotermatik  oxeÐdwsh (Subterminal oxidation)

To poluaijulènio jewreÐtai n-alk�nio kai epomènwc ja karboxuliwjeÐ mèsw enìc ek twn parap�nw
monopati¸n. Ta mìria PE ta opoÐa metabìlizontai mèsw aut¸n twn antidr�sewn gÐnontai domik� an�loga
twn lipar¸n oxèwn ( fatty acids) kai epomènwc upìkeintai sthn b-oxeÐdwsh.Kat� thn b-oxeÐdwsh ta mìria
poluaijulenÐou q�noun dÔo �njrakec sthn qhmik  morf  tou oxikoÔ oxèoc ( CH3COOH) , q�noun dhlad 
moriakì b�roc Ðso me 60 ,ìso dhlad  to moriakì b�roc tou oxikoÔ oxèoc se k�je kÔklo thc diergasÐac.
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Kef�laio 4

An�ptuxh montèlou

Skopìc thc ergasÐac aut c  tan h kataskeu  enìc upologistikoÔ montèlou pou na perigr�fei ikano-
poihtik� tic diergasÐec tou jrummatismoÔ kai thc bioapoikodìmhshc tou grammikoÔ qamhl c puknìthtac
poluaijulenÐou (LLDPE) apì mikroorganismoÔc sto fusikì perib�llon.Sto kef�laio autì parousi�ze-
tai h majhmatik  dom  tou montèlou kaj¸c kai tm mata tou k¸dika tou montèlou.

4.1 Katanom  moriak¸n bar¸n

H montelopoÐhsh twn diergasi¸n apoikodìmhshc tou poluaijulenÐou proupojètei thn perigraf  twn
mhqanism¸n aut¸n se moriakì epÐpedo.Gia ton lìgo autì,h katanom  twn moriak¸n bar¸n (Molecular
weight distribution) an�getai se basikì ergaleÐo thc montelopoÐhshc.H katanomèc moriak¸n bar¸n pe-
rikleÐoun ìlh thn aparaÐthth plhroforÐa gia èna ulikì, dÐnontac mac thn dunatìthta na upologÐzoume thn
meÐwsh thc m�zac ìqi mìno gia èna sugkekrimèno deÐgma poluaijulenÐou,all� kai gia opoiod pote ulikì
pou akoloujeÐ thn Ðdia moriak  katanom . JewroÔmai ìti h katanom  moriak¸n bar¸n gia to grammikì
qamhl c puknìthtac poluaijulènio eÐnai logarijmik (Watanabe,Kawai et.al.,2001).

y = f(x | µ, σ) =
1

xσ
√

2π
e

−(ln x−µ)2

2σ2 (4.1)

ìpou m kai s eÐnai h mèsh tim  kai h tupik  apìklish antÐstoiqa.
Qrhsimopoi¸ntac thn parap�nw katanom  kai gia sugkekrimènec timèc m,s mporoÔme na parag�goume

èna di�nusma A(k, 1) k�je stoiqeÐo tou opoÐou apoteleÐ èna mìrio.Oi metabolèc tou polumeroÔc exai-
tÐac twn diergasi¸n tou jrummatismoÔ kai thc bioapoikodìmhshc antikatoptrÐzontai stic metabolèc twn
stoiqeÐwn tou pÐnaka A kai katèpèktash sthn moriak  katanom  tou ulikoÔ. Metab�llontac tic timèc
twn m,s,k lamb�noume diaforetikèc moriakèc katanomèc.

18



0 1000 2000 3000 4000 5000 6000 7000 8000

Molecular Weigth

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

N
um

be
r 

of
 m

ol
ec

ul
es

 Number of molecules - Molecular Weigth

Sq ma 4.1: DeÐgma 100000 morÐwn poluaijulenÐou

19



4.1.1 K¸dikac Matlab

1 % ESTIMATING INITIAL MOLECULAR WEIGTH DISTRIBUTION FOR
POLYETHYLENE

2 c l e a r
3 g l o b a l n A matrix x va lue s
4 % Number o f data po in t s
5 N = 100000;
6 % Spec i f y bin l o c a t i o n s f o r histogram and f i t
7 BIN WIDTH = 60 ;
8 BIN MAX = 10000;
9 BIN RANGE = 0 :BIN WIDTH:BIN MAX;

10 x = lognrnd ( 6 . 8 3 , 0 . 992 ,N, 1 ) ;
11 save x=x ;
12 % Fit the data
13 parmhat1 = l o g n f i t ( x ) ;
14 % Plot comparison o f the histogram of the data , and the

f i t
15 f i g u r e
16 hold on
17 % Empir ica l d i s t r i b u t i o n
18 h i s t (x ,BIN RANGE) ;
19 % Fit ted d i s t r i b u t i o n
20 xt = BIN RANGE;
21 y p r o b a b i l i t y 1 1 l = BIN WIDTH∗ l ognpdf ( xt , parmhat1 (1 ) ,

parmhat1 (2 ) ) ;

4.2 MontelopoÐhsh jrummatismoÔ

H g ransh tou poluaijulenÐou eÐnai apotèlesma tou spasÐmatoc twn morÐwn tou exaitÐac thc fwto-
oxeÐdwshc tou. GnwrÐzoume ìti h aporrìfhsh aktinobolÐac èqei wc apotèlesma to sp�simo twn alusÐdwn
kai ton sqhmatismì mÐac seir�c proiìntwn mès¸ sugkekrimènwn qhmik¸n monopati¸n. Gia thn montelo-
poÐhsh thc diergasÐac to basikì er¸thma pou kaloÔmaste na apant soume afor� thn pijanìthta enìc
morÐou na sp�sei an�loga me to moriakì tou b�rouc.

Gia na apant soume sto parap�nw er¸thma proteÐnoume ìti h pijanìthta enìc morÐou na sp�sei
exart�tai apì:

• thn pijanìthta P(A) enìc morÐou na èqei moriakì b�roc x

• thn pijanìthta P(B) enìc morÐou moriakoÔ b�rouc x na sp�sei

H pijanìthta P(A) eÐnai gnwst  apì thn katanom  moriak¸n bar¸n tou ulikoÔ. Gia thn pijanìthta
P(B) jewroÔmai:

P (B)i = λMWi (4.2)

n∑
i=1

P (B)i = 1 (4.3)

ìpou,

P (B)i: h pijanìthta enìc morÐou moriakoÔ b�rouc MWi na sp�sei.
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kai

λ =
1∑n

i=1MWi
(4.4)

MWi = iDM (4.5)

ìpou DM = L = 60 ìso kai to moriakì b�roc tou oxikoÔ oxèoc.
Mac endiafèrei h tom  twn dÔo pijanot twn P (A) kai P (B).

P (A ∩B) = P (A)P (B | A) (4.6)

P (B ∩A) = P (B)P (A | B) (4.7)

EÐnai prìfanec ìti h pijanìthta enìc morÐou na èqei moriakì b�roc x eÐnai anex�rthth thc pijanìthtac
tou morÐou autoÔ na sp�sei:

P (A | B) = P (A) (4.8)

P (A)P (B | A) = P (B)P (A | B)⇔ (4.9)

P (A)P (B | A) = P (B)P (A)⇔ P (B | A) = P (B) (4.10)

A ⊥ B (4.11)

'Etsi apì thn sqèsh:
P (A ∩B) = P (A)P (B) (4.12)

mporoÔme na upologÐsoume th sun�rthsh puknìthtac pijanìthtac gia to sp�simo enìc morÐou moria-
koÔ b�rouc x.

Gia èna NB tuqaÐo arijmì sunolik¸n spasim�twn sto ulikì mporoÔme na upologÐsoume ton arijmì
spasim�twn NBi gia k�je moriakì b�roc:

NBi =
P (A ∩B)i∑i=n
1 P (A ∩B)i

NB (4.13)
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4.2.1 K¸dikac Matlab

1 %est imat ing number o f molecu lar breaks per molecu lar
weigt

2 %from i n t e r s e c t i o n o f p r o b a b i l i t i e s
3 %c a l c u l a t i n g p(B) p r o b a b i l i t y
4 c l e a r n
5 n=length ( x va lue s ) ;
6 k=1/sum( x va lue s ) ;
7 %p r o b a b i l i t y p(A)
8 pr a=y p r o b a b i l i t y 1 1 l ;
9 %p r o b a b i l i t y p(B)

10 f o r i =1:n
11 pr b ( i )=k∗ x va lue s ( i ) ;
12 end
13 %i n t e r s e c t i o n p(A) ,p(B)
14 f o r j =1:n
15 i n t e r p r o b ( j )=pr a ( j ) ∗pr b ( j ) ;
16 end
17

18 %c o n s i d e r i n g a number o f t o t a l breaks
19 c l e a r i
20 N2=10000;
21 f o r i =1:n
22 i n t e r p r o b 2 ( i )=i n t e r p r o b ( i ) / sum check ;
23 y countn2 ( i ) = N2 ∗ i n t e r p r o b 2 ( i ) ;
24 end
25

26

27 % tranforming B matrix
28 c l e a r i j n k
29 N breaks2=round ( y countn2 ) ;
30 n=length ( x va lue s ) ;
31 maxel2=max( N breaks2 ) ;
32 B breaks2=ze ro s ( maxel2 , n ) ;
33 f o r i =1:n
34 i f N breaks2 ( i ) == 0
35 end
36 B breaks2 ( 1 : N breaks2 ( i ) , i )=x va lue s ( i ) ;
37 end
38 pw= numel ( B breaks2 ) ;
39 B2=B breaks2 ’ ;
40 B2 ( : ) ’ ;
41 B2=nonzeros (B2 ( : ) ’ ) ;
42 i n d i c e s 2 = f i n d ( abs (B2)>5000) ;
43 B2( i n d i c e s 2 ) = [ ] ;
44 B2 rand = B2( randperm ( length (B2) ) ) ;

4.2.2 Algìrijmoc jrummatismoÔ(Weathering Algorithm)

'Eqontac upologÐsei thn pijanìthta enìc morÐou moriakoÔ b�rouc x na sp�sei kai ton arijmì ‘breaks’ pou
antistoiqeÐ se k�je moriakì b�roc gia sugkekrimèno sunolikì arijmì ‘breaks’ mporoÔme na proqwr soume
ston algìrijmì pou prosomoi¸nei thn diergasÐa thc fwtooxeÐdwshc tou poluaijulenÐou.O algìrijmoc

22



basÐzetai se dÔo dedomèna eisìdou: ton arqikì pÐnaka A kai ton pÐnaka B.O pÐnakac A antiproswpèuei to
ulikì mac kai oi metatropèc tou antikatoptrÐzoun tic metabolèc sto ulikì exaitÐac thc apoikodìmhshc.O
pÐnakac B mac parèqei thn plhroforÐa poi� mìria prìkeitai na sp�soun kai se poi� shmeÐa. ParadeÐgmatoc
q�rin tostoiqeÐo A(1) = 2500 antistoiqeÐ sto mìrio me moriakì b�roc 2500, en¸ to stoiqeÐo B(1)=1500
upodhl¸nei ìti an A(1) > B(1) tìte to mìrio ja sp�sei se dÔo kainoÔria m kouc B(1) kai A(1)−B(1).
O algìrijmoc parousi�zetai analutik� parak�tw.
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'Enarxh

A(i) > B(j) A(i) = A(i)−B(j),D(j) = B(j)

A(i) > B(j)

A(i) > B(j)

'Oqi:i = i+ 1

'Oqi:i = i+ 1

Nai

Nai

Nai

j = j + 1,i = 1

O algìrijmoc xekin�ei me i, j = 1 kai termatÐzei ìtan j = length(B).To nèo di�nusma A apoteleÐtai
apì ta stoiqeÐa tou pÐnaka A ìpwc autìc diamorf¸jhke met� to pèrac tou algorÐjmou, mazÐ me ta stoi-
qeÐa tou pÐnaka D o opoÐoc tautÐzetai me ton pÐnaka B. Gia k�je mìrio pou sp�ei dhmiourgoÔntai dÔo
kainoÔria. Parìlo aut� to �jroisma twn moriak¸n bar¸n twn dÔo morÐwn pou dhmiourgoÔntai den isoÔtai
me to moriakì b�roc tou arqikoÔ morÐou.'Opwc perigr�fhke sto kef�laio 3.2 to sp�simo twn morÐwn a-
koloujoÔn mÐa seir� qhmik¸n antidr�sewn pou odhgoÔn ston sqhmatismì mÐac seir�c telik¸n proiìntwn.
Sugkekrimèna jewroÔmai ìti h eleÔjerh rÐza pou dhmiourgeÐtai sto mìrio exaitÐac thc aporrìfhshc akti-
nobolÐac odhgeÐ Ôstera apì ton sqhmatismì endi�meswn proiìntwn sthn dhmiourgÐa udro-peroxulÐwn. Ta
udroperoxÔlia ja antidr�soun peraitèrw kai ja sqhmatÐsoun aldeÔdec kai ketìnec.Oi ketìnec mèsw tou
monopatioÔ Norrish I ja odhg soun sthn paragwg  karboxulikoÔ oxèoc,ìpwc kai oi aldeÔdec. K�nou-
me thn paradoq  ìti oi antidr�seic gia ton sqhmatismì estèrwn eÐnai deuterèuousec kai gia autìn ton
lìgo den tic lamb�noume up'ìyin.JewroÔmai ìti to moriakì b�roc gia to mìrio A(i) = A(i) − B(j) pou
ja prokÔyei aux�netai ìso antistoiqeÐ ston sqhmatismì mÐa karboxulik c om�dac. To telikì mìrio
D(j) = B(j) ja aux sei to moriakì tou b�roc mìno kat� èna udrogìno.

Apì to di�nusma A pou prokÔptei apì thn parap�nw diadikasÐa mporeÐ na exaqjeÐ h katanom  mo-
riak¸n bar¸n pou antistoiqei sto ulikì met� ton jrummatismì tou. Aut  h moriak  katanom  apoteleÐ
kai thn arqik  sunj kh gia thn epÐlush twn diaforik¸n exis¸sewn pou perigr�foun thn bioapoikodìmhsh.
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4.2.3 K¸dikac Matlab

1 %weather ing a lgor i thm
2 % A molecu le s matrix , B breaks matrix
3 whi le j <= N && v <= r1
4 i f A1( j ) >= Bweath1 ( v )
5 A1( j )=A1( j )−Bweath1 ( v ) +32−1;
6 Dweath1 ( v )=Bweath1 ( v ) +1;
7 e l s e
8 k=j +1;
9 f o r w= k : N

10 i f A1(w) >= Bweath1 ( v )
11 A1(w)=A1(w)−Bweath1 ( v ) +32−1;
12 Dweath1 ( v )=Bweath1 ( v ) +1;
13 break
14 e l s e
15 k=k+1;
16 end
17 end
18 end
19 v=v+1;
20 j == N
21 Bweath1 ( 1 :N, : ) = [ ] ;
22 j =1;
23 e l s e
24 j=j +1;
25 end
26 end
27 % a f t e r weather ing A matrix
28 A f i n a l 1 =[ A1 ; Dweath1 ’ ] ;
29 A f i n a l 1=nonzeros ( A f i n a l 1 ) ;
30 n1=length ( A f i n a l 1 ) ;

4.3 MontelopoÐhsh bioapoikodìmhshc

'Opwc perigr�fhke sto kef�laio 3.3.5 h montelopoÐhsh thc bioapoikodìmhshc tou poluaijulenÐou sth-
rÐzetai se upojèseic :

• Thn ap¸leia moriakoÔ b�rouc exaitÐac termatik¸n diaqwrism¸n (terminal separations)

• Thn gr gorh katan�lwsh morÐwn mikroÔ moriakoÔ b�rouc

Basizìmenoi se autèc tic dÔo upojèseic mporoÔme na perigr�youme majhmatik� thn diergasÐa thc
bioapoikodìmhshc tou poluaijulenÐou sÔmfwna me thn par�katw sqèsh:

dx

dt
= −ρ(M)x− β(M)x+ β(M + L)

M

M + L
y (4.14)

Oi metablhtèc t , Mw antiproswpèuoun ton qrìno kai to moriakì b�roc antÐstoiqa.
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To x = w(t,M) antiproswpèuei to sunolÐkì b�roc twn morÐwn moriakoÔ b�rouc M sthn mon�da tou
qrìnou.

To L antiproswpèuei to b�roc pou q�netai exaitÐac twn termatik¸n diaqwrism¸n kai isoÔtai me 60
ìso kai to moriakì b�roc tou oxikoÔ oxèoc (CH3COOH).

To y = w(t,M + L) antiproswpèuei to sunolikì b�roc twn morÐwn moriakoÔ b�rouc M+L , sthn
mon�da tou qrìnou

Oi mikroorganismoÐ den mporoÔn na katanal¸soun ta mìria poluaijulenÐou pou eÐnai arket� meg�la,
epomènwc up�rqei èna kat¸fli Mm tètoio ¸ste r(M)=0 gia M ≥Mm.Apì thn �llh to 1/b(M) mporeÐ
na jewrhjeÐ ¸c o qrìnoc pou apaiteÐtai gia thn olokl rwsh enìc kÔklou b-oxeÐdwshc , lamb�nontac
up�ìyin ìlo to f�sma twn moriak¸n bar¸n gia ton mèso qrìno enìc kÔklou. Epomènwc mporoÔme na
upojèsoume ìti to b(M) eÐnai stajerì gia M < Mm. 'Etsi lamb�noume tic parak�tw sqèseic:

β(M) = β(Mm) : M < Mm (4.15)

α(M) = β(M) : M > Mm (4.16)

Gia ton rujmì katan�lwshc apì touc mikroorganismoÔc proteÐnoume thn parak�tw sqèsh:

ρ(M) =
k1

10 + exp(a1M − p1)
(4.17)

Gia ton rujmì antÐdrashc b-oxeÐdwshc proteÐnoume antÐstoiqa:

β(M) =
k2

10 + exp(a2M − p2)
(4.18)

4.3.1 K¸dikac Matlab

1 R matrix=ze ro s (n , n+1) ; %Construct ing d id i agona l matrix R
2 f o r i= 1 : n−1
3 j=i +1;
4

5 R matrix ( i , i )= −a matr ix ( i )+b matrix ( i ) ;
6 R matrix ( i , j )= b matrix ( j ) ∗ ( ( x va lue s ( i ) ) /( x va lue s ( i )

+60) ) ;
7 end
8 % ODEsolver
9 tspan=l i n s p a c e (0 , 10 ) ; %time i n t e r v a l

10 x i n i t=y p r o b a b i l i t y 2 l ; % i n i t i a l c o n d i t i o n s de f ined as
the weathened (N2) PE

11 [ t , x]= ode15s ( ’ weathbiofun ’ , tspan , x i n i t ) ; %A subprogram
f o r the ODE i s c a l l e d

1 %Subprogram
2 f unc t i on dxdt = weathbiofun ( t , x )
3 g l o b a l R matrix n
4 n=167;
5 i =1;
6 f o r i =1:n−1
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7 dxdt ( i )=R matrix ( i , i ) ∗x ( i )+R matrix ( i , i +1)∗x ( i +1) ;
8 end
9 dxdt (n)=−R matrix (n , n) ∗x (n) ;

10 dxdt=dxdt ’ ;
11 end
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Kef�laio 5

An�lush euaisjhsÐac

Sto kef�laio autì parousi�zontai ta apotelèsmata tou montèlou Ôstera apì an�lush euaisjhsÐac twn
kurÐwn paramètrwn tou. MporoÔme na qwrÐsoume tic paramètrouc tou montèlou se dÔo kathgorÐec

• Par�metroi pou ephre�zoun thn bioapoikodìmhsh

• Par�metori pou ephre�zoun thn arqik  moriak  katanom  tou ulikoÔ

Gia k�je mÐa apì tic upì exètash paramètrouc jewreÐtai mÐa onomastik  tim .Me b�sh tic onomastikèc
timèc upologÐzetai h sunolik  meÐwsh thc m�zac tou ulikoÔ h opoÐa antistoiqeÐ sthn meÐwsh pou epitug-
q�netai se qronik  di�rkeia 5 mhn¸n. Sth sunèqeia exet�zoume thn euaisjhsÐa tou montèlou se k�je
par�metro dÐnontac timèc sto ±5% twn onomastik¸n touc tim¸n kai sugkrÐnontac th sunolik  meÐwsh
m�zac me thn antÐstoiqh pou proèkuye qrhsimopoi¸ntac tic onomastikèc timèc twn paramètrwn.EpÐsic
gÐnetai sÔgkrish twn apotelesm�twn me peiramatik� dedomèna pou èqoume sth di�jesh gia thn bioapoi-
kodìmhsh fusik� ghrasmènou grammikoÔ qamhl c puknìthtac poluaijulenÐo LLDPE. upologÐzontac to
mèso sf�lma se k�je perÐptwsh:

e =
xe − xp
xp

(5.1)

ìpou
xe: peiramatik  tim 
xp: prìbleyh montèlou

e =

∑n
i=1 ei
n

(5.2)

5.1 Par�metroi bioapoikodìmhshc

Wc paramètrouc bioapoikodìmhshc jewroÔmai tic paramètrouc pou ephre�zontai apì thn mikrobiak  dra-
sthriìthta.H bioapoikodìmhsh tou poluaijulenÐou ephre�zetai apì thn apeujeÐac katan�lwsh morÐwn
apì touc mikroorganismoÔc kai apì k�je metabolikì kÔklo thc b-oxeÐdwshc.Epomènwc wc paramètrouc
bioapoikodìmhshc logÐzoume tic paramètrouc pou ephre�zoun ton rujmì katan�lwshc morÐwn kai ton
rujmì thc b-oxeÐdwshc.

5.1.1 Par�metroi rujmoÔ katan�lwshc

H exÐswsh tou rujmoÔ katan�lwshc morÐwn apì touc mikroorganismoÔc dÐnetai apì thn exÐswsh 4.16 ,
ìpou h par�metroc p1 antistoiqeÐ sth tim  tou moriakoÔ b�rouc mèqri kai thn opoÐa èqoume ton mègisto
rujmì katan�lwshc.H par�metroc a1 antistoÐqeÐ sthn klÐsh thc exÐswshc gia moriak� b�rh megalÔtera
thc tim c p1.H par�metroc k1 kajorÐzei ton mègisto rujmì katan�lwshc.
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H par�metroc p1

p1(nominal) = 500 (5.3)

Gia thn par�metro p1 jewroÔmai timèc sto ±5% twn onomastik¸n touc tim¸n dhlad  450 kai 550
antÐstoiqa.

PÐnakac 5.1: An�lush euaisjhsÐac paramètrou p1

Tim  MeÐwsh b�rouc % Metabol  %
500 16.12 -
450 15.36 -4.7
550 17.05 5.7

Apotelèsmata gia p1 = 450
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Sq ma 5.1: MeÐwsh m�zac (p1=450)
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Sq ma 5.2: Sugkrish me peiramatik� dedomèna (p1=450)

Mèso sf�lma: e = 11.6%
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Apotelèsmata gia p1 = 550
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Sq ma 5.3: MeÐwsh m�zac (p1=550)
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Sq ma 5.4: Sugkrish me peiramatik� dedomèna (p1=550)
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Mèso sf�lma: e = 18.9%

H par�metroc a1

p1(nominal) = 0.002 (5.4)

Gia thn par�metro p1 jewroÔmai timèc sto ±5% twn onomastik¸n touc tim¸n dhlad  0.0018 kai 0.022
antÐstoiqa.

PÐnakac 5.2: An�lush euaisjhsÐac paramètrou a1

Tim  MeÐwsh b�rouc % Metabol  %
0.0020 16.12 -
0.0018 17.78 10.0
0.0022 14.57 -9.6

Apotelèsmata gia a1 = 0.0018
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Sq ma 5.5: MeÐwsh m�zac (a1=0.0018)
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Sq ma 5.6: Sugkrish me peiramatik� dedomèna (a1=0018)

Mèso sf�lma: e = 21.2%
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Apotelèsmata gia a1 = 0.0022
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Sq ma 5.7: MeÐwsh m�zac (a1=0.0022)
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Sq ma 5.8: Sugkrish me peiramatik� dedomèna (a1=0.0022)
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Mèso sf�lma: e = 9.7%

H par�metroc k1

k1(nominal) = 1.00 (5.5)

Gia thn par�metro k1 jewroÔmai timèc sto ±5% twn onomastik¸n touc tim¸n dhlad  0.95 kai 1.05
antÐstoiqa.

PÐnakac 5.3: An�lush euaisjhsÐac paramètrou k1

Tim  MeÐwsh b�rouc % Metabol  %
1.00 16.12 -
0.95 14.14 12.2
1.05 18.93 17.4

Apotelèsmata gia k1 = 0.95

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

months

0

5

10

15

20

25

30

M
as

s 
 lo

ss
 %

Mass change on time

Mass change on time

Sq ma 5.9: MeÐwsh m�zac (k1=0.95)
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Sq ma 5.10: Sugkrish me peiramatik� dedomèna (k1=0.95)

Mèso sf�lma: e = 3.3%
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Apotelèsmata gia k1 = 1.05
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Sq ma 5.11: MeÐwsh m�zac (k1=1.05)
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Sq ma 5.12: Sugkrish me peiramatik� dedomèna (k1=1.05)
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Mèso sf�lma: e = 23.8%

5.1.2 Sumper�smata

'Oson afor� tic paramètrouc tou rujmoÔ katan�lwshc parathroÔme gia thn par�metro p1 ìti h metabol 
thc posositiaÐac ap¸leiac m�zac tou ulikoÔ eÐnai sqedìn an�logh thc metabol c thc tim c thc para-
mètrou kai antÐstrofa. 'Auxhsh thc paramètrou p1 kat� 5% èqei wc apotèlesma antÐstoiqh �uxhsh thc
ap¸leiac m�zac kat� perÐpou 6 posostiaÐec mon�dec kaj¸c �uxhsh thc tim c thc paramètrou p1 èqei wc
apotèlesma thc �uxhsh twn morÐwn pou katanal¸nontai me ton mègisto rujmì kai epomènwc thn aÔxhsh
thc katanalwjeÐsac m�zac. AntÐstoiqa meÐwsh thc onomastik c tim c thc p1 èqei wc apotèlesma meÐwsh
thc katanalwjeÐsac m�zac kat� 5% gia ton Ðdio lìgo. Apì thn �llh meri� parathroÔme ìti gia meta-
bol  -5% thc paramètrou a2 èqoume antÐstoiqh metabol  +10% sthn sunolik  ap¸leia m�zac, en¸ gia
metabol  +5% thc paramètrou a2 èqoume meÐwsh thc sunolik c katan�lwjeÐsac m�zac kat� 9.6%. Autì
sumbaÐnei dÐoti meÐwsh thc klÐshc thc exÐswshc tou rujmoÔ katan�lwshc sunep�getai megalÔteroi rujmoÐ
katan�lwshc gia ta mìria moriakoÔ b�rouc megalÔtera thc tim c p1. AntÐstoiqa �uxhsh thc paramètrou
a2 èqei wc apotèlesma thn meÐwshc tou rujmoÔ katan�lwshc gia ta mìria aut�. Tèloc ìson afor� thn
par�metro k1 parathroÔme ìti metabol  thc tim c thc paramètrou aut c se sqèsh me thn onomastik 
thc tim c kat� -5% èqei wc apotèlesma meÐwsh thc sunolik c katanalwjeÐsac m�zac kat� sqedìn 30%,
en¸ h antÐstoiqh �uxhsh thc tim c aut c kat� +5% prokaleÐ metabol  mìno 0.5%.

5.1.3 Par�metroi rujmoÔ b-oxeÐdwshc

H exÐswsh tou rujmoÔ b-oxeÐdwshc dÐnetai apì thn exÐswsh 4.16 , ìpou h par�metroc p2 antistoiqeÐ sth
tim  tou moriakoÔ b�rouc mèqri thn opoÐa èqoume ton mègisto rujmì. H par�metroc a2 antistoÐqeÐ sthn
klÐsh thc exÐswshc gia moriak� b�rh megalÔtera thc tim c p2. H par�metroc k2 kajorÐzei ton mègisto
rujmì b-oxeÐdwshc.

H par�metroc p2

p2(nominal) = 4500 (5.6)

Gia thn par�metro p2 jewroÔmai timèc sto ±5% twn onomastik¸n touc tim¸n dhlad  4050 kai 4950
antÐstoiqa.

PÐnakac 5.4: An�lush euaisjhsÐac paramètrou p2

Tim  MeÐwsh b�rouc % Metabol  %
4500 16.12 -
4050 16.67 3.4
4950 15.58 -3.3

Apotelèsmata gia p2 = 4050
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Sq ma 5.13: MeÐwsh m�zac (p2=4050)
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Sq ma 5.14: Sugkrish me peiramatik� dedomèna (p2=4050)

Mèso sf�lma: e = 16.8%
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Apotelèsmata gia p2 = 4950
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Sq ma 5.15: MeÐwsh m�zac (p2=4950)
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Sq ma 5.16: Sugkrish me peiramatik� dedomèna (p2=4950)
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Mèso sf�lma: e = 14.1%

H par�metroc a2

a2(nominal) = 0.002 (5.7)

Gia thn par�metro a2 jewroÔmai timèc sto ±5% twn onomastik¸n touc tim¸n dhlad  0.0018 kai 0.022
antÐstoiqa.

PÐnakac 5.5: An�lush euaisjhsÐac paramètrou a2

Tim  MeÐwsh b�rouc % Metabol  %
0.0020 16.12 -
0.0018 15.89 -1.4
0.0022 16.16 2.2

Apotelèsmata gia a2 = 0.0018
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Sq ma 5.17: MeÐwsh m�zac (a2=0.0018)
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Sq ma 5.18: Sugkrish me peiramatik� dedomèna (a2=0018)

Mèso sf�lma: e = 15.0%
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Apotelèsmata gia a2 = 0.0022
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Sq ma 5.19: MeÐwsh m�zac (a2=0.0022)
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Sq ma 5.20: Sugkrish me peiramatik� dedomèna (a2=0.0022)
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Mèso sf�lma: e = 15.5%
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H par�metroc k2

k2(nominal) = 0.2500 (5.8)

Gia thn par�metro k2 jewroÔmai timèc sto ±5% twn onomastik¸n touc tim¸n dhlad  0.2375 kai
0.2625 antÐstoiqa.

PÐnakac 5.6: An�lush euaisjhsÐac paramètrou k2

Tim  MeÐwsh b�rouc % Metabol  %
1.00 16.12 -
0.2375 16.2 0.5
0.2625 12.1 -24.9

Apotelèsmata gia k2 = 0.2375
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Sq ma 5.21: MeÐwsh m�zac (k2=0.2375)
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Sq ma 5.22: Sugkrish me peiramatik� dedomèna (k2=0.2375)

Mèso sf�lma: e = 20.6%
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Apotelèsmata gia k2 = 0.2625
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Sq ma 5.23: MeÐwsh m�zac (k2=0.2625)
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Sq ma 5.24: Sugkrish me peiramatik� dedomèna (k2=0.2625)
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Mèso sf�lma: e = 8.3%

5.1.4 Sumper�smata

O qrìnoc kat� ton opoÐo pragmatopoieÐtai ènac kÔkloc b-oxeÐdwshc,o qrìnoc dhlad  kat� ton opoÐo
pragmatopoieÐtai ènac termatikìc diaqwrismìc isoÔtai me thn tim  tou klasm�toc 1/b(M). ParathroÔme
ìti metabolèc stic paramètrouc p2 kai a2 èqoun polÔ mikr  epÐdrash sthn sunolik  diergasÐa thc bioapoi-
kodìmhshc kai sthn meÐwsh tou b�rouc tou ulikoÔ.Autì ofeÐletai sto ìti h b-oxeÐdwsh eÐnai mia arketa
pio arg  diadikasÐa se sqèsh me thn katan�lwsh twn morÐwn me apotèlesma h pragmatik  epÐdrash thc
b-oxeÐdwshc na qrei�zetai arket� perissìtero qrìno gia na faneÐ.Apì thn �llh, parathroÔme ìti meÐw-
sh thc paramètrou k2 èqei wc apotèlesma �uxhsh thc sunolik  katanalwjeÐsac m�zac, en¸ antÐstoiqh
aÔxhsh thc k2 epidr� arnhtik� sthn bioapoikodìmhsh tou ulikoÔ.

5.2 Par�metroi moriak c katanom c

'Opwc perigr�yame sto kef�laio 4.1 jewroÔmai ìti h katanom  twn morÐwn tou poluaijulenÐou eÐnai loga-
rijmik  kai h opoÐa perigr�fetai apì thn antÐstoiqh sun�rthsh puknìthtac pijanìthtac me paramètrouc
thn mèsh tim  m kai tupik  apìklish s. Sth par�grafo aut  ja exet�soume thn sqèsh thc moriak c
katanom c tou ulikoÔ me thn bioapoikodìmhsh tou. Gia ton skopì autì jewroÔmai tic onomastikèc timèc
twn paramètrwn aut¸n:

µn = 6.81 (5.9)

σn = 0.992 (5.10)

Ja exet�soume thn euaisjhsÐa tou montèlou stic paramètrouc autèc jewr¸ntac timèc twn paramètrwn
aut¸n sto ±5%

H par�metroc m

µ(nominal) = 6.83 (5.11)

Gia thn par�metro µ jewroÔmai timèc sto ±5% twn onomastik¸n touc tim¸n dhlad  6.49 kai 7.17
antÐstoiqa.

PÐnakac 5.7: An�lush euaisjhsÐac paramètrou k2

Tim  MeÐwsh b�rouc % Metabol  %
6.81 16.12 -
6.49 16.74 3.8
7.17 8.55 -46.9

Apotelèsmata gia µ = 6.49
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Sq ma 5.25: Moriak  katanom  (m=6.49)
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Sq ma 5.26: MeÐwsh m�zac (m=6.49)

49



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

months

0

5

10

15

20

25

30

M
as

s 
 lo

ss
 %

Mass change on time

model prediction
experimental data

Sq ma 5.27: MeÐwsh m�zac (m=6.49)

Mèso sf�lma: e = 34.0%
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Apotelèsmata gia µ = 7.17
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Sq ma 5.28: Moriak  katanom  (m=7.17)
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Sq ma 5.29: MeÐwsh m�zac (m=7.17)
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Sq ma 5.30: MeÐwsh m�zac (m=7.17)

Mèso sf�lma: e = 46.0%

H par�metroc m

σ(nominal) = 0.992 (5.12)

Gia thn par�metro σ jewroÔmai timèc sto ±5% twn onomastik¸n touc tim¸n dhlad  0.943 kai 1.041
antÐstoiqa.

PÐnakac 5.8: An�lush euaisjhsÐac paramètrou k2

Tim  MeÐwsh b�rouc % Metabol  %
0.992 16.12 -
0.943 16.52 2.4
1.041 16.49 2.2

Apotelèsmata gia σ = 0.943
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Sq ma 5.31: Moriak  katanom  (s=0.943)
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Sq ma 5.32: Moriak  katanom  (s=0.943)
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Sq ma 5.33: Moriak  katanom  (s=0.943)

Mèso sf�lma: e = 14.6%
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Apotelèsmata gia σ = 1.041
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Sq ma 5.34: Moriak  katanom  (s=1.041)
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Sq ma 5.35: Moriak  katanom  (s=1.041)

55



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

months

0

5

10

15

20

25

30

M
as

s 
 lo

ss
 %

Mass change on time

model prediction
experimental data

Sq ma 5.36: Moriak  katanom  (s=1.041)

Mèso sf�lma: e = 12.2%

5.2.1 Sumper�smata

ParathroÔme ìti metab�llontac tic timèc twn paramètrwn ousiastik� anaferìmaste se diaforetikì uli-
kì.Mikr  �uxhsh thc mèsh tim c m èqei wc apotèlesma ragdaÐa meÐwsh thc sunolik c m�zac tou ulikoÔ
kaj¸c megalÔterh mèsh tim  sunep�getai perissìtera mìria megalÔterou moriakoÔ b�rouc, epomènwc
mikrìterh katan�lwsh apì touc mikroorganismoÔc. AntÐstoiqa meÐwsh thc tim c m sunep�getai �uxhsh
thc twn morÐwn mikr¸n moriak¸n bar¸n kai �uxhmènh drasthriìthta twn mikroorganism¸n. H tupik 
apìklish eÐnai to mètro diaspìr�c twn tim¸n gÔrw apì thn mèsh tim . Metabol  thc tim c thc tupik c
apìklishc den ephre�zei aisjht� ta apotelèsmata.
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Kef�laio 6

Basik  prìbleyh tou montèlou

Sto kef�laio autì parajètoume analutik� ta apotelèsmata tou montèlou jewr¸ntac tic timèc twn
paramètrwn Ðsec me tic onomastikèc touc timèc. JewroÔmai treic peript¸seic k�je mÐa ek twn opoÐwn
antistoiqeÐ se diaforetikì arijmì spasim�twn.Sugkekrimèna trèqoume to montèlo gia timèc N = 5000,
10000, 20000. Se k�je mÐa apì tic peript¸seic pragmatopoioÔme sÔgkrish twn apotelèsmatwn me ta
peiramatik� dedomèna pou èqoume sthn di�jesh mac ìpwc perigr�fhke sto kef�laio 5.

PÐnakac 6.1: Onomastikèc timèc paramètrwn

Par�metroc Onomastik  tim 
m 6.81
s 0.992
a1 0.002
p1 500
a2 0.002
p2 4500

SÔmfwna me tic onomastikèc timèc twn paramètrwn m,s autèc prokÔptei h arqik  katanom  moriak¸n
b�rwn tou ulikoÔ.
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Sq ma 6.1: Arqik  katanom  moriak¸n bar¸n

Qrhsimopoi¸ntac tic onomastikèc timèc twn paramètrwn a1, p1, k1, a2, p2, k2 ,lamb�noume tic a-
ntÐstoiqec exis¸seic tou rujmoÔ katan�lwshc morÐwn kai tou rujmoÔ b-oxeÐdwshc:
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Sq ma 6.2: Rujmìc katan�lwshc r(M) kai rujmìc b-oxeÐdwhshc

58



6.1 PerÐptwsh 1h:N = 5000

6.1.1 Moriak  katanom  fusik� ghrasmènou poluaijulenÐou

H katanom  twn "spasim�twn� an� moriakì b�roc gia ènan sunolikì arijmì spasim�twn N = 5000:
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Sq ma 6.3: Katanom  "spasim�twn� an� moriakì b�roc(N=5000)

SÔgkrish thc arqik c moriak c katanom c tou ulikoÔ kai thc moriak c katanom c ìpwc proèkuye
èpeita apì thn g ransh tou:
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Sq ma 6.4: Katanom  moriak¸n bar¸n met� ton jrummatismì (N=5000)

6.1.2 Apotelèsmata bioapoikodìmhshc

H katanom  twn moriak¸n bar¸n tou ulikoÔ met� thn bioapoikodìmhsh, jewr¸ntac wc arqik  sunj kh
thn moriak  katanom  tou ghrasmènou poluaijulenÐou Ôstera apì 1, 3 kai 5 m nec antÐstoiqa:
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Sq ma 6.5: Moriak  katanom  met� thn bioapoikodìmhsh (N=5000)

SÔgkrish thc prìbleyhc tou montèlou me ta peiramatik� dedomèna:
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Sq ma 6.6: Ap¸leia m�zac-SÔgkrish peiramatik¸n dedomènwn-prìbleyh montèlou (N=5000)
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Mèso sf�lma: e = 7.2%

6.2 PerÐptwsh 2h:N = 10000

6.2.1 Moriak  katanom  fusik� ghrasmènou poluaijulenÐou

H katanom  twn "spasim�twn� an� moriakì b�roc gia ènan sunolikì arijmì spasim�twn N = 10000:
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Sq ma 6.7: Katanom  "spasim�twn� an� moriakì b�roc (N=10000)

SÔgkrish thc arqik c moriak c katanom c tou ulikoÔ kai thc moriak c katanom c ìpwc proèkuye
èpeita apì thn g ransh tou:
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Sq ma 6.8: Katanom  moriak¸n bar¸n met� ton jrummatismì (N=10000)

6.2.2 Apotelèsmata bioapoikodìmhshc

H katanom  twn moriak¸n bar¸n tou ulikoÔ met� thn bioapoikodìmhsh , jewr¸ntac wc arqik  sunj kh
thn moriak  katanom  tou ghrasmènou poluaijulenÐou 'Ôstera apì 1,3 kai 5 m nec antÐstoiqa:
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Sq ma 6.9: Moriak  katanom  met� thn bioapoikodìmhsh (N=10000)

SÔgkrish thc prìbleyhc tou montèlou me ta peiramatik� dedomèna:
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Sq ma 6.10: Ap¸leia m�zac-SÔgkrish peiramatik¸n dedomènwn-prìbleyh montèlou (N=10000)
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Mèso sf�lma: e = 13.2%

6.3 PerÐptwsh 3h:N = 20000

6.3.1 Moriak  katanom  fusik� ghrasmènou poluaijulenÐou

H katanom  twn "spasim�twn� an� moriakì b�roc gia ènan sunolikì arijmì spasim�twn N = 20000:
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Sq ma 6.11: Katanom  spasim�twn an� moriakì b�roc (N=20000)

SÔgkrish thc arqik c moriak c katanom c tou ulikoÔ kai thc moriak c katanom c ìpwc proèkuye
èpeita apì thn g ransh tou:
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Sq ma 6.12: Katanom  moriak¸n bar¸n met� ton jrummatismì (N=20000)

6.3.2 Apotelèsmata bioapoikodìmhshc

H katanom  twn moriak¸n bar¸n tou ulikoÔ met� thn bioapoikodìmhsh, jewr¸ntac wc arqik  sunj kh
thn moriak  katanom  tou ghrasmènou poluaijulenÐou 'Ôstera apì 1, 3 kai 5 m nec antÐstoiqa:
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Sq ma 6.13: Moriak  katanom  met� thn bioapoikodìmhsh (N=20000)

SÔgkrish thc prìbleyhc tou montèlou me ta peiramatik� dedomèna:
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Sq ma 6.14: Ap¸leia m�zac-SÔgkrish peiramatik¸n dedomènwn-prìbleyh montèlou (N=20000)
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Mèso sf�lma: e = 21.9%

6.4 Sumper�smata

ParathroÔme ìti �uxhsh tou sunolikoÔ arijmoÔ spasim�twn sunep�getai �uxhsh sthn sunolik  ap¸leia
m�zac tou ulikoÔ.To sumpèrasma autì eÐnai profanèc kaj¸c �uxhsh tou sunolikoÔ arijmoÔ spasi-
m�twn èqei wc apotèlesma thn �uxhsh tou bajmoÔ jrummatismoÔ, dhlad  thn �uxhsh tou arijmoÔ morÐwn
mikroÔ moriakoÔ b�rouc ta opoÐa kai katanal¸nontai grhgorìtera apì touc mikrrorganismoÔc.Akìma
parathroÔme ìti ta peiramatik� apotelèsmata sugklÐnoun perissìtero ìso mei¸netai o arijmìc spasi-
m�twn.Sugkekrimèna parathroÔme ìti gia N=5000,N=10000,N=20000 èqoume mèso sf�lma 7.2,13.2 kai
21.9 antÐstoiqa.
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Kef�laio 7

SÔnoyh

Sthn ergasÐa aut  proteÐnoume èna montèlo gia thn prosomoÐwsh twn diergasi¸n g ranshc kai jrum-
matismoÔ tou grammikoÔ qamhl c puknìthtac poluaijulenÐou LLDPE.Jewr¸ntac logarijmik  katanom 
moriak¸n bar¸n tou ulikoÔ par�goume èna pÐnaka k�je stoiqeÐou tou opoÐou apoteleÐ èna mìrio tou
ulikoÔ. Qrhsimopoi¸ntac thn arqik  moriak  katanom  tou ulikoÔ upologÐzoume thn pijanìthta enìc
morÐou na sp�sei se sqèsh me to moriakì tou b�roc. Me b�sh thn katanom  thc pijanìthtac k�je
morÐou sugkekrimènou moriakoÔ b�rouc na sp�sei, kai ènan sugkekrimèno sunolikì arijmì spasim�twn
prosomoi¸noume thn diergasÐa tou jrummatismoÔ, lamb�nontac mÐa kainoÔria katanom  moriak¸n bar¸n.
Ektim�me ìti h bioapoikodìmhsh tou poluaijulenÐou epitugq�netai mèsw thc katan�lwshc morÐwn mikroÔ
moriakoÔ b�rouc apì touc mikroorganismoÔc kai mèsw thc meÐwshc tou moriakoÔ b�rouc twn morÐwn
kat� mia karboxuloom�da mèsw metabolÐkwn kÔklwn thc b-oxeÐdwshc. UpologÐzoume thn meÐwsh tou
b�rouc tou ulikoÔ se sugkekrimènec qronikèc stigmèc epilÔontac èna sÔsthma diaforik¸n exis¸sewn me
�gnwsth metablht  to b�roc twn morÐwn an� moriakì b�roc. AnalÔoume thn euaisjhsÐa tou montèlou
stic paramètrouc tou kai sugkrÐnoume ta apotelèsmata me peiramatik� dedomèna.

Sto montèlo auto jewroÔmai ìti ìla ta mìria upìkeitai se fwto-oxeÐdwsh, ìqi mìno ta epifaneia-
k�, diafor� sthn opoÐa endeqomènwc na ofeÐletai h apìklish peiramatik¸n dedomènwn kai problèyewn.
Meionèkthma tou montèlou apoteleÐ epÐsic h jewrhtik  prosèggish thn arqik c moriak c katanom c tou
ulikoÔ kaj¸c kai h apìrriyh orismènwn enallaktik¸n qhmik¸n monopati¸n kat� thn fwto-oxeÐdwsh tou.
Parìlo aut� o skeletìc tou montèlou dÐnei thn dunatìthta ektÐmhshc thc bioapoikodìmhshc kai thc
g ranshc ìqi mìno tou poluaijulenÐou, all� kai �llwn polumer¸n ìpwc to polusturènio   �llwn bioa-
poikodom simwn polumer¸n tropopoi¸ntac ton an�loga. Se k�je perÐptwsh h sÔgkrish twn problèye-
wn tou parìntoc montèlou me peiramatik� dedomèna upì diaforetikèc periballontikèc kai ergasthriakèc
sunj kec eÐnai aparaÐthth gia thn exagwg  asfal¸n sumperasm�twn sqetik� me thn egkurìthta kai thn
akrÐbeia tou.
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