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OIL-BASED PLASTICS 

!  Low"producAon"costs"
!  Chemical/mechanical"inertness"
!  Excellent"durability"
!  VersaAle"properAes"
!  Wide"range"of"applicaAons:"

o  Components"of"automobiles,"home"
appliances,"computers,"packages,"
construcAon,"sport,"medicine,"etc."

!  Single"use"applicaAon"
!  Non"biodegradable"
!  If"improperly"discharged"they"accumulate"in"

the"ecosystem"
!  Burden"on"solid"waste"management"
!  High"environmental"impact"

hGp://www.telegraph.co.uk/science/7450769/TheQ
BiggestQDumpQinQtheQWorld.html'
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WORLD PRODUCTION OF PLASTICS 
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Gumel'et'al.'J'Polym'Environ'21(2013)580'

!  Roughly"85%"of"plasAcs"could"technically"be"subsAtuted"with"biobased"plasAcs"
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BIODEGRADABLE PLASTICS 

! BiosyntheAc:"
o  Sustainable"producAon"using"renewable"resources"and"

biotechnological"tools"
! Biodegradable""
! BiocompaAble"
! Recyclable"
! Compostable"(with"organic"waste)"
!  Zero"toxic"waste"(H2O,"CO2,"...)"
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POLYMERS FOR PLASTICS 

Bio8based(resources(manufactured(
into(non8biodegradable(polymers:(
o  1,3"propanediol"(PDO)"from"corn"sugar"

(Bio]PDO™)"
o  bioethanol]based"linear"low]density"

polyethylene"(LLDPE)"(Dowlex™)""

Bio8based(polymers(biodegradable(or(
compostable:(
o  polylacAde"(PLA)"(Ingeo™)"
o  starch]basedmaterials"(Mater]Bi™)"
o  cellulose]based"materials"(NatureFlex™)"
o  PLA"compounds"and"blends"(Ecoflex®)"
o  PHAs"(Mirel™)"

Biopolymers(not(bio8based(but(
biodegradable(or(compostable:(
o  polybutylene"terephthalate"adipate"(PBTA)"
o  polybutylene"terephthalate"succinate"(PBTS)"
o  polybutylene"terephthalate"glutarate"(PBTG)"

Conven=onal(plas=cs:(
o  polyethylene"terephthalate"(PET)"
o  polyethylene"(PE)"
o  polypropylene"(PP)"
o  etc."

Bio8based(

Fossil8based(

Biodegradable(Non(
biodegradable(

hGp://en.europeanQbioplas\cs.org/'
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BIOPLASTICS PRODUCTION 

hGp://en.europeanQbioplas\cs.org/'



8"

BIOPLASTICS PRODUCTION 

hGp://en.europeanQbioplas\cs.org/'

Growing"demand"for"more"sustainable"
soluAons"is"reflected"in"growing"
producAon"capaciAes"of"bioplasAcs:"
o  in"2012"producAon"capaciAes"

amounted"to"approximately"1.4"million"
tonnes"

o  Market"data"of"European"BioplasAcs"
forecasts"producAon"capaciAes"will"
mulAply"by"2017"to"more"than"6"
million"tonnes"
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BIODEGRADABLE POLYMERS 

Averous.'J'Macromol'Sci.'Polymer'Reviews,'C44(2004)231'

PHAs(
In(2012:(!35.000(

tons(

In(2012:(!600.000(tons(
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POLYHYDROXYALKANOATES (PHAs) 

! PHAs"are"a"family"of"biological(polyesters(
!  Synthesized"by"microorganisms"(bacteria)"
! Under"condiAons"of"limi=ng(nutrient((N,"P,"S,"Mg,"O2)"and"excess(of(Carbon"source"
! PHAs"are"storage"compounds"of"carbon"and"energy"

Today:(More"than"20"companies"have"been"established"globally"for"PHAs"producAon"

1920s:(M."Lemoigne"isolated"a"polymer"(PHB)"from"the"bacterium"Bacillus'megaterium'

1959:(W."R."Grace"and"Company"produced"PHB"for"commercial"(US"Patent"No."3225766)"

1970:((PHBV"was"commercialized"by"ICI/Zeneca"BioProducts"(Biopol™)."In"1996"the"
""""""""""""technology"sold"to"Monsanto"and"then"to"Metabolix,"Inc."(recombinant"E.'coli)"

1990s:(Big"players"entered"the"PHB"business:"P&G,"Kaneka"Corp.,"Biomer"Inc."(Germany),"
"""""""""""""PHB"Industrial"S.A."(Brasil),"Biomatera"Inc."(Canada),"Mitsubishi"Gas"Chemical,"etc."



!  >300"PHA"producers"are"known"(bacteria)"
"
!  PHA"producers"reside"at"ecological"niches"naturally"or"accidentally"exposed"to"high(organic(

maNer"or"growth"limiAng"condiAons:"
o  hydrocarbon"contaminated"sites"
o  pulp"and"paper"mill"wastes(
o  agricultural"wastes(
o  acAvated"sludges(
o  industrial"effluents,"etc."
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BIOSYNTHESIS OF POLYHYDROXYALKANOATES (PHAs) 

!  Few"are"exploited"for"PHA"producAon:"
o  Cupriavidus'necator'
o  Alcaligenes'latus'
o  Azotobacter'vinelandii'
o  Pseudomonas'oleovorans'
o  Paracoccus'denitrificans'
o  Recombinant(E.#Coli#
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BIOSYNTHETIC PATHWAYS OF POLYHYDROXYALKANOATES (PHAs) 

Gumel'et'al.'J'Polym'Environ'21(2013)580'

Limi=ng(nutrient((N,(P,(S,(Mg,(O2)(
(

Excess(of(Carbon(source(



FERMENTATION(PLANT(
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PRODUCTION OF PHAs BY MICROBIAL FERMENTATION 

!  Microbial"fermentaAon"is"the"conversion"of"organic"materials"into"relaAvely"simple"substances"
by"microorganisms"

!  SelecAon"of"the"microorganism"
o  Wild"type"or"engineered"E.coli'
o  Single"bacterial"strain"(need"of"sterility)"
o  Mixed"culture"(enhance"PHA"producAvity;"no"sterility"needs;"reduces"overall"costs)'

!  Selec=on(of(the(carbon(source(
o  OpAmum"composiAon"(C/N"raAo)"
o  OpAmum"feeding"strategy"

!  SelecAon"of"the"operaAon"method"
o  Mode"of"fermentaAon"(batch,"fed]batch,"conAnuous;"single"or"mulA]stage)"
o  Bioreactor"type"(air]lik"reactor,"conAnuous"sArred"tank"reactor)"

!  OpAmizaAon"of"fermentaAon"condiAons"
o  Control"of"microorganism"metabolism"

!  Downstream(processing(
o  ExtracAon"(cell"membrane"must"be"broken)""
o  PurificaAon"of"PHAs"
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SELECTION OF THE CARBON SOURCE 

SUGAR(

SUGARCANE(BAGASSE(

The"origin"and"composiAon"of"the"carbon"feedstock"affect:"
!  The"yield"of"PHA"
!  The"composi=on"(and"proper=es)"of"PHAs"
!  The"producAon"economics"(raw"materials"accounts"for"30–40%"of"the"total"cost"of"PHAs)"
"
An"ideal"carbon"source"must"be"inexpensive,"easily(available(at"constant(quality,"price(consistent(
"
Types"of"carbon"sources:"
!  Sugars"(sucrose;"simple"carbon"sources"are"superior"than"complex"ones)"
!  Starches"(raw"starch"="low"yield;"saccharificaAon"increase"yield"but"imply"addiAonal"costs)"
!  Alcohols"(advantage"is"sterility)"
!  Agricultural"wastes"and"industrial"by]products"(less"expensive,"but"addiAonal"costs"are"needed"

for"pre]treatment"and"purificaAon):"
o  Molasses"(from"sugar"producAon)"
o  Sugarcane"bagasse"(cellulose/hemicellulose)"
o  Faoy"acids"and"vegetable"oils"
o  Waste"glycerol"(from"biodiesel"industry)"
o  Cheese"whey"(from"milk,"cheese"and"casein"producAon)"
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DOWNSTREAM PROCESSING 

Gumel'et'al.'J'Polym'Environ'21(2013)580'
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STRUCTURE OF POLYHYDROXYALKANOATES (PHAs) 

!  >100"different"monomer"units""
!  >150"different"monomer"composiAons"
!  ≠"Structures"(homo]polymer,"random"copolymer,"block"copolymer)"
!  ≠"ProperAes"(chemical,"physical,"thermal,"mechanical,"biological,"…)"

o  Distance"between"ester"groups"(C)"
o  Structure"of"the"side"group"(R)"""flexibility,"crystallinity,"melAng"point,"

glass"transiAon"
o  Number"of"monomer"units"in"the"chain"(n)"
o  Monomer"composiAon"(homo,"random,"block]copolymers)"

!  ≠"ApplicaAons"(industry,"medicine,"packaging,"agriculture,"etc.)"

R(=( (alkyl(groups((C18C13)(
X(=( (1(–(4((
n(=( (100(–(30.000(
MW(=( (2x105(–(3x106(D(
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STRUCTURE OF POLYHYDROXYALKANOATES (PHAs) 

3HH"="3]hydroxyhexanoate"(C6)"
3HO"="3]hydroxyoctanoate"(C8)"
3HD"="3]hydroxydecanoate"(C10)"
3HDD"="3]hydroxydodecanoate"(C12)"

Short]Chain"Length"PHA"(PHASCL)"
3HB(

3HB"="3]hydroxybutyrate"(C4)"
3HV"="3]hydroxyvalerate"(C5)"

Medium]Chain"Length"PHA"(PHAMCL)"

3HV(

3HH(

3HO(

3HD(

3HDD(
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PROPERTIES OF POLYHYDROXYALKANOATES (PHAs) 

! ComposiAon,"structure"and"properAes"of"PHAs"depend"on:"
o  Type"of"bacteria"used"
o  Type"and"amount"of"the"carbon(source(
o  Fermenta=on"condiAons"

! Main"properAes:"
o  Semicrystalline"
o  Briole"to"elastomeric"
o  Water"insoluble(
o  Impermeable"to"oxygen"
o  OpAcally"acAve"and"isotacAc"

(stereochemical"regularity"in"
repeaAng"units)"

o  Biodegradable(
o  Biocompa=ble(
o  Piezoelectric""

Short]Chain"Length"PHA"(PHASCL)"
o  Highly"crystalline"
o  Briole"
o  SAff"
o  Piezoelectric""

Medium]Chain"Length"PHA"(PHAMCL)"
o  ThermoplasAc"elastomers"
o  Lower"crystallinity"
o  Higher"flexibility"
o  Sokness""
o  More"thermally"stable"
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PROPERTIES OF POLYHYDROXYALKANOATES (PHAs) 

Panchal'et'al.'Advanced'Structured'Materials'(2013)'
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APPLICATIONS OF POLYHYDROXYALKANOATES (PHAs) 

1990s:(( First"consumer"product:"shampoos"in"boNles"made"of"Biopol®"(Wella(AG)"
"
ConvenAonal"commodity"plasAcs:"disposable(items,"such"as"razors,"utensils,"diapers,"
feminine"hygiene(products,"booles"and"cups,"etc."
"
Nonwovens,"binders,"flexible"packaging,"thermoformed"arAcles,"syntheAc"paper"and"
medical"devices"(biocompa=bility)"
"
Pressure"sensors"for"keyboards,"stretch"and"acceleraAon"measuring"instruments,"shock"
wave"sensors,"gas"lighters;"acous=cs:"microphone,"ultrasonic"detectors,"sound"pressure"
measuring"instruments;"oscillators:"headphones,"loudspeakers,"for"ultrasonic"therapy"
and"atomizaAon"of"liquid"(piezoelectric(nature)"
"
Food"packaging,"plasAc"beverage"boNles,"paper"and"films"for"coated"paper"milk"cartons,"
cover"stock"and"the"plasAc"film"moisture"barriers"in"nappies"and"sanitary"towels,"
specialty"paramedical"film"applicaAons"in"hospitals"(gas(barrier(property)"

The"main"markets"are"short"term"applicaAon"for"packaging"and"agriculture(
Expansion"to"tex=le,"automo=ve,"and"other"durable"applicaAons"

Today:(



21"

MEDICAL APPLICATIONS OF POLYHYDROXYALKANOATES (PHAs) 

!  PHAs"are"aoracAve"materials"for"biomedical"applicaAons"because:"
o  Are"of"natural"origin"
o  Have"enhanced"biocompa=bility,"biodegradability,"lack"of"cytotoxicity,"ability"to"support"cell"

growth"and"cell"adhesion"

!  The"high"cost"of"PHA"producAon"has"led"to"most"of"the"current"studies"to"be"focused"on"
applicaAons"that"convenAonal"plasAcs"cannot"perform"and"where"their"properAes"are"more"
important"than"the"cost,"such"as"medicine"and"pharmacology:"
o  Cardiovascular"(pericardial"patches"to"prevent"postsurgical"adhesions"between"the"heart"and"

the"sternum,"artery"augmentaAon,"atrial"septal"defect"repair,"vascular"graks"and"heart"
valves,"biodegradable"stents,"etc.)"

o  Wound"healing"sutures"
o  Tissue"engineering"of"peripheral"nerves""
o  Drug"delivery"(degradaAon"mechanism"by"surface"erosion)"
o  Dental"materials"
o  Bone"regeneraAon"
o  Etc."
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INDUSTRIAL PRODUCTION OF POLYHYDROXYALKANOATES (PHAs) 

Chanprateep.'J'Biosci'Bioeng'110(2010)621'

!  Only"a"few"PHAs"have"proceeded"to"the"producAon"stage"in"large"quanAAes:"
o  Polyhydroxybutyrate"(PHB)"
o  Poly(3]hydroxybutyrate]co]3]hydroxyvalerate)"(PHBV)"
o  Poly(3]hydroxybutyrate]co]3]hydroxyhexanoate)"(PHBH),""
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PRODUCERS OF POLYHYDROXYALKANOATES (PHAs) 

hGp://www.metabolix.com/'
hGp://

www.biocycle.com.br
/site.htm'

hGp://www.biomer.de/IndexE.html'

hGp://www.pgchemicals.com/caseQ
studies/plas\cQmadeQfromQnatureQnodax/'

hGp://meredianinc.com/'

hGp://www.mgc.co.jp/eng/'

hGp://
www.kaneka.co.jp/

kanekaQe/'

hGp://www.tjgreenbio.com/en/'

hGp://www.\ananQenmat.com/'
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ECONOMICS OF POLYHYDROXYALKANOATE PRODUCTION 

Challenge(((((((((" (Reduce(the(unit(cost(of(PHAs(
"
!  Cost"is"sAll"higher"than"that"of"starch"polymers"and"other"bio]based"polyesters"due"to:"

o  High"raw(material(costs"
o  Small"producAon"volumes(
o  High"processing"costs,"parAcularly"for"purificaAon"

"
!  Approaches:"

o  SelecAon"of"the"best"producing"microorganism"
o  Use"of"less"expensive"carbon"sources"
o  GeneAc"engineering"

#  Increase"producAvity"
#  Made""possible"extracellular"secreAon"of"the"polymer""
#  Use"yeast"cells"(larger"cell"size,"easier"to"break)"

o  Use"geneAcally"modified"plants"
o  Use"cell]free"enzymaAc"producAon"
o  OpAmizaAon"of"the"fermentaAon"process"(metabolic"engineering)"
o  Reduce"downstream"processing"costs"
o  Increase"the"scale"of"producAon"faciliAes"(from"1000"to"100.000"tons)"
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