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Abbreviation Definition Abbreviation Definition
BDO 1,4-butanediol N435 Novozym 435
2,5 .
BHMF bis(hydroxymethyl)furan pNPB p-nitrophenyl butyrate
FDCA 2,5 Furandicarboxylic acid PBF poly(bgtylene 2,5
furandicarboxylate)
AEC acyl-enzyme complex PBA poly(butylene adipate)
atRA all-trans retinoic acid PBI poly(butylene
isophthalate)
BSA bovine serum albumin PBP poly(butylene pyridinate)
BHA butylated hydroxyanisole PBS poly(butylene succinate)
BHT butylated hydroxytoluene PBSDLS p.o.ly(bu.tylene §uccmate-
dilinoleic succinate
CALB Candida antarctica lipase PBT poly(butylene
B terephthalate)
LCR Candida rugosalipase PEF Poly(ethylene furanoate)
CAP cellulose acetate phthalate PEN poly(ethylene
naphthalate)
diethyl furan-2,5 .
DEF dicarboxylate PES poly(ethylene succinate)
. . poly(ethylene
DE hyl PET
S diethyl succinate terephthalate)
Differential Scanning . .
DsC Calorimetry PLA poly(lactic acid)
dimethyl 2,5- poly(propylene 2,5-
DMFDCA furandicarboxylate PPF furandicarboxylate)
. . poly(trimethylene
DMS dimethyl succinate PTT terephthalate)
eROP enzymatic ring-opening PVA poly(vinyl alcohol)
polymerization
EAM enzyme-activated PVL p o | yaletblactone)
monomer
EG ethylene glycol PCL p o | -gaprélactone)
FTIR Fourier Transform Infrared PS polystyrene
Spectroscopy
GPC Gel Permeation ROP rmg-opgmng
Chromatography polymerization
ILs ionic liquids SSP Solid state polymerization
LCC Legf and branch compost SA succinic acid
cutinase
LBC lipase from Burkholderia TBT tetrabuty! titanate(1V)
cepacia
PPL lipase from porcine The Thérmoblflda alba
pancreas cutinase
MCs microcapsules TfC Thgrmoblflda fusca
cutinase
MW molecular weight TGA Thermggrawmetnc
Analysis
NPs Nanoparticles TTIP tltanl.um .
tetraisopropoxide




Given the fossil fuel crisis and the steady consumption of finite resources, green polymers are
becoming necessary.The ter m o0greend describes materials th
as biological origin and/or biodegradability) and are produced via sustainable processes
conducted under mild conditions and not requiring chemical catalysts or toxic solvents. Truly

green materials must combine these characteristics; consequently, enzymatically synthesized
bio-based and/or biodegradable polymers can be characterized as truly green. The main scope

of this research work was to produce the bio-based polymers poly(butylene succinate) (PBS)

and poly(butylene 2,5-furandicarboxylate) (PBF) in a sustainable route i.e., enzymatic
prepolymerization combined with low -temperature post-polymerization. In addition to their
sustainability, other characteristics we aim for in these materials include high purity in terms of

met al catalyst r esi d-predsctsamddonteliedmolecularaveight. lothis 8 by
way, we create materials of increased research and industrial interest suitable for use in
demanding applications such as high-purity encapsulation systems (e.g., in the food packaging

and biomedical sector).

Enzymatic polymerization was conducted, andt h e i mmoQoainldiizdead alnitpaarsce i B a
was used as a bi daaetealsyysstt eims & @l vpernattbwe ¢ a §8S an
processes. The f i rusndumsirtledpe rwacso ocdopradi uecdtseedo c¢c he mi ¢ al
(40 A€, 58t mospheric pressure, 24 h) to minimize
stagebs conditions (reaction temperature, pressu
on the reaction tempenadatcar eiOnnbea®@ DB &t was i ndica
the optimum temperature for both (PB®SashdgPBIFy

increametecihé aMWwoefi gPhBtS,( reaching the valllues of :

and , respectively) BMWdofli BBRpiBsamaentdngheéDhegamol
investigated increased reaction ti mesnzwmaei cf ol
pol ymerizations of both PBAMaend yBBF matmalyothhmav@0
equilibrium due to the activet hemdrgapapsbgtonsu
amounts requiring a highedo byodumtt acbemué mov ea,
reacting palrddhdkEpgstamahCG96nkzg meds t her mal i nact.i

main reason for the observed MW decreases.

Thanks to the simplicity of the applied processes ( o-iwe mper ature bul k poly
technique, not requiring mul ti pl),bothsheprepdymers f or t
were synthesized at larger scales at their optimal synthesis conditions and up to 20 g PBS and

6 g PBF were received for the first time, thus filling the relevant gap in the open literature.

A novetommenci al |l y a knawnlfoadegragingeplagtioyswneea | ssesed as a
bi ocat al ystfriene as yssotlevne ntto pr odu.clTdhePBS oft @i nt leex pfrie
and i mmobilization of a thermostable variant of

LCCS® as welbioacsat ahgst cwar actcomidaattieadn by t he
Bi otechnology & Biocatalysis group at tthhee Bi ot «



i mmobibBiigeawabysmedhstap process. The reaction te

st
st
un
i n

®

ep was i nv7e0sAtd)g ataendd (i5t0 was conducted under at
udy the enzymeds efficiency in the polymerizat
der 200 mbar, for 2 h to f avosurs utchcee spsofluylnteyr iszyan
al | the tested tempWwWw av allr ess Meddard 1300hginold c hi ev e
and 0 ). The synthesized prepolymers presented several advantages, including narrow
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cludePrevention: it i ametodbetrtr ¢@dt porevehéamwasghp e
rmed Atom Economy: Synthetic met hods shoul d
orporation of al | mat eri al s us3e.d Liens st hHa zparr odc
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ysical/ chemical processes) should be minimizec
guire additionaheraesngée@asai®psliasgmnigereagents (
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for Pollution Prevention: Analytical met hodol ogi
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and 12. I nherently Safer Chemistry for Accident
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on tohUes e of Renewabl e Feedstocks©o, t he researcl
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are their poor mechanical strength and barrier p
and significant sensitivity to solvents (includi

Si ncebabsiead and/ or biodegradabl e polymers const
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i ncl@deat ur al pol ymers obt a,angerdo pforl yime b forromars 9i 6 a
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(e .,PHAg¢)pol ymers or i gibmasteadd mfornomebisqg synt hesi zed
by indusPkPl A&, (RB[g5WhRREIF)economically competitive,
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specific time interval refl[dddtjlAhgt heraehdbdfe Wi e
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bi odegradabl e pol ymer s may al so be compostabl

bi odegradation in a compost system. These must
decomposition issdadadaatompesplastéec is not visuall)\
down to carbon dioxi de, etc., at a rate consi st
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bi odegradabl e polymers seem to be a pr-bamsesdng a
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Among-blmised and/ or biodegradable polymers, the m
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the enzymatic polymerization of the aliphatic Pl
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promi sing sustainable candidates for f wtimre app
sustainable method such as enzymatic polymerizat
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ich i skflbr0 dmrgy sudB@rTamec emost commonly wused ind
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Aviemi t her eROP of | actones (cyclic estéirs) or
vozym 43p1lENUB5M8,88B¢dbBsisting Coafndiamdmabct i cad

pase B (CALB) physi calployr oaudss orrebseidn wietwhaitni tt hVeP Qr
OO0O0@m™PLUpPpti mum t eeAETHHAUe Ot H@r commercially ava
at have been used for PLOGamrdhizdmbipgsdaBOy&R)Y I za
d the |IPpafsleudfrogmaseers AK), asBwekhobdeliLBLgepat
d porcine padcHd8ashd(tPhPelr) approach is to isolat
a microorganism that produces the desired en:
e | ab. I n this eobn&bexgto,l aR aendytaacl hseaonbavkeunite nd t her m

b



| i pppseducing actinomycete sBtaept § PBBEHLYbt didreend
| i paseds activity, optimum tempaltafe@ne 688C t her m
respectively and i téd2wasv()avbh eex a me teon de rtad leu elrde .

The mechanism of the | ipases acting dumi dgettahé
Figdr.e I n brief, the active site oHi sCARABL180DNnt ai
wi th Ser being the nucleophile, Hi s the basic
hydr elgeemdi ng net hoir kt i( diem é ndnsdp ari tsit d wa ahied Ani @acfydr
enzyme intermediate is formed by the reaction of
the carbonyl group more prone to nucleophilic a
deacyl ati onenzfy nieh ei naaceyrime diogptre alhye amcappphil e s
producing the fechoyrdresxpyocnadrilnogxyl i ¢ aci d/ ester. Wh
al cohol or amine, the product containsgrtchwep.corr
Finally, chain growtly dreagryd@d georind yonie didretuearenyed d i a
the terminal hydr oxyl group of the growing pol
el ongated by oné¢Smphloenemeaumani sm of other types
preparati @dnnofudLmMg (direct) pol ydd csn dseinnsialtairo nt oo
descri be[d5,4a]bsaavaer t i ng with a stageacdfi viao emha tmioomm me
which further participates in the stages of <chai
of the carbonyl car b-aot iax @tme & f md rhemeern zwimeh t he
gruwop of the chain | eads to the elongation of the
0 0
a) i 4+ Lip OH - HO\(([L_:R/[kO_Un
@ 0
b) HO\(('[I«L/“\O_UP + ron === HO_ /H\OR + Lip CH
2 (CHa)s
o o} o}
o HO\(L'HE)\)J\O—Llp + 4 O\(('Hz)i OH-__-H O\((n;:« OH + o
n n+l
Fi g@reMechani sm-odt dalhezdd pRGR of | actoaepszymé&or ma
intermedi ate (a); I nitiation (b); Propagation (c
However, e ROP of |l actones kinetics is wusually sl
[ 43]The type of enzyme obviously affects the pol
presents specific stability and catalytic actiyv
Regarding |l actide polymerization, WN4ABG ket hicg md
activityetDuttdhptreoemmi ned the opti mal activity te
|l i pases, including N435, by performing a simple

10



reaction rate at di fferent temperatures. As ex|
activity compared to the other tested |ipases (L
30C MO AWM The effect of the type of the enzyme,
can be explained by the faethztylmet itnhermedinat ieon
determining step of thé¢S8nDyaodat iadlB.podyaamteed zaROB N
| acti de stweyiek43s5o rerrelsp atcad asynt hesi ze PLA. The au
actions kinetics wer ebasledw cadmpd arsée s too me tgall
pected, since 80% monomer conversion was achi e
spectively. N43& bempgr endreoefBEcti@sul ted in
t slow kinetics and general lamohowpmolbadbulyamatma
a weak affiniitrydibreg wsietne |d rpda sleasc thi d e .

r

q
O ¢ @ X @

Even though in most of the published works on t
enzyme is not dried prior use, the water content
role in the polymerization process. aSboecéeaned W

Zymes,; the O0essential 6 or o0freed or Oohydratio
Essenti al water is found at the surface | ayer o

side the enzlydnte]lgd argdicegcausiuersed t he 6free waterd
which was founddl.n97 hvet %.anTglee Ocorrdet i e@ e&ROP caf a
by different batches of N435. The researchers
decreased with thewahereasateéentinntthe i mmobil.i
works there is a reference to the drying proce
undergone drying for one or two ddgylss,adndfear va chi

in a high vacuum pump [(4v&]cQituhberrawnids,e, Geirtmamas bee
vacuum in a desdi2c]Oat drheatother hand, using high
drying may be a significant obstacle to a possi |
found in the opendiyifddpadketnsnfp@epgpsalie. g.
commercially avail abdre eidn p{odwad]dfnmosr tmh ios d¢ semteedt., D
[4attempted to increase the PLA <chaimwdtawengt h
di fferent apprdoraycihnegs :ofa .t hfer eeenzzey me t o signi ficant
l evel without having a negative impact on the s
ami no base, TEA (anhydr esucsl vterniteotthuyeln eg miwihe )c,h awsa s
solvent for the | actideds eROP. The first appr o:
chain coQplriemgt{ln conceearcntiinogn) trhaet éw & ttkeer wat er c o
the me#&#igd#yr.¢ The second approach was wused to in
coupling chaiknys;relmayctaadhi {k TEA, the |l actide sol
chaemds of the formed olFiigd&aner sDwe rteo aictt s valtieglh t(
and nucleophilicity, TEA probably increased the
for i topeniFngy bpke. The enzgmegisBg f¢appeoach a) re
i ncrease of 170 afnadr 4043 5 nand eLBC, respectivel vy,
(approach b) permitted a significant kinetic im
N435) and an increase of the molar mass (17% for

M M



o ] o
a) H © k °
] o—Lip + HO Lty 0—-y + Li—oOH
Ky
o ‘ 0

+ Lip— OH

o] o o
o o
) H, o+ N H ° i
0 O—+Lip (o] @] H —_— o O0—LH + Lip—OH
LLL‘
o 0
-4 b o ath

Fi gwreReaction pathwayspémirngngzglmamerrci zratnigon of

reaction (a); Cyclisation reaction (b); Chain Co
o} -JJ (o] o
a) ”b%o%o Lipt Hkbho%o H _.—kk—- “b%o%o h 4+ Lip—oH
© : © b © a+b
. g >
4 N\
b) %O ‘N\/‘=__ \)<o

0%/& Oj‘/]\

o 0]
FigbreOligomend abaimanuohedqmhi laind activation of
Ot her approaches aiming at the i mprovement of en
i mmobilization of the enzymes. | mmobilization of
of the hydrophilic enzyme mol ecul essingcyolsitsg a
preventing the contamination of [t5lbe S5@dalductonhy |
i mmobilization enhances the enzyme properties b
tolerance, wht bleow sc crmfusrerda tbiyon a | flexibility of
indicated by an increase in the optimun S7mper a
When ai mmwmbilized | ipase is submitted to heatin
protein unf ol di mgnaj er coassderodd t hi s kind of d
Rhi zommicethiéipaseds ther mal deactivation, wWh8kh wa
was attributed predominantly to the formation of
Sever al commercially avail abl e enzymes, such a
i mproving their stabilitey [@&ld reddddtca d reRDPIDgfs KR r
D,-ILactide i somer s whainldei dcao napnatpaerecgt i Bcraé € ALaBn)d and i
acryl ricmmoebsiilni zed forms. It was concluded-that C,
modi fied montmoril ohatei dlsedolfyomertihzeathD on al |l ow

12
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nomer conversibot afedr td dmgakIl ol igomer s. Thi
netics compared with free CALB was partially a
at coul d bei nintviodtverds acdurciong pol ymerization

nce N435 is immobilized, it can be [r5Bupseekde rup t
[6l19fJudi ed the teRPPobfacpoineg) (PCL) in supercrit
und that reusing N435 |l ed to the {f0or3matdioon of

0Qaot even after the enzymeds cleaning. On the
re |l ower after the first recycling step. This
om the immobilization matrix or dveerr aatl U r actai toanl, )
tivitgt [Bblopjpeorrited t he N435 recovery and reuse

-

ing PCL syntheAC sHiigh tmoolue el 50t0 @ity htwer e

nstantly achieved. |t was also stated that t
attainable if | eaching of CALB occurred due to
if it was submitted ,totkbhgk mechanical shear.i
haeti [6l@dpnducted eROP of | acton@wsalter praducree PC
ing N435 in a flow tubular reactor. Due to th
searchers synt hesiA Qeldi IP&CLr 6 s itod utemee ertz yvM@e mo
re precisely, high efficiency of the enzyme w:

a fl ow truwebawltaorr miicdrhoout the need for any extr
i ght and cuoensv ewesrieo ns ltvikegihitel yf rleoheaémzy t he ei ght

e selected enzymeds concentration is one of th
|l ymerization process. First, it has a consid
stainability. As already discusscedli ngnmolboWweé zaea
cruci al to use as Ilittle as possible enzyme:

3,64nh most of the published wWoa&mpaawiht H i Na3®,
oduc8&8dr ept s pyrEcxl, the selected average concen
e monomdgri®éd dMass2€)f cour se, there ar e Csroungeo seax c e p
pase has been also used for eROP [a3%, "Hwhielca p
% of N435 (0.5 g of Il actide, 1.0O[amgprofeRN@BS5) h

cond, the selected enzymeds concentration has
opertiets [4lBb@ad 2% free CALB (0.5 g of |l actide

e ROP ofl atcheé dle and obt@ai h&@anad. p Wheéwmct hef enzymeds

i n
17

creased to 10% (0.5 g of | actD doef, t5h0e npgr oadfu cftr
50@otpunder the same experiment al conditions.



Tabdleiterature data on the enzymatic polymerization PLA
Pol ymeri z . Range_ ] ach
Ref . Enzyme met hod Sol vent TAC) J (gnoll)JJ
[ 52] Str.eptonpolyconde Toluene 60 - 525
| i pase
[51] candida birect . 100 143104 8 i
|l i pase polyconde
[ 40] CALB rede e ROP Tol uene 60 - 780
[ 50] I m. CAL polyconde |l sopropyl 60 - 2460
[ 42] I m. CAL e ROP Toluene 70 - 2600
[39] Candida e ROP : 90 5400 2850
I i pase
[ 43] N4 35 e ROP Tol uene, 70 - 4900
[ 16] N4 35 e ROP sc@gO 65 12900 -
N, -N
[ 46] N4 35 e ROP Di met hyl ac 130 18800 -
( DMA)
[ 15] N4 35 e ROP Toluene 60 - 12000
[ 44] B. c elpiapca e ROP scR134a 105 - 14000
[ 47] N435 e ROP Toluene 80 - 26000
compressed
[ 48] Il m. CAL e ROP and the 65 - 28000
I LM ®1] 6] P
[ 45] N435 e ROP Il L [ HMJ2M] 90 - 37800
[ 41] B. c elpiapca e ROP - 125 - 78100

l-butdymet hyl i mi dazol i um h?-ka%3nueoctrhoypl hi onsi pdnaaztoel,i um hexafl uorophosphate
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Anot her cruci al parameter of enzymatic pol ymeri :
solution polymerization is selected. The most ¢
|l actides and direct polyconfiébsdDjda, 48, 4ascepRlt
toluene has been eval uated al ong wi t h ot her C

environment al risk. Tolueneds environment al ri sk
benzenebds 0.6098. Generally, utol peaolk|] @&3%asaharoact
fully aligning with the principles of -pgoleaern, pol
aromatic hydrocarbon and along with hexane and
hazardous air pollutants, car Eb.BpEHemesci arultya gfemrs
t he pri mary target organ heemt rcdlr omiec vVexposymse
gastrointestinal (Gl) tract, cardiovascul ar sys
syste®md]The replacement of toluene with a green
problem. Gu,iaand hk®rmrr?! nesBijpeewnup aapteerd t he twel ve cri
sol vent needs to meet : availability, price, r ec
preferred compared to highly pure solvents), syn
stabilityjtyl ammabibge and renewiwbhbhblbttpeit hgt pbsogi
Me THF, a commercially available solvent producec
bi omass) resembling i n many ways to toluene [
tdoretically replace it. However, it should alw
green solvent, as it is a relative term, al ways

only way to safely evaluate @an duwdtv agtoflsCA ev el of

Besitdhees sustai nushingwby arssvetf oluene is not ideal
present high polaridg]lamdt hiosv cohtuddxtl,tgther al
including ionic |liquids (I Ls) and supercritical
considered green alternatives as they have a ne
contribute itloe tdregawnodlcatc o mpo[und]sT hpr otbd rermmat L s i
chemically different solvents and ,é¢xgeptd tghadtwupth
are al/|l salts and | iqguids at | ow to moderate t en
cont ai ydd aM,yNd substituted imidazolium cations col
The cationbowsymtvived srigsea@aonr aaxdt itchres e i s no enzy
t hat could-@bends. t Ase & resul t, t hese cations ar
I L gr oupsdeareed cgorneseiner ; the first includes | Ls
met abolism of l'iving species or derived from th
bet ai ne, carnitine or amino acids. The second g
gruop s . I n contrast to other Il Ls, where the bul k)
their |l ow melting temperature is the conslkguence
i ntrodaukevemal et hylene oxide groups. Due to t he:
high flexibility anh&a9]favor the | iquid state

However, lLs have attracttedmtgrgatduat ttenttiherd ri mb
conventi on[a6.5]sMolsvte notfs t he I Ls that have been tes

M p



except-booeymetr hyl i mi dazlobouwmbhleasphatsje) 46]B[MM]M][ PF
[ RIF efficiency could be attributed to thle (red at i

to 10% by mass) and its | ow tendency t-mi xiem@,mpo ¢
as it was studt ¢allObhyBBlgIMldned PBbeen used to some e:
| act[idse,s4®h the other hand, I Ls present certain
Often their synthesis is not green at al/l and me

significant toxicity. Additionallysomnakliy pui eel
they often present higheguai ver ffiogh gbhfefli O s6t9gy it thye sa

SCFs have also been used in eROP of | actides, pr
monomer and the growing polyedtlérGaiar alsl yi,n daRMOF
conducted in a biphasic medi a sey sgtuepne rwchreirtei ctahle cs

di oxide) coexists with a |Iiqguid organic phase m:
the formed PLA ¢Hhéinhke apel asmiltuyplaend hydrophobici
tetrafluoroethane scR134a <contribute to this e
subsenq

by dir

on enzymatic activity and sied ecsed, tlyowevtheamatsalpy
may be observed due to thle7.flormation of carbonic

uent pol yhdlThe puveaduct sSCFs may, however,
ect pressure effect, which may | ead to de

Anot her approach aiming to develop a green proce
combination of I Ls andetS[CHl8heAcaserding hombgeraou
composed of the i omgi cwiltihgumids c[i4 MI-tMdad njpfFd susoe d elt ,hl

(R134a), above the critical points of the mixtur
l inear and hyperbranched PLLA. The mol ecul ar wei
to-f®l d hihgmet hose obtained with the aomhic | iquic
It is always preferable to avoid using a solvent

been studied in the cdnmtle ¥t6 MPfA ¢beeH @Pd.bosfe rlvaecdt itdheast
|l i paseB.frcepaxsiaf fective inemothbhi bonl ER@R whini e
[ 46vho used N435acftdrdet,hestlated that most of the t

much | ower mol ecul ar weights and yields compared
xyl ene and DMA at a | ow concentrattbae.fabtsthahas
oligo(lactide) solidifies easily in bulk system
the enzymatic reaction. Additionally, the water
side reactions, i ncl u@n ntgh ep od tytessitaedn aohldydernat | yasti sa

concenteg.ag.i @, ML floarc tOi.d5e )g nhay be beneficial to g
wei ght PLA-FuYe & he/tahwea conduct ed -leaRcCPi doef, tchoen cLl ud e
the achieved monomer conversions and mol ecul ar w
bul k and solution methodsd and they attributed
mol ecul aroni Wtuern agt it he polymerization. According
|l i pases is strongly affected bydt hlfaPden if] N[ fsrpoent i e
the -but3phet hyl i midazolium bis(trifluloMpbmg NATYI sul
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anions induce the polymerization actifitynwiohsli
have exhibited |ipase deactivation due to)] the st
anion. Additionally, stability studies have indi
l iquids than in organi c[ 7s30 IHwoevretve,r , i rt chleu dpionl gy mee x
relatively | ower than those of bulk polymerizat.
and it is thus difficult to be extracted at the
The reaction temperature, time and pressure are
product to be obtained. I n general, the enzymat.i
temperatur e. The mel tdl mgt i elep ésroa tOvBreen of RQPh et alk e s
solventless systems, the first step is wusually

above, Rahtmpfl@gstyed different tempét 3MCuareseRMP t h
of-lBctide in tGeugpdepasee (C€RL) . They concluded
activity wasAG@Gtrai7n2edh.atTh%0 resear clWe€r &£ hreotlii peads
under went di scol or anthiiotne ftroo md ayrekl | bmwowh and con
temperatures caused denaturatiehn [edft.dbmrdatcda ierds bafl |
e ROP for PLA syntA@si $hat pte8eaBed kiflaicpsasveerd r (0
days. The bul k direct polycondensation emetahlo.d,

[ 51]n the pr@samgolsiapoafs e, presents great interes
experi mental conditions; the mixture of the mono
temper atdlr2d0 @®@ vacuum pressure of 0.1 bar for
that the rising temperature causes the rising of
confirmed that PLAOds yield is affected by temper

he applied reaction temper at9@rCe swhweer ee nglyimalh t
ol ymerization was [clo,ndduCc,tded, 4 3Inj 470d52€e)lnce be attri
el ati vel ykedielwi ng APintndilddteitvi@dlgpndakwad eROP
he presence of wild typeACanfdorr e4dSa sdil,gurente , D AwvhB |

anyachama®&l@bnducted polycondensation in the pre
trept cmpmp8861 Aa@ f600r 8 h, i n tol uene, under nit
emperatures are sometimes appliectwhdmdptliLcedr e
hat a tempeAGedrdoofhi gder mol ecul ar weights ai
emperat 8lr1dE (80 [ BIMI M} ARPWax0 t he selected react
ol ymerization process which was conducted for 7

he most i mportant parameter to evalwuate the | e
rocess is the molecular weight (MW) of the obt
nclude the ther mal properties g/l asstsaltlrianistiyt i aonnd

chieved process yield.



The MW of the obtained PLA gradlaseoiffeadhi neeedr
ol i gomer-smolbe cuwdoiaght (axo500PL A gr ademqgl| enouddagantt e
(5009000t andmbi glewe iaghrtl 5808®1) PLA grades.

The |l owest ob-askenadenmmbe@ubarttvei ghzymatically
PLA gradegamaoitas s § B bwnigaoilzzecdbndensation in the presc¢
Streptesmycé€A330C)i,n atto|6we ne, ebty[adla hByaascehda noark utlh ei r

properties, the produced short oligomers would n
as was suggested by the researchers, they could
in other experimentd aand, aRmlhinja@d,iejhanpsp.l | idmidi r ec
ol ycondensation of | acCtRugobstapdbéni hdme| ecesamce
eight products ol B5@anoé rlange ullddo®de very difficul

scaling up of t ariel ptriowcelsys,higglvewaduhwamn (0. 1 ba

e |l ow molecular weights obtained in these wor |
|l ycondens gtrioodnu,coommhmehecul ar wei ght products e\
talyst$ 38t @lbweder , it is valuable that new el

r the enzymatic ,paodymbei aaademi chdé&mkmakiéy can
od use of these dat a.

assalle ad4dbdsEdriemimodi | i zed CALB in isopropyl et
ol ycondensati on. The obtained pr ddbettsvewar e 090 |
nd @amdband LA conversion between 22 and 96%. The
n the rafm%e 9ifnke a polymer of these properties
of applications, a novel ther malACt uemalteme nvtacauams i

Y DT @ "~ 0T ~® £ O
O 0o ®» o =

24 h was pubpesedntipegisved ntghepr omi sing resul ts.

RegareR@B, daked.ynt hesi zedgall,A codr r7e8sOpondi ng t o
of pol ymerization (DP)AGord td4al5ud mec.t i Hiea gu nudiesd aaitdh
compared the efficiency of tI€Canwiarnddartofpiet mpas s el
as bi ocatal yst s. They found ouftol tdhaithnctrwa s endi t al
compared to téred WiHa ac/lpieeved conversion was 89

dynamics simulation, the researchers concluded
mut ation altered the orientation of the dilacty
i mprovea nigeachyl ati on step of the propagation in ¢t
hand, the relevantthew moteacuonlkdr i wenghtin compl e
the |literature, as it is suggestedathateCAhBthes

L-i sonfe40), 4 3]

Rah mayeett ta31p.gr f or me d -leaREOPi tbd iLn tChreu gpdrsegsaesnéc@a to f9 0
The resultingdPafA pgeostant @ad yi el d of 9 3 %. The ci
enzymatically syntaediizes meTAX WABO0 Bai%hs known th
is a semicrystalline polyester with Ada 7nbe]lTthieng t
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| ower melting point of the obtained PLA grade i :
product was recommended for biomedical applicati

e ROP -cafndhdcti des was condeutc banld. Dy s bgn K adl20 4 3 ]
Both the research groups used N435 and A€l ected
respectiveley. [adBbhaiaed olldi ganmer s500f ginota4 @00
confirmed the sel ectliavdttiyB.ed p didbivda r-tdasevhir dse. DThe m
i mportant finding of this group was the activati
permitted a significant kinetic improvement (5
increase in the mol aducnas(sl 70%) .t hTehifsi naaplpr pra@ h
opportuni parsev dgroge Icatalysis and make eROP a con
wi t h classical organomet at | iadd 2jcdt &@lvesi st.h eD ¢csokngy
conversilarctdfdeDt ® © DL 2g@odt.t h

Modermdleecwdiaght PLA gradeysieaROR sy nGdarrmsé & xadl
Gar-A%¥ a aeto haald. Han[sll5.,, 16 Ga4&lmaSgnuet §adldpd GArcaaol a

et [all6.ted -t het Lde andBtbkeaenppaysree sand N435, respec
high interest that both these J)grtoapsy rutstel@s iSZCa& sP I(
140@0a00t(H<2) Gmnudp t o ghwd00r espectively. Of note t he
gmotpresented crystallinity of maximum 35% and me
180C in agreement with th®5]reported values of PL

Hanest [all6.bt aivihemROP -b&acDi de a narrowl yRdildtOmwii bt ed
of 1 2g@0o0t. The reaction t ABpred att lhree reaear/dher s
monomer/toluene ratio of 1:2 (g: mL). They <concl
reaction conditions, it is possible to obtain P
yields engmygimaye chaildcyat al yst Novozyme 435.

Zhaeo [&l6dpnduct ed EAROP hatt hle30us e ¢gloft d Lp r[ dBd dvd [ FPLFA
ofd around ga®3O® around gimwdPbDor anHaverdge meanin
medi-mml ecwdiaght polymers. The rpoelwne s hceorusitdg pbaet e d
used as the soft Dblock of thermoplastic el ast ome
rel ease.

It i s interesting to observe that sever al hi gl
synt hesi zed EATymBr 4ThEBIhi ghest mol ecul ar wei g
synthesi zedD P/L8AL g@mdwaes achi evedethydl Wit tbetrlye use
a |ipaBeepadm#l®@6r 7 days inetbji#dlE3edhahérkul BMI NV
to obtain P1L3@@oodlf The measured PLLA yield was 63
9AC Omay[atld.hd Metn padl8ynt hesi zed PDLA @naf PALEOOOTr a

gmotand 28W@® respectively. In both works, the u
was synthesizedACnwhiolameRELAt WS89 synthesized in
composed of the ionjicinigumd qa&tdiMdM]wi[tPHF mi sci bl
tetrafluoroethane (R134a). This is very promisir

M ¢



the randle 70f iIndli cating narrow distribution, t he
were in thBOYangkhi ddl8 i s expected forTgeemitbheyst:
polymers were t#ACramgeagafeen@nsd8 with published

temperatur es range bAeCawden héO0Odegnddalt3i8on tempe
pol ymers were betAeen 155 and 122

Since the 1990s PBS and its copolymers have been
t o t heir ability t o be used i n bi omedi cal ar
bi odegradability makes it -tains saupep rroeppra irardg iean revia it tiei mgj sal
as well as-uisre tphhe kaign qlge sector . However, proper
maj or role in the degradation pr otciesssu e nalp praiyc d ti

mainly due to the relateével pt[shb]wdde gri adatl ilyn am
degree and cr ystsaldgniinfei créolr plhgd sofghyact i er propert i «

mat efr7.a]lt i s t hus-tiumpeo rtthaen tp rtoad ufcitneon process of
cat arl g sitgdrueedes apfpomopgms ebtieomedi c al and packaging
presenting controlled properties such as c¢crystal

recently conducted enzymatic polymerizations of

N435 has been used for every conducted enzymati
(Tabd3) e There i sodopublyi oshedwloeaké& 99Be researchers u

frdRmi eho®i produce biodegradabl e al | p.8@ pEvien ptoH oyuegst
the results ,aved et Iseatnliieflgpesieeg al |l y seems adequat e f
reactions due to its high stability in[ &a9ahiytdr ou
has not been adveloecattad yats f or t he mo st recent |
pol ymerizations where we wil/ mainly focus.

Enzymatic polycondpaesahgopobhptheri ngti on that has
for PLA occur through similar me c h ateingmsane and
i nter me[d8.djtTehse) | i pase mechanism during polyconde
det ai |l ey [lBdAvihidl lias dEBpg6tedthe first step, the pr
the nucl eopdCiHOHYX isetrémact(s with the carbonyl gr
(carboxylic aci dOPOR' it Sf oemi egs)a RE(trahedr al i
intermedi ate gets stabilized through three hydi
hydrogen bond) and threonine (Thr40, 2 hydrogen
Hi s224 residoteompufltemt8er p05. As a result, the 1
increased enough to attack the carbonyl |laaebon |
group of Aspl87 helps the His224 resi deunezytnoe pul |
complex (AEC, *1 1) ,-aa@tl iswa tkend wmo rmesmeern zypreeci e ( EAN
|l i berath ngadylGating step), whi c h diesacrydnmaviendg fsrtoe
nucl eoe.hg.l@r,i mary alcohdH) froemaat sliwilth{ RIihe® AEC
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forming a new tetrahedral intermediate (*111) wh
enzyme is deacylated and regenerated after rel ea

Lo R

N
A (<]
A
Acylation =P
R
‘
R o Deacylation R
e HO
\
o
A
-

ser o(l;) ’%/l"; )

)o’;z.(,
FigreEnzymatic polycondensation in the presence
*1 1 yemzcyythe compl ex (AEC), *I1I8I0)] tetrahedr al i nte

It has been obgeéercvhedPBtShapgr e@Pld| ymews amzyemasy et h
transest édidi9fpcababhy RESrli dbwt edt ¢onal carbon che
|l i mited acthemzymetityetsite.

To the best of ournkoowl etigd, pubéiehadestudies o

enzymatic polymerization. The only excegdt8ildn i s
in this work, PBi®anw aysnad yi rct lpeod iyaneed i zati on under
and 2 mmHg) , i n dA® hTemey I r eestehaerrc haetr sSsO0observed t ha
the polycondensation stage changed, the convers

kinetics of polycondensation waisghitl twa®dobitTdien d
the | owest pressure ,@ah.d3 trhmH@)c hwaes ea@p yliieddl unde
was 37 %. The relevant l ow yield was ,andri butwad
stated that it probably should be extended.

Sonsec¢ala83lynt hesi zed pol y¢dbiutiynloe neei cs usButcEchi antaet e )
bi odegradabl e copolymer that may be used for app

body. The researchers evaluated thaskinget abseof
amounts of hard/soft segments (70 to 50 wt% buty
wt % dilinoleic succinate BdMR aesgmgnets). i Bawad
copolymer oligomers had been formed aé&ssurd8 hAndf
N2) . Addi tionall vy, the end groups of BDO, di mer
identified; after 24 h of total reaction and the
groups from DLAQGHNh dditshaep peracgteadn signals from est
indicating that DLAOH was incorporated into the

H M



| owacuum stage, the BDO and DES end groups al so

the initially formed products into higher mol ec
vacuum pressuyuared iamacmerfseldch ainndr edasal incopol ymer
observed from 21 to 48 h reaction ti me. 't was
effect on the molecular weights of the copolyest
PBS backbone |l ed to the formation of copolyeste
increasing amount of sof,t hoewmgiantishe | ¢f wacaay sof

O O - uw - 9 O O

En
ai

de
re
an
mo
ac
29
an
we

corporation was | imited by the catalytic pocke
voring the formati oms pdc il alnlgy PaBtS tsteeg uearcleys syn

r N435 and PBS, it has been confirmed that the
|l ymerization process, as four modes of -revers
talyzed polyester synthesi s ,nsiemsdwreaiifg chaydroml |
d acidolysis) a[nal7]iOnt etrhees toetrhiefri chagan d,n even t ho
ually more efficient and better resistant aga
acti[v@g3]l]itome wuse of vacuum for the enzyme's d
l ymeri zati onupr olcresasddictailomgt o that, the use of
re drawbacks. Considering the cost asobetcai,n it

e enzyme in the solid form. Additionally, t he
ocess. Thus, liquid enzyme formulations are ar
oice of s bbtvheentl isgyusitdenfi or mult amit on Evenveéethypuigmp ov
mmon solvent -§orvemizy merse a«fot en added to i mpr o)
ot ein. They are often added in high concentra

ycerol) mrucgwmlsieds (@ad.ng.ng t p88Fkduce water acti)

wever, the usage of dried enzymes in enzymatic
[a8l8.f i ed N435 under vA@udmstored6ih an as5desic
il e eXi gaBlgd)] aced CALB into a 25 mL flask and s
osphorus pentoxide at room tempedswasreseddal st
SugeithpaBl.pr the enzyme's dryAGogr uddetr [#8BJmum
d Eet HeBllyp ed N435, predried undAB€@o®. 24mimHg vac:

zymatic polymerizatiagqahd kKhostfti ceamobi uiszatil gn
miaig s i mprovement. I nteresitmmagbiyl,i 2dde Q@QALB v( N4
pend on the enzyme rsetcoerpatghebh yt i Pnes @ ti agseBha]aTsh e
searchers used |ipase CALB for melincpadyogn®8:8
d observed that the enzymawhicchcitnivli dgnod¢d i tmme
| ar mass of the obtained product s, was affecte
tivity OAMGtCArLed aftor502 year s awaswhioluem df rletdi0 OQAAI0
O0O0UFa0'0 PBS g ddegatotand 2@g0dtwer e synthesized us
@y easn orCAd B, respecti velmeasBvenéetainesllaghd tdheevi a't
re sign24%cant hé 7 enzymeos degradati on coul d
appropriate stotramgmrercatnudidkd ahev e . 35
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The reusability of N435 during transessttdm8i8f]i cat i

The researcithexanesedl1,atkd diethyl adipate in bu
systems to produce enzymaticald wapaleys( lwd x ytlheneod
were achieved over three consecutive cycles in
(181, whil e a 17 %0 dveaclrueeass ewaosf otbhseer ved i n the s
decreased N435 activity was attributed to the I
compared to the bulk, rendering the enzyme more

degradation dri tlieamahilryg. gAd en viilaatt e INA8B&Gi dls gateipv
|l i pases to supports with hydrophobic surfaces, [
the presence of organic solvents such as dipheny

PBS has been synt hweizsaszed idn zxyamatoincalrl yransester.
or diethyl succinat e, respectively. I n contrast
i ncludes esterification, transesterification [
pol ymeri zea.t i Tomi g oiug attri butiedchtodi,pg e85 bhhghe
specificity to esters and alcohols than acid sub

Typical monomers that have been wstardard oes tPBISIi £iha:
ar e BDO and di et hyl succinat e ( BESB @%@, 1.8dBKMet hy
commecrscciaalle processbaoegrBDOcEef bom s ugleerv)elhoapse dal r
and pub]l 96hwhdi baséd o DES has already been wused
polymerization with 9dilTihmoluesiec eobfaseldasosmbimer s
completely in |Iine with the principles of green

The selected enzyme's concentrati omOf% rr eHBaS i evrez y
monomgBS8, 3@3 B, 18 BAMA$ t researcher s, especially in

10% wt relative to monomers. Considering the pri
guantity of reusable materials including enzyme
usiaggé quantities of enzymes would significant]|
it is well known that small quantities of an en:
to I ower down the activation enénnm93pof the react
A cruci al peagruaimeitberri ufmorr eacti ons i s r epmoovdiuncgt .t he
The use of diesters such as DES or DMS instead c
towards polymerizati on, g oidtucrtess Ulatlsc oihno Insu)c hc ovnop
I n t hat sense, i n mo st of t he conduestteadg e PBS
pol ymerization routes with increasing vaeuum/te

mol ecwdiaght pol ymer s.



Tab3dleiterature data on the enzymatic polymerizat

Range of achiaedd
Ref Enzyi1Solvent T(AC)

1 I

[ 33 N435 - 85 10914 851

[ 4 N435 I soocta 50 2000 -

[ 94N435 - 60 2550 1700

[ 9EN435 - 90 4000 1400

[ 81N435 Dipheny 80 - 84-2550

[ 36 N435 Dipheny 75 - 3910

[ 84N435 Dipheny 80 11520 44663017

[ 86 N435 Dipheny 6690 - 20070000

[ 87 N435 - 130 23600 11700

[ 8EN435 - 8095 38000 27340

[ 8€EN435 - 95 44000 -

[ 92N435 Toluene 95 73000 -

[ BEN435 Toluene 10-Q2( 13000 81250
Pelelaglg.38bnduct-settepwenzymatic polymerizations; th
at A5 T r 5 h under atmospheric pressure. Subseque
for 18 more hours while maintaAB6i Ay the eerdcof ot
stage, oligomerization was achieved, whil e duri

removed thepabdobtbl abg enabled the elongation o
Kaneltl[iBl6édnducted PBS enzymatic potggeriaat eonThe
e was aphCioed2ath Tmder nitrogen atmosphere co
d the sd&oowrd 2ath 7usnder a vacuum of 20 mbar. The
e product's morphol ogy was i mproved when prol
cond stage: 24 hyet [kBhE.hteh ep ow oyrcko nodfe nAszaitmh on r eac
21 h and then, the polymerizatA©@nDurimper ah e
cond stage, the polymer remained soluble in so
ase that facilitated furtheretm¢d8éadppll aredwalii gthetc
|l ycondensation of BDO wiAt@ho rd i2meht.h yTlh esyu cccoi nncal t ued
ivo@gening polymerization of |l actones is probabl
mol ecwdiaght polyesters, including PBS. The achi e

- T T un —*"t un * 9 O
o T ® © ® T S
-
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attributed to the reverse reasctiagre amed hodamwass
sel ectHe dFehajya8ll.]The reacti oAl€ mrcclirhr ewdn daetr 80t mos p he
which was subsequently reduced to 0.03 mmHg. As
wei ght and melting poOHter au ks emwsmide rwhd d er & dhee d .

The achieved mol ecul ar weight of an enzymati cal
i mportant parameters to evaluate the efficiency
process. The MW of the synthesized BBS @il ad®mewi
or -dmowecwdiaght @mdHOPBS gradeé ]l 0BODHad@t)e an d

hi glh>800a@®YH mol evedlgeaar PBS grades.

The enzymatically synthesized-aRBSageame| wcuhath
(1000t was obtained i MGaorbu2ldk hs y(sutnedne ratat8nbospher
first 6 h and[ZBBTmbaretenrtBehy tested different

there is a strong effect of the selected al kyl g
for all polyesters; more precisely, | ower mol ec
obthaeid using dibutyl esters since it warsodwocte di
during the reaction due to its higher boiling pc
et [Oldynthesized -Weiwgmoll BB&daaort) in a bul KCsystem
The researchers confirmed that the methylene | er
pol ymerizati on cHaomedteeruil atri ove.i gbtRHHBYBOSgAYolade s (

" were also obtained through solutioh3®o08Fmeri z
Fray [a8la.bt ai ned PB&anoftand@,110C at a reacti d€ tempe
and pressure of 0.3 mmHg for 9 h with the use ¢
decreased pressure during the polycondensation
reduce-®OHt geoups number and increased Hdwe vmeer ,t i n ¢
the achieved process yield (app. 40%) and the m
reaction time shouled [@6.Jenxttreendieadled Ka nxill iBOKWY PBS

ganot, whi ch was subsevgiuseonsiidgt edpaloyardesrdi zat i on. Tl
process was examined under A@undcadsipmelssameod ® ri
TnangH was observed, i mplying a crystal recergani z

step SSP process was conducted for -6y &t altlhiez dtii
step, was coMm@lacted htwhAivle the sekhd®od Wwas hcodd
mol ecul ar Wkhiwgehrte asnidgni f i cawdt 16y7 %enhwdrndhedsi(mul t a

i mprovement of prepolymer physical characteristi
et [adlB.pcently syntbhh28 Oganeda PB I AECT i n i s o At arheé sa't
prepol ymarbhsweaguentl|ly sudjpmiltytimed i zata opost age, i nc

of heat tr A€tomerr2t hatan0t hen A®Ger s@clhhntdo suepr ade 9



in terms of molecular weight and ther mal propert
of AZL6n Tnwa@d 126% in the

Concerning trhcel enouwlearatveei gehtt [Hldpadekesilzdbagfed |y ¢
poly(butylene succinate)-candacmpmlayt(ehuyt yglievneen stuhcact
building blocks and catalysts were generated froc
grade prioeddniga@dtand,of 1A@ .which is very close to
Tmofd 7500aot(ca.AQLaes] The applied procesdAGiorcl ude
2024 h under atmospheric pressure and a nitrogen
pressdrOe mMmmHg) was applied for anotheretod4aBle.] at t |

synthesi zie d3 8PoBg@od.f However, the researchers useof
solvent and applied a veryahirglkdv aduiCuair?2 iSShe apr &¢
1.-B.2 mmHg to form PBS oligomers and subsequent|

t o At -A. 3 mmHegt. [a8l8.] so applied a very highCvacuu
for 25 h to produce PBS)O wi4t0lga@at mReten¢a@B@.pp| weidg at
twetep route for tbhaes esdy nPtBhSe suissi nogf shuicoci ni ¢ anhyd

first step, the polycondensatA@®m trleacpgr enen o®ko fp
acid. The nucleophilic attack to succinigianhydr
esterificat raocni db et waenedn ddiio | uni ts. A linear ol i ¢

sol vation of monomer s and t hus pavedattahegzewmy
polymerization in theupmesehfbe oDésdNd@B3&Ehéms tai d r

remove -prhhedbyt, but a hydrous azeotrope (water w
the reuse of both the | ipase and the solvent W
obtained PBS gr ¥aB8d 0o esdntéed of high essence tha
catalyst was tested and presented a similar perf
An interesting appr emoclhe ciwe iaghn hid PE3SI (@O0 H i gva s

suggested beyt paBl.§|) hlae aresearchers developed a ne
product i omascefd kpilemsti cs, including PBS. I n the
produced bycatheael ylziepda sceondensation of di met hyl S
toluene sbohetinemt -dspheenpi,ngr ipnoggd y meri zati on of the
pl ace in a more concentrated solution or in bulk
polycondensation route was compared to this n e
synsheed enzymatically through polycondensati on
polycondensation, met hanol was removed wusing m
polyester Opoésdmindd However, it was stated that
water and thus, compl ete removamketbénaheasdmmaivht e
di fficult. So, the researchers concluded t hat to
riog@gening polymerization of c¢cyclic oligomers is

catalyzed polymerizati on.
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2 -Burandicarboxylic-basiked ¢(BBEAUndscandbisvting of
groups attached to a furan ring. FDCA®&s chemical
aromatic natur e, make it capabliehofsrepglkacitmg pt
polymers such as PET and poly(butylene terepht h;:
for poly( dtuhryalnednec a2x,bs5oxy |l ate) (-PEFandndapbbygbaty
[ 97] Avantium catal ybiasa&ldl wugamwseritndgd oplFaDCtA t o pr
based, 100% recycl able and degradable PEF, whi cl
barrier properties, comparaend M.o GR BT .e r.A caoedr dArkoamats
from Av@ap9djouam strong barrier preventing oxygen f
juice and béemyingdtBEO® bottle (relevant for any

unmet need in the marketo6. As a result, special
were used for PET bottles to improve thimsalbarri e
productds cost and made PETO0s recycling more dif

solving this unmet mar ket need.

Fur-bmased polyesters have been gaining popularit
synthesis has stRapadopetihdlSghudesdzed PEF from
ethylene glycol (EG) and tested two different an
acetat e) and different reactiomsteemper ygtcomase nwh
met hdach.e authors concluded that for t het hfei r st
esterification of FDCA with d@@®&as$o maf éoract PEEF
Sb(€£BQurt | ower temApAErawhri tseecioin@0Ortse ep of the pol
ShOsexhi bited the hiedh[@dGsOylac¢ thiewii zyd PHBE with the
tetraisopropox)ilgleas Ta| 0OGH@CHKH st at t enrPp0d0ayt ur es

me | t condensation polymerization. |t was concl v
excellent ther mal stability, strength anetductil
al[.104ynt hesilzeesdedbi PBF wi t h t he use of tetrabu
polycondensation. The researchers also prepared
PBT and studied the ther mal properties of the h
boeh conventional and fast scanning calorimetry.
reveal the glass transitions of the polymers and
It i's i mportant, t hough, to -basedtipoatyestaet sd ht
routes that could providediwms twirtms tofulpyerdmoeenmang
and synthesis process. | rb & shead Eoslysessntzeayman i tcheowyg
has not been studied greatly, the most i mportan

be discussed to provide valuabl e guwiodrynegar sn t he



The only enzyme that has been -lussedad fpal yerset esrysntd
Novozyme 43Mabded4d E5)en( t hough numerous aliphatic
successful lyiNdy3btah @esiyzed pol ymerization, the nul

synthesized alipharomatic and aromatic polyeste
melting tempeofataliepltaromatic and aromatic pol ye
t he reacti on medi a, as wel | as t he | ack of rea

polyeste[r2.7T] cati on

Tab4d elLiterature data on the mrehayedhtpacl|l ypmodrysner i z a
Range of &

Re f Pol ymer Enzyr Solven TAC) MW(ganmyl
il |
[10 PBF N4 35 - 50 600 500
[10 PBF N435Di pheny 8014( 550( 1600
[10 Furkased copol /a5 pi heny 8095 3500 -

(P( KMBF) )
Fur aanliicphati c |

amide)s (PEA N4 35 Toluen 90 2100 -

[10

I't can be assumed that t hebeaesned madliye gptreordsu citrni otnh
|l i pase N435 occurs through the already describe
and reaction intet m@aidowioe sus evdandigmiertahnydi ca,rdHoxyl
( DMFDCAY, s2hydroxymet hyl )furan (BHMF), aliphatic

to synthebaged foaopaol yesters, studied in detail
copolymerizatirgmnngfihetlay ilpyhatac | inear monomer ¢
tested diols were 4, 6, 8, Qdndcdindlaat 2i pBle mBe § CIAL
prefers |l onger |inear diols (n = 8,10 anlhel2) <co
copolyest-easOFP( FMFnt hesi zed -WDOh pPphesestedoft hle 8
degrees of polymerization. The researchers obser
to 6 and 4 (1, 6 -HD&OYaner&DO), Dbhred) 6f f-basad

copolyesters significantly decreased. A second
synthetic mechani sm was by changing the aliphatd.i
Based on the obtained r edthlet amolae cail @amri fwied grhtt dveac
' i ght of the above, the researchers presented t
depictregdireThe polymerization starfesnzwimehctome |l fex
and continues with polycondensati on. During the
(b) t hat can inhibit the polymerization is forr
incompatibility with the enzyme active site ar
terminated. When diacid ethyl ester is used, the
BHMF et her, eventually terminating the copol yest
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Formation of acyl-enzyme complex:

Serl05—0OH ; ~g \O, o- ————> Ser105—0/“\(\_/7)( — 4+ HC-OH

DMFDCA

Polycondensation: Aliphatic Diol ()
HO-(-CHZ-)-OH

o-(-cnz-)-on +  Ser105—OH
0 sertos—o oy - {
o’\(_r‘oH + Ser105—OH

BHMF

(i) Ser105 — (a)or(b) , DMFDCA —> + '“‘(_7’”‘ Wo-{—cm-}—o% Ser105—0OH

+ Aliphatic Diol or BHMF

Fi gudreProposed copol ymerizaatahymedhaor met obnCaAL
DOHF)104]

The
However ,etlJif@an@éjudi ed t he kinetics of t he enz\
furandicardaseldi cal apihdr omatic polyamides. The r

vV a

enzymatic pol ymer ibaasteidom ol iyreesttieads dfasf inrodn &

uable informati-basddrpal yfeusttuerres feumrzaynémat i ¢ po

study. Thesrpseducbd abasedeal opbhBbDGmatic pol yam
bi-mased DMFDCA and aliphatic di ad@idl2¢s di ffering

A

pr
al
i n
of
t h
du
a

| e

Th
p o
i n
pe
pr
fo
b a

o-eeage meABond t(oduene) was applied, and the r

e
[
c

sented the highestocsealnedtiiav@ibDiAg tédnwpadrgd st hle, 8t e
phatic diamines. Based on the result® of the
reases significantly with the increase of pol
t hebd&De&Cd ol i goamides/ polyamides occurs in the
resulting product under goteastley nBeari zeag U eomt.  eHoa
to the phase separation and ishetleow odfyfmeaii em
arge proportion of the resulting polyamides p
s than 50% of t hien epdr oadfutcetrs pcuarni fbiec aotbitoan .

e water content seems to be the most i mporta

ymerizati on ptof@d98bhe. pidbpdogead i pamrbéancc pol ye
l uding PBRv,hiobedva€AlpB,edri ed overnight in th

c
nt ox4iO¢)e atP room temperature unden RIGBHAovacuunmn
0

duced oligoesters such as PBF, used CALB, whi
48A@Gndt s2Bred in a desiedc[allOsthjopsiyat hese zeMah
ed copol yestelrisphand cf wprodryi(est er ami de) s, us

presenglki mfa Pdesi ccator at room temperature unde

t o
ai

elimnating the enzymeds water content, sel e

ms to improve the enzymatic polymerization kin

H O



DMFDCA i-basethi di ester that is usedcdaserda emaiymae t
pol ymer i A8 55hss is attributed to its bedtger, sol

di phenyl et her) under mild conditions anid the |
112 thanT.BRBRE 103t is also known that | ipases i
specificity to esters and alcohols than acid sul
di ol s, BHMF and diamines or amino alcohols are u

There doesndt seem to be a speci fic trend re.
concentration. Foet HBIFOU3s]gdt bedig,ofli @AQgB with 5.
g) of DMFDCA corresponding to 40 wdat%[alOusfjehde mon
10% of the total amountetoffald.helstan @ e ws % Badi 45
relation to the total amount of-bakedmoopméyekorer
furaniicphati c poly(ester amide)s respectively.

The -pryoduct removal, strongly affecting pol ycol
achieved firstly with the use ofproidaster s( ad €@l
compared to water from dicarboxylic facvdsuwamd

usualidtayt-swsinage synt heits[allG@¥inelucldieangnzymatic pol
of DMFDCA and different aliphatic diols in diph

routes. The first rout AGiomc I2u dhe du nad efri rasnt asttnaogsep F
environment andAG@GndéercomedwmdedBOpressure (2 mmHg)
tested route wavsard eidd rapyer arteurheo d ; the first st ac
8ACor 2 h under a nitrogen atmosphere. At the se

mmHg whi | e maiientraiarcitngon the@nprertaherfei mst 84 h. Tt
was subsequent!| AGiomc raenaostende rt o2 49 5h . Finall vy, t he
regul ated atA®br 1he bamas14@4 h. Based on the enz
was applied by [€bomEef oedcti on A@waurér ehd aatt a5 0pr e s
1000 mbar. A vacuum of 20 mbar was subsequently
the reaction tAeOnpTehreattuortealatr e5a0ct i on t i meetwaasl .24
[ 10i4n the first step of the reaction, the monom
succinate) in the presence @& odi phlenyhdert har nin
at mosphere. At the subsequent second stage, the
while maintaining the A¢&acrtitome tfeimpetr at8he E&iLna&
temperature wasAGQndeeadad!|toa®@bum foert fab@e5] ast
producedafuphatiicc polvydaecsatag ea mmedtehosd; t he react |
at AGOn t he presence of toluene under a nitrogen

The main di sadvantage of the applied enzymatic p
using thei lhimgdgh point di phenyl ether as already d
requirement, i mpedi ng a -bpriddensgs psodanrlti ntigee |-wifpeunr eal rdfiv
aliphatic poly(ester amide)s synthesis seems mo
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green solvent. Il net hfalklOpbegphoemed ™Mhei apl ymeri zat

furaniicohatic poly(ester ami de¢ ) s[nENl M]n[ &eFd Mliyd | i g
3met hylimidazolium tetrafluoroborate) as the rea
The enzymatically synthesi zaewe rP8Bde gmaldecu lpare sweait

of SGO®anod. Co meertf [oakl@®2yjnt hesi zed the | owest mol ecu
0 600amot 0 500@0amot and the polymerization was <con

system. The achieved |l ow molecul ar wei ght coul c
pol ymerizati on met hod. Mor e precisely, hi gher
synthesi zed wigapy mati omalploy ymeri zation, given that
presents | ower Vviscosity, decreasing diffusion
monomers and oligomer s. On the other hand, in |
Vi scosdiutcyi,ngr e he di ffusiohOTopf utphger adeactthaentenzyr
synthesized PBF oligoester, the researc-hees sub

treatmend3.3 times higher than the i netti[all0.3d] i go
synt hewsaazesitage méthadAC13Mmt mbsphetiet agALC28D

h, 2 mmHg) a OPBFOg@modadned @ 2 Oginot. Consi dering that
obstacle for enzymatalci pshyartti hce spiosl ycefstfeuwrsa mitc mi | c
phase separation maiThayd calus eldowys dlhebihliighy of t
researchers performed the enzymatic polymerizat |
they applied-vartiemdmpearget mééshadAC18 0t mNsphere and
2"ist ageACaz2488, 2 AfpmHg4 hb. c9.5ATBE4 HRO Wherd4tOhe r e
temperat er d asft LH"%%Gt @ade the) 2was iAmico eA@e@dhd r om
correspnadndhgral ues increased fanoit ol 750500 Oa nadn d1 21060
ganot, respectivel y. The significant itrecwpeea sae uafe |
is first attributed to the fact that phase separ
I't can also be attributed t eprtohdeucftasc tantdnh atth ee Iriensii
i's easier at hi gher tgemplre ac¢mnzematitdupgoli ynpomde m:
Finally, the mobility of datlh e haamo rcp hpoou sy epsht aesres ,o0 fwl
at higher temper at ukrceast,a lfyazeeidaitstealtpedsl ytnheer i GAltB on .
the meltindepsiymtt h@efsi zed PBF gradeA@hendDntsease
increased froganall700hi® H5B8600cates that the chain
the tested temperatures. As a result, the mol ecu
reaction temperature but couldndét reach higher v

Manieatr [a2l10uiged DMFDCA, BHMF and different alipha
vari ouvbatedamopol yewp etrs ¢miodthOMor e exac-ODY, when
was usedGaOPJF®Bah®0 122 and 269 was formed, whic
amongst the tested aliphatic diols.



The first-bmswal pfoDGA ester amide)s were enmzglmat i c
[10&8hd poly(dodecametchyodt @@ea meurhayn eantee f ur anami d
presented O h(e2h@igditest Thi s mat €lwa ralyo fp ra@n2de MO
respecadmmpdryabl e to REF, R@b&o»d n tair mgdrfdl 0378] 9

Solid state polbyememigasattioon heSdR) k pol ymeri zati ol
steand ¢dhrad wt h pol ymer s wi t h a strong i ndustri
condensation pol ymers. SSP includes the starting
vacuum at uvar & elmpleavati ts melting point but per mitt
of typical pol ymerization reactions.

—
=y

e different versions of the SSP family are pr
cludes using dry monomers (e.g., polyamide sal
| ynelrOs8 , 1%l second-SPByshabep gRastwn as SSP fini
arting material a snoolliedcw@riagrha | ymé ry meir. esy,ntdelso
ot her polymerization tec[hlnliOgjdeyvemnuy uiahtl ¢r eodtnivieg
mbi nati o-8S8SPhPf wiptolst enzymati c prepol ymerization,
nsi de-f edea3xdéb,y4 9, lCHapgtleq 5.1). SSP is indeed a
is usually conducted at trhed apriespdlyy rheorw meelntpiernr
[ also a solventless method andS8BnabmsefdeichcHr
the prepolymer mol ecul ar weight-panducimppoovpept 0€
that basis, SSP efihi bieenappt e e[gxHad mag nthéd sh rciaglee t |
materi al can be a postconsumer polymer grade ne
processed without severe recycled material deter

o o0 9 o T —
> wW —+ O O 53 —+ O S

The main-l $3P triantge st eps are the f olclhoewmincgal, trheea d tni
t htei ffasiomnend oqradtulpes di f fusi on of the condensat
(nterionp,diahdusihendi ffusion of the condensate f
to the sursruodradien@s If @F,ulsli B]n

Regarding the meci#Sa85rPi,snZiandfmetr ma h A édshddg gkeoshtaend a t w
phase model according to which the polymerizat:i
amorphous regi-ongsohlihees@mil ymer , whneorlee ctunlearend
wei ght substances sucéx @alsuHdidgdd)riccolntd eins ad esumed t h.
and equilibrium in the amorphous ragnoomphoarmse ofrh
mol ten polymer at the same temperature. The diff
i s considered to occurmoéietctiué mghthr mabgbc ulhes | (ooM
through the motion of the ter miomralt hsreqgument e&x c(hsa
reactions (chemical diffusion) that allow react.i
di stance for reactipbtmaseBaoeel pnithdaswal so beer
categories of end groups mexi sStegimns heaambyvyehansl
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groups include chemically dead chain ends and f
structure and cannot participate in the reaction
of SSP could be the foll owing: ahteuartei nbge towfe etnh et hper
transition and fjeendmekspergtipoéehy) (to make the e
enough to react and promote condensation reactio

3 /--/-

o~ o \

& Yo

Fi gBreSol ipdb!| sytmeetre z pthiacmre: mbwe |

The most <critical parameter affecting the SSP pr
with the chemical reacti on, the mobil-ptgdwdt t he
di ffusivity. 't i s (lh-ulst oc raucchiiaelv et o0 napteiamiezde ptoH g
whil e avoiding undesirable phenomena such as sin
apply tenspteerpatpurrcecesses aiming for gradual i ncr e
tempertahuseavoiding agglomeration and renb%])i ng i

The i nigrioadp ecnodncentration is a crucial parameter
and diffusion of [th®]lacthiavse bceheani ni nedndcsat ed t hat
concentration, t he hi gahveer atghee meod heiceuM eadr nwuen bgehrt |
bec
and
bec

ause the | ower molecul ar weight prepol ymers?o
formysitgqilid; cas a result, a greater number o
ome inactive.

Ot her important factors affecting the SSP effect
gas flow rate. The first one @offfoadatcd twhe h(iinnt drei
particle. However, this i nf ]l ureenaccet igoent sc onnetarkoelr twhh
The inert gas f | ow -parfofdeucctts dtihfef usu rofnaceAcltyel er at
increases the mass and kseodti dt rsayrsstfeenr arnadt edse cirre atsh
the-pbyduct diffusiensturbdbmceéeheopahei dlul k of the
parameters strongly depend on the chemical react
constant, which i s-ppodpecittiremalafif br@®lyeiby ment s

Crystallinity also influences the SSP rate due
parameters, -gnmocbupdmobi moby uarnd dbhyf f usi oiphaBased
model, an increase in crystaldfi neindy g recaudpss troe jae chi
amor phous phase and, t hus, to an increase in the
degree of crystall ipmiotdwcesul d elmomiatl tthe@mby he r e
rigidity @ndganheedatchiys¢elbds it is not desired i
[ 113]



The | ast factor that may increase the slow SSP r
The SSP reaction rate is generally | ow without
autocatalyzing acid chain eadi dgircougpaesmp ofy@d sc a(l e .c
HiBGQ 99 that can easily be di[fliflDded into the rea

The relatively slow reacti on magt esso mdhedarde atroe telxep
selection of melt polymsirdca@tadlivyant s eispecoabbyawh
except for i ts |pmweetn mperabha@tinerl e £5a np hcecnedsisnuo u s

operation), SSP pr esoevnetrs nseelvte rpad | Yahdevhakngt aatgeebsat i v e
|l ow reaction temperatures, side reactions are u
usually present increaséed thergpgosdeaebi prepacencpar
Regarding the economic aspect, using uncomplicat

The most typiseampfidhsasti Ihave been submiotltyeadni tde sS S
anpol yeisnelrpdilry et hyl ene terephthalate) (PET), p
poly(ethylene naphthalate) (PEN) aptiO®lilsypletci iamet
PET is the most studied polyester submitted to S

of the highest interest include reaction temper:
rate of carrier gas a&andioatakgsingohcedi ngtienth
of water instead of ethylene glycol (EG) , rende
phenomenon, an opti mal COOH/ OH 8 malleprendahigo oft |
conditions)gimrepel vymhamr tiien usually required to r
high MW values. Another approach to reach high N
melt the pol ymer, and then restart SSP on the
mokh pol ymer. In this case, i ssues such as the

during SSP are solved.

I n |ight of the above, SSP i s an industrialized
f osltkaded polyamides and thermoplastic polyesters
in the open | iterature for the rcdsoew ofe l[alilirhogh gtoiia
render i ngr dchectbyremoval very difficult. However,
appl i ed-biats etdo anido bi odegradabl e | inear polyester:
Regar di-lngs ebd oand biodegradabl e | inear polyesters
the most critical parameters affecting the SSP |

occurring at reaction temperatuoesachkiegse- hiogh heg
pol ymerization rates. Starting with PLATabhei cat
5. 't i s i nitnerseosnme Snggd rtkhsatser ved as a monformoem r em
RORlerived PLA. I n ot her words, crystallization
i n excluding reactisenentds amdor pfmfomwsner exyi ons é
pol ymerization cBmpkasisnioaf pie@p@wpytimer pretreatn
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Tab3 el ndicative |Iiterature conditions forlim2]t synthesized PLA
. . . . Range of MW
Prepoly Precrystallizati ol SSP conditions 1
Temperat Ti me Pressu Temperat Ti me Vacuun ) ) ,
p . . . Cat al I ni ti Fina
(AC) ( mi n; (torr (AC) (h) (torr
Stann:
4000C 520-0C
[11 PLLA 10-040 9 n. a 2-et hy
1000C 7400
hexanc
Sngl
[11 PLAA 105 60120 0.5 13055 1655 0.5 1300C 67000
2HO/ TS
Sngl
[11 PLAA 60 60 0.5 150 10 0.5 1300C 32000
2HO/ TS
Sngl
[ 12 PLAA 105 150 135 150 n. a. 1800(C 8000
2HO/ TS
tin
[12 PLA 98150 5-12 n. a 2600 22800
octanctc
tin
PLA oct anc
[ 12 nanocomp 15060 5-10 n. a. cl ay 2100 13800
(clay) cl oi si
A
Sngl
[12 PLAA/ PD 14-060 30 0.5 2200 14100
2HO/ TS
PLLA/ PDL Sngl
[ 1 14-060 30 0.5 3100 20200
wt ) 2HO/ TS
n. a not availabl e

s ol

d

S



Mor e exapgrtdgry stealmlsi 4 antpioonn ant bted &bLe\ cSoSnPd utcot eidn c r
prepol ymer melting point and t basavtod de xsc lnudeer i mogn
and catalyst in the amorphous regions ef miharpo
PET .SSP

Vouyi eulalllssulb mi Ritkal sol i d state polymerization (
under nit rgoagse nf Ifdvw wc@@ eam)t o examine technique e
i ncreasing the mol epef mrt wenghthandedeateon of t
esidenden ttihmesprcomdlexmer s were produced through
i gio | e cwéeiaght commer ci al PLA to provide starting
arboxyl and hydlhex f#tlumea mdy gorfo uphse. r eiancdii coant e de nmphea
emperaturelCbhbatewt i80OmostabapepA@BOi ateri mg phenc
ccur, espéacTesslelay helsernvery AOAd dviatl iucersaAl@<ydjetsapt 140
he ¢gmneadsti transition of reacting particles, theo
nd-poryoduct re@SPvraadt,e twaes Sl ow i ndependently of st
n MW varied from 5 to 22%. Similar SSP rates w
20 and 130AC.

QQ ~ O ~+ O T =

- =

—ci-grades A7
75% A
—@-grades BS

Se———— —G&-grades B7

60% A

45%

[
30% 4

15% A

Change in viscosity-average molecular weight

120 130 140

Reaction temperature (°C)

Fi g9r eChange eafvewiasgceo smotlyewiutt lms p evet gho r eacti on t
d

uring SSP under flowing nitrogen nil <o@®eémO0Ofor :
gamphii15]

The initial mol ecpulegprol weneghtwasf t hlkee next factor
investigated. For the effectiveAll eactt iwoans tfeonupnedr a
| ower mol ecul ar weight grades presented increase

0 of 2500bwagsamoelveal ed. More specilf oft 400 ygdmolPLA
after being submitted to SSFgaaftoIJJZOe.f,ora BB % ,i nrc

mol ecul ar wei gFt g@aeOacthheveadntrary, the grades
significantly | ower MW increases af theaf5 S080P. For
gamaoleachedg®d®@&®@ was thus | imited to a 16% incr
SSP resulted in reduced molecul ar wei ght val ue



degradation reactions, such as hydrolysis of est
and/ or vinyl chain ends formation, that may occt
the PLA prepolymer on the SSP elflffews.i VEmMe sisowmaMdW

presenting aTgr eploastsievsesleys laowhi gh chain end concent
vol ume and, thus, greater segmental moblglithe As
concentration of c hdhd ens etnldes fdreeca evasles meraosdsu ovte n t
di ffusivity also decreases, thus | eading to | owe

The use of a catalyst durinig2Mjurre SHPR cwdads callsloy ,i

phosph@emoondusi ning organic additives (trisphenylp
trislauryl phosphite, tris(octadecyl )phosphid
tris(octadecyl )phosphate, resi solfaut hlkemhos pthyapiec, al
processing stabilizers were used and f awWrd effe
depending on the initial mol ecul ar wei ght of

crystallization and theodryameahiimg rceassidt yafdfert hd

nterestingly, SSP has-pal ymmebéematappl ise@padoa P
MCs) 26 PLA MCs were submitted to SSP to tailor t
nd crystallinity, significantly affectiemg the r
rysthRalMdgh e2 2001 5D0@motparticl e dmTel Gk6/8Daer €. 8

or medihe SSP waast A@n5dawnat eedv etnh et hsopuhgehr i ¢ a | topol c
mi crocapsul es was nopaf talgtgyreengaaitnitoahi hneecda ashirnecdee d M

- 0 @ ~ —

i ncreats@ Wafsor t he MC of the |, awesntg iwnitthi aln malce
crystallinitt wmstdh@8%concluded that adapting
conventional bul k polymer scale to the microcap:¢
to overcome the conventional encapsul ation dr awt

products.

Mel t polymerigasuomupua®B8t suffer from drawbacks
high reaction temperaturesaagél it essidgncausiethedyi
based c¢c®B&l wytnd hediighregtieredi cati on temperatur
antthepplication dfinBD®clUomsf 6bDBRBDAG) poi s, dehydr
tetrahydrofuran, and other side rgeraoccup obesi,ch nad € f
i mpaired pr oapserhtyiderso | syusciTsh usst,abiinlvietsyt i gati ng al ter
met hods conducted at mil der conditions i S nec
polymerization, d& sansakternaChapteould be the S
has been studied to an extentl.i2) 2t.hleh eo BSP loif t PrBES
|l i mited. This is prodbapédryatitngitbeam@gpdr compdae eldo Wb
PETw2(6A0C and e WeIn5 OPILABWH i c hanatrieci pated to result i
process kinetics. Some wor ks of our group focus

oT



finishing step after enzymatic pr BptIByemsdrdiezsa ttihoer
wor ks, Papas[p2ysriiuddeised t he feasi-Bndi-byo®BS.SSP on |

More pr ecigssaddegd dbhdwmased poly(butylene succinate

were synthesized ansdt astueb npiotltyende rtiaz ag o loind ( SSP) ir
polyester mhik) tfiog peaati ¢dn ti mes up SLalkBi hguwide
t he fbassidl gr ade, the effect of the reaction ten

examined. When SSP vAdlselcoow dtulte erdhe latti m8g 2poi nt of
(118X ,2 no significant MW icdc9 %EHewe was T, dds@if eaed (
3. A increased by 169%. Interestingly, when SSP w
8 AZbel owlnt h&en i ncrease in the crystallinity was ¢

The next examined parameter was the prepol ymer M
gr adies18000, 465009 aampd wee57€0 0s ubmi tt eAibebowSPhat
prepolymersd melting points for 24 h0 iTnhke elacwe M
of 64 %, foll owed by the medium and the highest

agreement with the PLA SSP results, t his trenct
concentration in the amorphous regi ontsheoff rtehee

vol ume, segment al mobility and byproduct diffusi
One of the most i mportant par-gameuer s mbhl aheePBJ
the effect of this parameter, two simi FaguM& PB:
1) were submidake®@2t owSSReaprepol ymersdé melting p
with the higher initial [ COOH], F3, pgiedémted si
in contrast to the almost balanced structure gr
64%. |t was thus i natdeircnaitneadt etdh anta ctrhoemodOOcHU | e s wer €

polycondensation.

400
F3 COOH excess
3s0{ ®
"o
=< 300 1 OH excess
o
@
£
= 250
T
8
5 200
[
el 4
S 150 B1
.g .
§ 100 A B1
0 %52,
50 — =

0

Calculated [OH] (a.u)

FiguabMapping of the susceptibi[RBY of PBS p
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The | ast parameter to be examined was the addit:.i
MW, al most bal anced PBS garka dneg aasd viannittaigaet r opia $tichmeg &
T, a-sttveqgg process was conducted for a to®&B ti me
serving as a precrystallization step, similar t
reaching higher rehAaBioon atveompeiahBusPd das ef ound

to increaset had ftar ihpilgh elirtmease am®@i t or ed .helrre avdhdi tai

significant increasel tiinngtdig®ipnBtEppdy méire degree
crystallinity

A precrystallizati ome sihia® e oa P BdSueeg etaocd a@irdys vfihaarg ihto n

(115. 7ACO 2ZTh® optimi zed pr éAdcr ydsht)a Ifloilzlactweodn bsyt etph
(1A€¢ 24 h) led to no sintering issues, but the r

based ogwa2®3Addi tionally, even though thdg e was
for the first time aftemweltthengS PR h@mwo oa sfav,a sat orhis I

endot hwasan atttiobuseqocnrdyasrt al | i zati on or thinner/
developed in -bhbheedaBBStliwhée®measd endot herm may b
t he i sotghhreorwmalclrywstals or dominant | amell ae.

The decreased susclepsadi PBSygonddda hwadbiattri bute
COOHHich polymer chains, attributed to either BDC(

i mpuritiesbaded h®A bmomnomer . Di fferent aApprodiche
prepol ymer purification and blending with PBS ol
stoichiometric balance (r=1). Both the tested aj
terms of tdderaobi agyetd8tPwe ewmhi2l7e sticking probl em
second approach, probably due to the oligomer in
Since PBS is sensitive to hydrolytic degradati on

technique. The hydrolyzed PBS grades presented &
t he fbassidl reaching the val ueieoflbiateheed iani2t7 % |i nntart
The prepolymers' ther mal promgé&ntfi @ad ABaenddg; 841 s o up

9AC returning to the relevant value of the initi
of theoopgsmeri zed samples was monitored and attr
was i nadequate for reorgani zing ytshtealpolnyemedd moai
However, |l onger SSP times further i mproved the <c

Jbi éepbuyall2a7ll]so applied SSP on PBS and moni-2-ored i
car bdxwyano)vjimlydl i di ne or CCVJ. CCVJ is a molecul a
(100 ppm) for fludDriddeartnt!| amenmeng i al and synt.l
different MW were used; the anodmmdr c3i6a0l0 0@Gdandde 1p3r6:
gamol respectively, while the synt#addigAenttdl gr ades
and 9107020Q0@amol Si-ragbdeswep SSP processes were ex:é
singtage SSP, coMm@arctz4d ht tlHd PBS gmadeass s esf n
t o 22 %, while a slight iThof e aasleAcCwh s & me n iptr cerpend .

o o



accompanied by a significant i ncreas aVvhiem - tt the dErB
| abel ed grades werst spub%StRetpfeld SAND" &4t alphd R2tA 1,1 8

a MW incredse afi mds7 Salsh emaneil tt d rnagd rpevai shehds SSP t i me
di splayingiactraatsei fislliloaesa,rbyr mabablyr &i gghuifre D S (

1]1. I n plarndcrceadisneedar |l v with SSP ,temehwihghival ukese f
12MC Thi s was tahtet rliibnuetaerd itnocr ease of the spherul
temperatureofSS8Pten he melting point increase r af

obviously due to theppewhbchmedeMWr Bunbkdt he perfe
the crystals (more entanglements at the expense

O 1234
-2
%)
= 121+
g —4—GradeB —8—-GradeC
= 1194
g' B 1,1423x+ 113,79
y=1,1423x+ 113,
8 Uo7 R? = 0,9862
-1}
& 1151 C vy=1,0127x+113,97
) R? =0,9857
> 1134 : : ; ; , :
0 5 10 15 20 25 30
Time (h)

FigadeMel ting point change of diffler2eWm]t PBS g

Even though the SSP of poly(ethylene furanoate)
l i terfatdiBB@] t he SSP of galrya(nbdu tcyalrebroex y2 ,a8 e ) i s al
only onewoekeda@aalti ng with the SSP of PBF.

PEF seems susceptible to SSP, as significant MW
open | i Kaeapetf u[a#3slhhowed t hat after 72 h of SSP, tI
present efdolad tienncr easet [alB&2hp!| HOh gSS&n d loien i4t8i ahl
intrinsic viscapsieanghetl mBEF28d@i diLon, the Bikiar.i
has thoroughltyhe nevfefsetcitg aotiendd i U[Ele3a0nldt dmndmher ent ca
on the molecular well 3h&, 1oX9 tthhde3 Jepfofl eyceta It dfe ewh i c h
studiedhéy resepfidh, §8bhbps

Papadopeul ol 38y nt hesi zed PBF wi t h -sttheep cmoedvten
polycondensati on t(eitmr atbhue yplr e saesracmea toef( g I¥) 9 werdBThy s
state polycondensation conductedhat padiofcfealmert off e
state polymerization took place in an apparatus
vacuum | ine and submersed in a thermostated salt
a glass tube o&ndar) .v aldweusn efadBrtriicerd out at a const
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155, 16Aanrthel 6t5ubes were removed from tGieveémtthh e
amor phous character of the synthesized PBF, befo
at A®6 increase crystallinity and remove any wat

The first parameter to be examinedi warse @shien gl Vt,h
reaction ttehgVern atcsred aseionrceed bot h transesterificat
are accéligriatdehdese reactions are regulated by th

glycol and water, and as the SSP temperature de:
slower. This explains the sAQAwW 6/@&c rreaapsied orfi sleV oal
intrinsic viscosity values was @lddgarivwead edurtionge
mobility of t he maocfPBmelsaudulianrg dmaians i ncreased

hydr oxyl andgcauposetxtythasndingdher mol ecul ar wei ght s.

0.80 ——
(b)
0.75
© 0.704 -
3
~ 0.65- .
= |
0.60 -
m PBF 155°C
0.554 ® PEBF 160°C
A PBF 165°C
— Simulation results
0.50 : o
0 1 2 3 4
SSP time (h)
FiguaRreEvolution of the intrinsic viscosity (1V)
t emper althier cso.nti nuous | ine re[pXE&lents simulation

Anot her factor studied was tdireocposmitieqt réde ¢ o@a Dd C
time and titempemrmaditar evol uti on of-grbepcaobogewntr am
howewermp,ends essential lcyondn ntuiome: diolweanwearids ta end
ti me, whereas the variation is |l ess significant

T T T

T
m  PBF 155°C 1
® PBF160°C
A PBF 165°C ]
| —— Simulation results

-OH (eq/10°g)
5

T T T

0 1 2 3 4
SSP time (h)

FigduBe Evol uti ondOdf) kwadrugpxsylco(ncentration with t
di fferent tTehmep ecroantturneuso.us | i ne re[pX¥EGlents simul al



The hydroxyl end group concentthtei oesacwweoa &alesnp e
and time duagdrmege weStPh| Yhemoni t or ed a rreanpdi,d trheed wec tiis
the calcul at eglr chuypd rcoxryd e retnrdat i on during the firs
after(fwiag @ e

Regarding thetB8Pmpdpmahaditssmel ti ng temperature a
reachedher values with increasing SSholeaemel arnd
we i gihntc r eFaisgeulrie. EXoeptPBFy (propyl ene fWwas amdastoe)
synthesized and submitted Itmt erhestiidrequlty ,c aPBFS SrPe g

crystallitnh®ipFdedg4ec@ easnpecdelvedel yhpbegstarting deg
crystallinity was | owfeor fRBF P8ird ( RBFhZ2 respe&d tcihved
thus conhat m88P takes place in the amorphous r eg
greatly influences the diffusion rageoaps, t Wi ol
are located in the amoypthalulsi mpdvamsael sy dast teaermst ,a piitd

increase in mol excaldianrk ende itgohti tosf |PoBder degree of ¢

byproducts were r emotvlead mmlrec welasri lwei ghtusi ncr eas

1a] —PBISS
—e—PBF 160
427 —a—PBF 165 —

Crystallinity (%)
¥ 88

w
w3
P

g

™

@
|
w

T T T T T T T T 30 u T T T T T T T
0o 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40

Time (hours) Time (hours)

(a) (b)
Figade Evolution of the crystallinity degree wit
and (H)LI3BRF

Nanoparti ar@issg&NPsi)ons or solid particles with ¢
l00maandometiumes o MPO&774id] The i mpact of the nanos:
and systems is oft e+ eroelluaniee dr attoi ot,h ewhsiucrhf alceeads t
act i.Wanhymaterials present unique physical and ch
strengt h, solubility, chemical, mechadad@Q¢aid alalnd Kk
nanomaterials represent a pheweaglfaupinmgatirde sgi @d u

Nanoparticles for bi oactive compounds are conti
vari ous fields. Their pri mary rol e i s t o prot
environment and, consequently, degradati on w b
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physicochemical <characteristics of the entire sy

in the pharmacol ogical action of the molecule, a
drug release rate, the regi oni tasnds idduerhaetfidaericftasfr. eint
met al nanopartniachkoe mateadi at et hat have been intro

syst ems anda dperaegsneondttie gl el 4 3 ]

Solid Lipid Carrier

Nanogel Q Dots Viral Carrier

FigubeDi ffer enmtn otcyapresi eafss) (samopaas ifditde8g del i v ¢

Among the different types of nanocarriers, pol vy
sciegcommuai ty'isn irnetceernetstyears due to their pr omi
derivedi fhem synthetic polymers (such as poly(lIl a

cegl ycolic ({(@xaipd), agalome)) or natur al pol ymers (s
keratin, silk, elastinl4dtlarch, cellul ose, pecti
Pol ymerd amaNiPst ain high stabilityanenhayecseledinfhea,l| ti r
which can be further optimized by controlling th
Mor eover, pol ymeric molecul es vwarnvieoaNssreindoss Il g
advantageous for surface modification or funct.i
delivery and targeting. Subsequentl vy, both dos
therapeutic agents can be ntedwnaandchaue itea shi dhe apd
efficacy and minimizing the side effects. Besid

propecaneprebBervecontent f r omanhdenpzaytnmact intce tdaebgorl a dsa
[ 145]

It i's wuseful at thestpomntmanopaotiecltehaits ta col
nanospheres and nanocapsules. NanoBpogepeDrhuagwse a
may be absorbed at the sphere surface or encapst
vesicular systems in which the drug is confined
surrounded by a pdlny méritidcecreeesadbirvaenesubst ances ar e
in the inner core but may alsplBO&8]adsorbed to th



[( nanoformulation obtained by different methods "]w

NANOCAPSULF NANOSPHERE
entrapped surface adsorbed entrapped surface adsorbed
drug drug drug drug
FigubeDi fdeegsinki | ities of the drug association w
[ 146]
To receive NPs in the desired for m, the appropri

Emul si fsbcaé hbnevvagso rtalte ofni r st met hod devel oped t
from a pref orkFmegdd fpkotl yinserone of t he most popul ar
easi pdaddid the one selected in this work to fo
nanoparltni ctl reiss met hod,oft haen nwpaitelprar @o f wh emul si on
requjlreadli ng to nanospheres producti on. Firstly,
of a polar organic solvent in which the polymer
drug) is included by dissolution or ndies peéehres inoons.t
commonly selected solwe nttos,t haghiirceht, e rhtobwyetviiearv,e db e e |
byet hyl a3dbeptractsee @[t ibreg t er toxi co,tchpirccdlmirmgoé i | e ¢

suitable for biomedical acpopnl ti aciantiinogn sa. sAunr faagcuteaonuts
al coohoPWA¥y al so been prepared frequently. The ot
agueous phase with a surfactant, and tHSherdi't [
homogeni zation or wultrasonication, yieldNPsg a di
is formed by evaporation of the polymer solvent
continuous phase of the emul sion. The solvent i
stirringenapterraotoumet (i n case of more polar solven
pressure (as happens when using e.g., dichl or ome
evaporated, the solidified nanoparticles can b
foll owed -dryyifnrge efcemr ml sn@®@r age .l elaldiss tme tthhoed f or ma
nanosphtd4eb

4 4
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sonication | _——__  evaporation| ——-_

q
/
!
!
),

! \* i
I Phase | - aqueous solution:
\ water + surfactant

i‘ 4 :
Phase Il - organic solution:
polymer + drug

Figa7s®hematic representation of [tlMes]sol vent

Anot her method | eading to nanosphermet HBdd(hree e mu
18. This method forms an o/ w emwicdibdre botlwean ac
pol ymer and drug and an aqueous solution with

emul sion consi stsmiodfciablpardrigdndiyc hiyyadlaoemhet iyt h
acetate, which is previously saturated with wat
of both phases at room temperature. The subsequ.
i nduces solvent diffusi omtdrtome tdnetf dm mgpmigskead alr o
particl es. @Gen éhroal | pyrnoadiudesemsh er e s but nanocapsul
obtained if a small amount of oil (such as trigl
phase. Finally, depending on the boiling point

el i mi natpdr dtyi ®@rv ad rb hfei letntdat nom.g NPs with di mensi
80 to 900 nm Thipomethbhbd is frequently applied
despe the requirement of a high volume of the a
from the colloidal dispersion, and despite the r
aqueous|[ phased7]

solvent diffusion '
—A <t

’ e emulsification | | evaporation| =
>

polymer + oil + drug

phases \(in partially water soluble solvent/) g

saturation i ee T . surfactant polymer drug
water + surfactant | 7

FiguBe Schematic representation of the[ lednbull si fi c

l L a. Organic solution: }

The a-beseribed emul si fication/solvent di ffusio
modi fication of t he e mwludi fmetah a db.n fofué e e mesdelhtosda b
separaatheysdiroci bl e solvent from an acgaewetouesf fsedtutt h

mayommnospreg@9P®Ehe main difference is the compos
formul ated fmiosicial watpeorl y mer sol vent, such as &8
agueous phase contabns agegeil , antieasabtipongdal st

np



suitabl-eusabgengs include electrolyters, ocalhi am
chloricde qrCa@bhgnesi um ;:2@Q@)t,ataes [ wWea§ ICHatsr ®d gt e s

sucrose. The miscibility of acetone and water i
which allows the formation of an o/w emul sion

emul sion is prepared under intense eguilrsriiomg i at dr
using an appropriate vol ume sofsodaitdminzad vadtl erw d
of t he organic sol vent to t he external ,phase,
consequently, the formation of nano®phenmngentTle ¢
el iminatetfll bw Trbssation. The condition of compl

solvent and wateruti 9§ tnaoti mpg $drnteisalt he executi on
the nanospheres obtained by this method vary bet
be adjustehbettweeml 2@ and 50h@ohmymmey wvanmgiemgr ati c
internal phase/ vol umel 6, 1h©&] ext er nal phase

" dilution with water
diffusion of the organic
™\ solvent to aqueous phase =
Organic solution: /
polymer + drug -

in water miscible solvent) |
\ 7‘7'““ i esove"] emulsification, __ | purification __—

#

Aqueous solution:
surfactant + salting-out agent:
MgCl,; Mg(CH,C00),; CaCl,
=

. surfactant polymer drug

Nanopreci pi satdesiagpbiwvedtasdi spl ace matgwo meitshoidh | &
ol vé&ntg€2Pe The internal phase consists of a pol
ol vent , such as acetone or acetonitrile. Becau.
removed by evaporation. The principl e ocfi ttimins otfe
pol ymer after the displacement of the organi
ueous phase. The polymesci bl di ssbhveatd bDh anwat
d this solution is added wrneemwistei nmitrog a(ni i qa e
by controlled addition rate. Due to the fast
to the aqueous phase, the nanoparticles form i
t he sol eamtm ndamfefdursoepsl et s, t he pmodryomeap puleecs po
osplicemeg altlhy organic phase is added to the a

QD
= 5 QO

- 0

al so be reversed without comprlWan aslilnyg, tswer fne
be included in the process to guarantee the
ir presence is not required to ensure the

oparticles are typidalfliynwyedhasi aet amidz &@d oy r @ wv

- 5 ® S5 S5 S

ter t han t hose produced by t he emul si fica
noprecipitation is taometmmpiay éereigu eMRd ywiutstedar o
mensions, but it also allows the acquisition

O o > 0 0 5 >
Q O O T 99 O Y W S
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N a

e obtained when the active principle is disso
nocapsules are obtained when the drug i s prey

emul sified in the organic pol ymer iics pseorlsuetdi oinn bte

e X

N a
dr
[ u
co
t h
ab
i n
po
E x
pr
nu
an

It
t e
ma
mo
s e
pr
or
Eu
e X
de

ternal phase][] b46 th48Jemul si on

‘OM '@ ! ‘ Organic solution: \
| polymer +drug |

solvent
.| evaporation | esm——ru

Aqueous solution: i
W )

ater + surfactant (optional

i surfactant polymer drug

FigabeSchematic illustration [of4@&he nanopre

noparticles are known t o plhearumaed uitn ctal e sheica noerd
ug delivery systems, different NPs have been u
ng infaédodi amth]d as transder niads i dgeleidv etroy ppraat vcih
ntrolled and sustained release of acctriovsesisnugo st
e skin barrier, mostly by diffusion and resul
sor ptlisdatSeo.me of t he most commonly selected po
clpwdey (1l actic acid) (PLA), ceiddauproosliea catceerntea)t e( €
| 'y -I( ®¢ tcibglley c ol i del)3 9(]PL GA)

cept for the baompadiacnadt | essepcetcoira,l 'y pol ymeric
omi sing candidates for the packagipmgpteedti @om tod
traceutical i ngredients from decomposition, I
alyte from coatmaggj namswemtde d atcaksatge ng. of food

i s important at this poi ntSntaor td epfaicnkea gtihneg tiesr
rm that describes new packaging concepts, mo s
in categories: acti (e gdril Ainn taelt li ivgetyta cgoaaageatgh antg
di fies the condition of pl ai cfkea geerdt If espardlceviey o o e x
nsori al pr optelrdqiuvead ;i t kK e e Biomet i mes this i s ach
operties of the polymer and others adding some

in the headspace in order[ 152 ,alth3gi hhias bsdn e
ropean Community regulation defines active mat
tendi#dd fehelrf keeping or improving the conditi
|l i berately incorporate cbmpoamentaascetbat owal da®



packaged foods and the environment surrounding t
Contact Materials 1935/2004 and 450/2009, 2020) .
considered in this category, they lavwe aardo tploer tp
i mpact on consumers' health through ©Ohethbenetrhei
handn iantelligenapapg&kalkdgneg &Sy stem capabl e of ca
functions, such as detectinigcatriengi sared i agp!l yionck
| ogics, in or damakt on ge a ealtickfenad,i sihmepirfove safety and
information and warn of possible problems. The E
(Framewor k Regul ati on temi aFlosod 1 9C305/t2a0ct4 Man d 45
acknowl edges them as those materials and objects
t he environment surrounding t hem. These syster
i ncorporated or printgedmatne rtihael ,f ooofdf ep a cbkeatgtienr p
product quality, track critical items and provi
supply chain (storage, transport, di stribution
hi story suchnals tstomrsggeomposition of I|hrtadglslpiagent
packages do not act di r-leictéd yanad e¢éxtantd hoomdasth
components onto the food, as active packaging d
am to convey i nf arofm@ao d omu aleil tay ed o manufacturer

consumeress.e defi ni ti epnasc kiangpeliyr opmrnoechitcti nt er acti on ¢

packaging would be considered as an extension of
traditional food packaging, while intedflitgleeaitr or
communication and marketing function. So, smart
on the one hand, it monitoegmsvichammgerst i (i nthel pr gd
and on the other hand, it acts wupon these change
N -
PROTECTION AND PRESERVATION COMMUNICATION
oo g package nteracts with 04, headspace, S
e by PR i Ging them
ooo;" <>°<><><><>
HEADSPACE ¢
M o
SURROUNDING
P o
=P,
.&‘5’-:.;"7&'—’»:‘,3\")‘ °0%50°%0 9 o
Active components
added to the packaging to absorbed or release compounds
to food, to headspace or to the surrounding medium
Figaichematic di agmd m mtfelalcitg eeret [plax&k]l]agi ng cc
Wheacti veaanigrecndrsporated into the packaging mater.i
inside certain elements associated with the pac
instead of being applied direatéyaohnitdhomsd sl,i miaw
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undesired flavor s|[ hhhllj essnee la cst itvoe fcooompsounds are a
absorb substances to/from the packaged food or
changes in food composition or organoleptic fea
current regul ataigoemst.s Tnhaeys emiagcrtaitvee (partially or ¢
di ffusion | nhteadshpadd ocdmloy when the food is in
p a ¢ k a[gli 5n4g]

Active agents incorporated into polymer matrice
moi stanserbeogxygen, car ponandi oexti:htlyel es(m@Ov € Gger s, Cé
di oxi de géagsmaekabptsu.r &€r s

Among t heneambhdwemed active agent s, it i s iwpird h fo
oxidation is the second cause of food spoilage
content, and especially those with a high unsatu
oi |l s, meat and fishing prodluicpisd @axiedatuisacre pitn bf @
results in the devel opment of rancid smell s, m
consumption. Ot her negatfiovenaef bactasndamat al die bwne
produced by the degradation of pol yunsaturated
met hods for antioxidant packages: (i) the addi
el imination of undesn raecdc ecloenmpactuen dosx itdhaatbi[ dcra4rfeact |
SYnthetic antioxidants, such as butyl ated hydr ox
(BHA), have begrladded tcarPlaNeenan, gum cordia a
films proving to effectively reduce | ipid oxidat
antioxidants | i ke pure compounds (e.g., topcopher
rosmarinic acid, salvianolic acid, carnosic aci
guercetin, l uteobtinol apcgeachineriotdin), pl ant a
grape seed, green tea, oregano, murt a, mi nt , ma
essenti al oils or oleoresins from herbs and spi
giag, sage, oregano, pi mento and bergamot) is cL
t mention the potenti al use -pif oewdtrsaacltisk eo blt @an In
pomegranate peel, olive |l eaves, acexisodamtcepgr openn

peptides obtained from diverse food proteins we
have been publ ws hehdddi d € @lni naf di fferent anti oxi
bi odegradabl e and biobased polymers afd5t4Hei r as

Acting as aniriaaxicddntssc,avfernggeer s can donate hydro

and convert them into (fairly) stable products u
reactions. I n addition to ptimkaryhahttoxigdagesi s
absorbers, singl et oxygen quenchers, and oxygen
oxidation rate in actbixveapaskdédeimnmg., Mewoal opr @ op
beconveirnttea stablegpmetdatt shesanors such as ethy
acid (EDTA), poly (acrylic acid), citric acid, 8

n o



i gni n, naringiit obopher alc,i del lbagxiiom,aci d, nat ur ¢
compounds, and pigments Jdike phtalocyanine and T

The adequate selection of the antioxidant compo
matrix is very important and should be consi de
compound and polymer matrix should be cwtmpan,i bl e
and the antioxidant partition coefficients in tt
toward the f oo[dl @1 chee ardesl peaacsee d , the antioxidant
determine its efficacy, so in turn the antioxi da

I nterestingly, €ePBSusheacks aseaxe nrhdteriibgdfnddd ng anti ox.
(Tabt)e As diisnc uGhsZepdh@er t ested active agents incl u
pol yphenol i c lbsbtidokiedamnta mew obi al 18@1linveboader
cases, PBS films acted as food packSogliwmtgi ama tceasitai
was the selected method for active 888&nhasnabspo
processed by mel't extrusion to disperse the aci
moul datngrel atively | ow temperfaoumdsb@®itiylsmor onei
research work PBS (homopolymer) has been nusaed as
ti ssue engineeri Mhe appleidcamé oimo d was t he doub
evaporation, and tha $gldeotpdd | agermatnsgd werhggdr opho

(i .e., bovine serumrahbumeni 0B5EA) aahd58ht RA), re
Tabd e Act i vien magrejmdrsated in PBS matrices, incorpor
Ref eren Active . Acti vi I ncorporatior Formul a
[ 156] Quercet Anti oxi Solution ca Fil m
[ 157] Kesum Anti mic Solution ca Film
CDlI i m ) Film (.
. ) ) Extrusion (13
[ 158] inclus anti mic fpm) compres
compl e P moul di |
bovine
al bumin Cel | ]
) Doubl e emul si )
[ 159] and-talalndi ffere ) Mi croca
. . evaporatio
retinoi agent
(at RA)
Considering the compatibility of PBS with differ

al ong with it sbigorbeaesne dc haanrda gbti eordgfprtasdread | s a f ood
mat eriiatt seems that PBS emerges alsasedrmaoniyyolingf
(mainly PP) to be used in the (active) food pack
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Nowadays, environment al concerns that were once

evi
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The

dent in our everyday |l ives. Pl astic pollution
stics can take hundreds of years to decompos
ans, rivers and landfill serAtvetdhd roame ettirmeé e
a finirtemeavmableom esource. 't becomes thus cl ez
mi nate these phenomena affecting people and t

t of the problem could be addressed by wusing
i fied polymeric materials or i-lgdassed) nagn d rporne g el
tainabl e di sposal options (e.ggai,ni migo diengcr raedaas
demic and industri al interest. However, t he
ugh to ensure their truly green character, i
ducted under hard condi¢s omisglfer ethams200A@ a
presence of met al catalysts, the residues of
final products. These requirementdmr mpgrattii evse |

.g., coloration, ther mal instability) but al so

is thus challenging to deal wi t h(saheli gt abl i

stainably synthesizing sustainable material s.

hear't of this research. The target pol ymer
p,hatbinmed and biodegradable poly(butyl ene suc:
ed poly(-butghenealbsédxyl ate), as representatiyv

sidering the Ilimitations of the enzymatic po
ieved, we decided to focus on the enzymatical
tainable methods conducted at nelgattihveel ys el oa
vents, -sttahea¢ SS€) ipedon dy nmeelitz apt a sotn .

produce green and competitive materials, thei
e been examined. I n this context, this resear
enzymatically synthesized aned applriacdeetdi gm | (yeme
d packaging) .

present work aimed to synthesize and upgrade

2 -f5urandi caviBauxsylaatnea)d |l e met hods, i.e., snhaymatic

or

I n

pol
gr e

temper atur @ orhegimerp sttt i on.

t his context, the first chapter presented
ymerization of the most promi sing, -lmdsed)atic
en polymers. Additionall vy, the mabBR) awpeets

p M



analyzed, focusing on its application on PBS and
encapsul ation systems was conducted with an emph

~ o —

r

n the second chapter, the enzymatic pol ymer i z
ommercially availabl e, i mmobilized enzyme N435.
he most critical parameters (i.e., reJacweneae t e
nvestigated. Emphasis was put on scaling up the
iterature.

Chapter 3, the enzymatic polymerization of P
econd chapter. The most <critical process par ame
eaction time) were investigat eudp, waansd stthued iperdo.c e s

The next Chapter exammeedial hgvalvaidt@mine t ez yPrBeS

S
t

ynthesis. It is of high interesdegthdtnghastemarzy
o the best of our knowledge, it has never been

After completing the prepolymers enzymatic prepo

P

5.

P

repol ymers wer e-psoubynmetrtiezdattioonposatnd t he results
PBS was usmgerde psl yamemo daend s-sb ai €d ve dednipe r 1 luir e
ogptol ymeri zation; the critical parameters (react

PBF was al so studomp drteetdp d ot mpwt ymeri zati on to st uf

t

o the process.

Chapter 6 examined the enzymatically synthesized
release systems. As analyzed in Chaphent 6raPB$
occurring anti oxdrdigmisnf etaentae dind dalct i vieo abgee n't

encapsul Rteldimiwmiatrrgase teststwemencboadutcthedsyst e
rate, consideréehgttthel matowxmel ecul ar weight.

I n the | ast chapter, the general conclusions of
suggestions for future work.
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PBS is a semicrystalline, thermoplastic polyest

30ACmel ting point of 114AC, t her mal stability u
above 390AC. Thanks to its ther mal properties ar
and satisfactory processabilityon®ei@ggt huisnalpipo
and the food p[aZ%k,a4g9 nhg6G.ekd bJr

As reghairodse di c al PBBlaisceadt | polsy mer s ar e emer gi n¢
bi omaterials since they possess interesting phy
ability with mass Jraotitchne dTayfgte® 12d]fi ani6lbor e(dx s ur
wettability (wat &lrl 7EAb)&IP6aBCkt waenlgll eas= me5c hani cal pr o«
be properly tuned influenci ng imatoamrpiadali bhilddeqgr alc
used in bone tissue engineering and has been f
mesenchymal stem cel | attachme[nlt66]Jpurot hedxreemeaprtte ,0 n
for the satisfadcB®dryexgreddend abiyldiataoyihbytdiroptde bt ads

r
t

e
h

nder it rmnadlideaveelathbivemboer saft {iLé&Bdganmccipragr
e packaginmgcoedtiamrg to the European Commi ssi on

more than 20% over the | ast ten years 4dnd7ils f ol
PBS emerges as a promising alternativesfgreenl
char acthearse(doiaocnd bi odegradabl e) and i t[sl&@®pBSVval
has recently been introduced in the active food
guercetin, a natairtailoxpdlaynp henhodviec been tested
antioxidant food Halckkdgwhnbe mBBETr ifdll ans filled v
antimicrobial active ageéemt diivaewda Oeeornd swnmiatctte da
chicken fi[I1&7]lmactkhaegsee st udi es, the incorporat
formati on wwabssoalcuhtiieovnedcasting met hod. PBS has al
extrusion and compression moulding at relatively
ai ming at preparing bild&8{Mwree pprce&kaigs enlgy ,f i marst
conducted in a twin screw extruder under mild co
the activdiagdmtcl @Bi on complex in diPBS nmatwrsii
compl ex consists odfatillienoreesmse,nt iaalv oi l wi t h a |
encapsulAxtyed oidebCtDr)i tso (protect | imonene from oXi
composite was placed in a compression moul ding
fil ms.

Al l the abovementweoaoeerdmerBc yagirt dohiess zleasbisn,g chemi ca

catalwyshsalkl evlamwbdc&esussed i kEs@rawhatn yilt. 1c o mes
the packagi nghegeotdi ng to the compospalby merasnd

TP at



packaging standards, heavy metals should not exc
kbl(i.e., 150 ppm) 200t deycoenbenbahnoral PB8Some ®ducHt
probl emati cheagviyv erme ttahlast cat alysts in metal amoun
(e.g. ;36T plpo-45b PEBp@d, ahx0EGnpptd)Orequired

An alternative approach to producing hi gh mo |
polycondensation with a fi hpil$&BijAngc hsatienp exft emidairn
functional groups ro®Oac 6B&EOOGWH tohf tPhBeS taenrdmichoaup |l es t -
However, the biosafety and biodegradability of P
the use okxtkedeldaPBSoatsaat if gl énhlt er i al

The most common met hbds etdo craegmdowes tmaeteasli dues fr om
when destined fomppbibdatpiacrksa,gi hgcl ude sol vent |
However, these methods require several steps anc
approaches that have been fou-pdeetffihewdtCr , b6 bismaih)
system as a green solvenbaseddicasalystandroempwoé
high operation costs and[mR®ddd to be further opti

On the ota@aerymamidc¢al |y synthesized PBS grades w
ol i golimeBrosa mPp[I38d hi gh mol ecullar 1W&i0gytasrehaadvees
been reported in the open dpiroeduaturemp@laadpt st rdn
the reaction equilibrium, has been indicated as
process. I'n t-hoisl cogtpai nt hdhigep hmeonsytl ceotnbneorn liys u s e (
permitting the application of a highprvaaucum. t c
However, using various solvents (e.g., di phenyl
for filtration, me tnhpaendod s ftolre penrezcyimpattiact | pol) y mer |
alifngopaprAdditi onally, the requirement8@amfd hi gh
mperatur §s85(f8FPAE) ol onged reaction times | eac
creases the operating costs and energy consum
i ncipl es. An alternative apppoalths peemi stgogg:

o T —
- 5 O O

5 O &+ o <

group and i ncl-ldieldi rugsi pagi Ntowsol vents (e. g., i S
mo v e from the system. At t he same BOAKE, mi |
mospheric pressure), but the achieved Omol ecul e
00 gami?V8A@@9]In a recent paper, PB&seanawydadt €d
a solventl ess swymtte m;mefpat wonrgion g esncpael raantgunree (i . ¢
achi &Wed eached t h8&Oanadloeds g@wfmahd , respdO®bively
The main drawbacks ofhitnidies i mrgoae ssgnprfakcamk h MW b
exi stence of melted and solid ol i gomeea srde acchtaiinngs

- N =

mass and the possible monomersd | oss before es:
applied high vacuum (0.1 atm).

Summing up, itth es ereamisn tdhiastadvpuobhigehods wédhbek & h e
scal gbialtittryt het € @ qtuo r ement of various solvents ar
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for the small scales, considering -phatumassempban
rate could be required) are expectlend atdatihbee o mor «
requirement amfanidi ghe mp&acwad ures f or prreod wcnegse dt hree
environment al friendpohegmser.idhaistham ebnez yanmn d Icud e d
theraeésd to synthesize enzayamagteirc aglulah waatyRsBeS ng rlaidne
green chtehmisstirnyc,reasing not only the ttesearch bu

The main objective optitmiyinityhEeBpbtnera wamd pbmdtei c
polymerpracé®sn, in |ine with the green chemistry
wasel ect esdoltvbernEedonduochedr mil d. conditions

Il mhe first parhéeé omosthecrihtaip¢c ®&r parameters of t he
temperatur e, presshoe osdg iy eidanes mavlellge soda lteh eo ff i In
prepollymerprepmbymeutsar weight, thermal werepert.
assefopedpvercess parameter

Based on the opt,itwioz ed nserdittpivien esntpatlisi oged i n t
second part of the chapterrandhehdisastcomwdhs20 ogre
prodUhe. scopet wdy twas to i nvestied adtcavliteihoey leéd e ct
prepol ymerds properties.

I n the | ast patrhhe odf ftencdts ocfh atpheermonomeirms@e r ati o
rich prepolymers are expected t o-pporleysneenti zianc roena s
Chapter 5), different mol awerBDOxaxmi eesiedbacedmoh
data of the Iliterature

The monomers used for PBS synthelsDiss pveriet Wi @8 Wy |
l1,-Blutanedi olsH1®f BDOI @ puT%W)h,askeadt f rom Al TaablAesar,
7) . Both monomers were imoomet émper afut e qURTB wol

't is worth noting that BDO and succini-fasedd (S
or -basédwihen produced blyl ¥&Rjreenat atready produce
i ndustr bgclonmpaaliees such as Succinity Gmbh (a | oi
BASF) , Reverdi a, B.iBa-®mMIOe rc aan b e Myprr icedmutcierddustri al
i ndi nteatoluyghhlpido oge[nbitoidoinr efcrtokngyr bohydr ate feedsto
Escherigsthaliah&]ol i

pp



Thaeaselwi ocatal yst was t he commerci al product N o
Novozymes, Denmar k. N 4Cxa, dii d at laen t iaBhrof 6@ K laB 1L g pvatsiec |
physically absorbed within the macroporous resin
10. 00@*, Plalthd its opti mum OtAeCmp eNrdaBt5u rper eissen3 G i ncr e
with esters and alcohols as subwittaratns®e.stehud,i cRB
DES and BDO, even though t hercomewmenrt iodn alh esny nctah e
typically begins with the esterification of SA a
was purchased from Fisher Scientific (U.K.). Al

Tabd e Compounds used for the prepolymerization of
Mol ecu MW Ot her

Compoun For mul Struct|(gno_[l) charact e Suppli
. Al fa ,Ac
BDO C4H1 ©2 90. 1 Purity Ger man
DES CeH1 D4 174.1 Purity AlTa At
Ger man
N435 (CiHErH(EH(e) 3%Da Activit Novozynm
GG EHey [172 PLaJY Denmar
Fi shet

h | f Hel 119. ¢ P i .
C oro CHG 9 urity ScientU

The activity of the | ipase N435 assay was condu

I ndustri al Bi ot echgroodupplyf UL)TBie o patodloyxils f ol l owed
bel ow.

For the esterolyticopnrictiophegnydNtPaBymywmaadt ¢é oned a:
substrate. The esterolytic activity of pgNWP8B bi oca
at 35A3Gmifor under agitatiiom an4BPpeampdor f Ther moi
(Eppendor f. RKeaamainyns consisted of 1 mL substrat

the substratephaoasphat Mug HteBlangaofd bi ocat al yst. Th
p-ni troppNeMol wa(s monitoried at SEALGtOrnanvi cr opl ate r .
(Mol ecul ar Devices, Sunnyvale, CA, USA), connect
Mol ecul ar Devices, Sunnyvale, CA, USA).

To cal cubiateathaley sietnyz,y meh e pr otoenitno) tlhoeantgi shipgp or t
knowna.sed on the open |l iterature, the |l oading of
bet ween 8. W[aln/d3,204] | e inisoms waemplowt{ 86, 485]10%
Considering that the ratio range is wibdba,ndtalrey bi
concentofat8i.cbnsand 20%, as weldfl @%tafnadr tthhee rreespud rtts
presenTaehbl @ n
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Tab8 e Cal cul ated activity values of N435, based o

Loading Activi Standard de¢ Rel ati ve [Bdavainate
((WrotleWmrsie) (Undngy (Uni t stamg (RSD, %)
8.5 1.6%ail 9.38a10 6
10 1. 3%a1 7.98a10 6
20 6. 94a1 3.9¢9a10 6
*1.2%a *7.12a10 6

*Me awnal ue

Based on the

assay frresmudéds ,6dtdwadii@d 35 26 8ia.10.i,t yby

order of magnitude. The measurement is consider

6 %, and an

esmeée amaali wen 050 17.hM4R5a1A002.

Stoichiometric amotngd4 anhdDBO A .66dmmedrle premi xed

rou-bottom

flask and stirred (75 rpm) at2190AC i

Bucchi, Switzerl and) under atmospheric pressure

subsequently

conducted

a-dtdeg, papgobymess zaas oapprioed. The
40AC, under atmospheric tphrecsamnhe f

l i mited transest. erTihfeing a tt ih@innt ceregpardiciadivac @ um was app

At the end

of thm waacddewme !l @blibeot or monomer s) t

formed polyester and the enzyme was subsequently
evapor at edvacnuuam hpiughp ( Edwards RV5 Rotary Vane P
formed pal yesitrert e form offl cawi gl oprd wedsesr, warse es't

desiccator .

whekrkeis the

The process yield (%) was calcul ated

) ~ ~ L. 2Q . e x
007 AEGM® A —— pmm (1

experi mental amolOuntt hoef tthheeo rpertoidcuacit W

of the product predicted by stoichiometric calcu

The variation of enzymatic prepolymerization con
(Tab9he samples A (rea®BGAC) ,t smmed @tsuBe (r&@Wuced p
and 20 mbar), samples C (reac®90owasissmmeal @dawmp ®o
adequate amounts (ca. 10 apadl ¥Imegipzbeompbbe( Cohhpt

5) .



Tabd9. e Conditions of PBS enzymatic prepolymerizati

Proce

Samp 1°s'step 2"dst ep yield
T(ACP (mb t (§ T(ACP (mb t (

A-8 0 40 1000 24 80 200 2 56
A-8 5 40 1000 24 85 200 2 84
A-90 40 1000 24 90 200 2 75
A-95 40 1000 24 95 200 2 91
B9b 40 1000 24 90 20 2 81
B-9 5 40 1000 24 95 20 2 70
C9oo0 40 1000 24 90 20 6 83
C95 40 1000 24 95 200 6 914

‘B90_ 1090q_ XBOg:-upcpal epol ymers (10 and 20g) ,rweistphe cpri ovced sys
and9®2059% -9B0 20@ % -980 20200 % prepol ymers synthesized using
20%) with process yriedpectidyel9yW. and 100%

'H-NMR spect r opsecrofpoyr meadson na CBCuker DRX 400 spectrc
with aH3€ mdwual inverse broad probe operating at
the formed pol yestversa.geTho | e dombgearmd weaingdh tnh u(mb e r
average degree af) pvelryemear ismatciadmcu(l ated p¥7&pHs. (

) )2

T®

) )
c V@dp G TEO

(2

N~
al~| >

where 88. 10 isgaim®el ombludyyd mssesgment s, 84ga@amois t he
" of succinate segmentgsa mysloa tB DIOi 4egrr tbhuep smo 14a5r. Onfa si S
mol ar gramdsl df egtreomupa@idsnd he intelgutayl osedgmentl, i
at 4. 19 pptmhe integral of the sucdimattd esaepmergtr a
the BD@renmg@g signal dQi s3 .t6h7e ppnm eagnrdad r wd p t hieg reaslt e
1.25 ppm.

(3)
wheédeis the molecul ar weight géamdhe repeating PB

The percent ageendofgrtohuep eisnt errespect to the total n
calcul ated by Egq. (4):
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Doctor al Di ssertati on Christina Gkount

)
AOGAGOI @ﬁ@AATDOAﬁﬂ)—_ pTT (4)
o C
FTI' R was performed on an Al pha 11 (Al pha 11, Br
diamond crystal in thdwawaegembér 4086gton48H06 amre

(FigBRe The prepolymersd being in the form of pow
wi t hout ©prior processing.

FigaReSpectromeAER RLBAIi humBruker

GPC was carried out with the use of Agilent 1261
Germany), equ@iupped cwi wuimna (aLdg etlwo5 ML @e | ¢ dMI XrErDs

(FigaBe Elution was carried out with chloroform
flow rate 'of Themaaminsis was performed using an

i ndex detector ( RI D) (G7162A) . The calibration
polystyrene standards of mol ecut@EaswieWgdRlt nfLS om
Great Britain) and a universal <calibration curve

FigaBeAgilent 1260 Infinity 11 instru

p &



Differenti al scanning calorimetry (DSC) measur e
STARe SkFsge@ehe ( Hedmctoonlgghnegat i ng cycles from 30 to
IT10AC and finally heating to 150AC were conducte
Nof Il ow (20) ,mLvinagitre aof 1 0RAICa&@ mmerl ti ng points derive
second heating cyclhveandls,e ared rtelsee nrteelde vassnt mass fr
was comiprudmmdt he cooling and thewsaedomhdcbenti ng D
to Exgand5(5bBhHhe melt cry&t,alds zaeilbnapot he ¢ryst e
(30, Hwegre obtained from the DSC cooling cycle.

gp

?PT[T[ (9
g p L 3

TPTTTT (B

Whem®i s the heat) 0 i sushencoldgcrysitigsi g at hen e
heat of fusion of 1INMO&qualst'@LlZTYGe5 PBSg (Jag

FigadeMettl er DSC 1 STARe System

Ther mogravi metric analysis (TGA) was conducted

Figa2he 6m 30 to 600AC, at aunheaftlitmg (¢ adF)emUBhAECE mi
onset decomposition temperature was defTi,ded as

the degradati dy weamperdttume ned at the maxi mum r a
char yield as the % residue at 600AC.
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‘ > G (‘
FigabeMettler TGA 1 STARe System

The enzymatic prepolymerization process was conducted in two steps to minimize the
monomer s®& | oss, es pehghwlatility. The sekected eactioh tempBr&®ed s
of the first stage was idsOi®@,groupavheredBDO and PESSsvV i ou s
enzymatic polycondensation was studied in solvent-based (low boiling point solvents, namely
isooctane and toluene) and solvent-free systems at three reaction temperatures (40, 50 and

6 0AC) i n the pifde.sTaenbulk sysiedm whs4df@bd more effective than the
examined solvent-based systems; this is attributed to the fact that a polar solvent may
deactivate the enzyme due to conformational changes and be responsible for releasing water
bound to the enzyme leading to hydrolysis reactions. Thus, the PBS prepolymer synthesized in
bul k at 40AC pr els g 2t8e0d grebaitlyiindidating increased enzyme
activity at this temperature.

tHhes ec ond redactmmgtentperature (80-95AC, samples A) was firstl.\y
enzymatic polymerization of PBS. The relevant procesyields were in the range of 56-91%, with

the |l owest and the highest vallak9.&wals#nplds® and 9
PBS repeating unit was verifiedvia *H-NMR spectroscopy Fi g @ §. e



e o c C a b b a o’ d
H,C-CH,-0| 0C-CH,-CH,-CO0-CH,-CH,-CH,-CH,-0] OC-CH,-CH,-COO-CH,-CH,-CH,-CH,-OH

c
a, Ol', an b

d ‘ e
A-95 J\ E Jj«_

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
4.9 4.7 4.5 4.3 4.1 3.9 3.7 35 3.3 3.1 29 27 2.5 2.3 2.1 1.9 17 1.5 13 11
f1 (ppm)

Fi gap'BENMR spectra of t80e-8 pAr%Qd od dneA s A

The determined shifts were: 4.1154.18 ppm (49 , 308CH ,0CH,0CH,0CH»000 from the 1,4-butyl

segment of BDO), 2.62 ppm (4H,0CO3CH.6CH.dCOd, from the succinate segment of DES),
1.6501.75 ppm (4H, O3CH,8CH28CH0CH,00, from thel,4-butyl segment of BDO), 3.6533.69

ppm (2H, HO3CH 6 CH.0 CH.0CH,80, from the BDO end-groups) and 1.2331.28 ppm (3¢, CH30
CH,000C09, from the ester end-groups). The BDO endgroup HO 8CH,0CH.0CH0CH»80 (lid 6 )

and the ester end-group CH38CH20608C0Od (Ud ) both give a signal at
overlapped with the main butylene signal (608CH26CH.0CH.8CH-800) of the repeating unit.

Except for the PBS repeating unit verification, the*H-NMR spectra indicated no residual BDO

in the final products. The hydroxyl end group peak (signal at about 3 ppm [178]) monitored in

the BDO spectrum, is absent in all prepolymers spectra Figure 27). The resonance signal of the

end unit(@OH) proton is typically not det emdeeuarl e i n
hydrogen bonding (e.g., between hydroxyl groups and the ester bonds) [179]. It can be thus
considered that there is no residual unreacted BDO in the prepolymers.

A-95 spectrum presented a typical morphology, with multiple, distinguished peaks at 4.12 and

1.7 ppm [49,176]. On the contrary, the §-80, §-85, and §-90 spectra presented different
morphology with single, unsplit peaks at 4.12 ppm and 1.7 ppm. This difference indicates
decreased chain length of the §-80, §-85 and §-90 prepolymers compared to A-95, given that

there is a minimum polymerization degree above which the *HNMR peaks distinguish [180].
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e o c c a b b « a” d f
H;C-CH,-0[OC-CH,-CH,-CO0-CH,-CH,-CH,-CH,-0] OC-CH,-CH,-CO0-CH,-CH,-CH,-CH,-OH

c
a, o, a” b

d
B-90 'H\V e
N i

f d b b d f

HO — CH,— CH,—CH,— CH,—OH

d b
BDO f
I A h
e o c c o e
H;C-H,C-00C-CH;-CH;-COO-CH,-CHj4
c
o e
DES
A M

43 a1 39 37 35 33 31 29 27 25 23 21 19 17 15 13 1.1

Figure 27. "HNMR spectra of the prepolymer B-90 and the monomers BDO and DES

The 'HNMR-based molecular weight calculations (F i g @ @ eerified this observation, since

decreased values were found for the A-80, A-85 and A-90 prepolymers compared to A-95.

Based on the results, ford and & values lower than 1200 g mol™* and 14 respectively (A-90

prepolymer), the monitored peaks in the spectrum do not distinguish . A similar trend has been

observed for different enzymatically synthesized PBSgrades by the group and the relevant

results have already been published More precisely, higher molecular weight PBS oligomers

(e.g.,0 2000 g mol™?) presented spectra with clearly separatedpeaks at 4.12 and 1.7 ppm in

contrast to the spectrum of lower molecular weight PBS oligomers (e.g.,0 1250 g mol™),

where the same peaks were slightly separated. Similarly, Kanglen Liu used oligomers (n = 3

to 10) and high molecular weight grades of poly(dimethyl siloxane) (PDMS) to prove the strong

0s h-cangenearnei ghbor effectd on t heofdhdiRengthpicrbulk r a as
and solution. The researcher interestingly obse
pol ymer were distinguishable only when the chain
NMR peaks of the polymers were dso affected by chain length when aromatic solvent media

were used. It was concluded that these phenomena should be considered, especially when low

molecular weight polymer samples are measured.

I nteresti-pgepol imealsdded i nie@PC significarmt2l%) diff

from t he™HNeMReevrainted FvgRBesTapl e S1). This phenom
observed in theet {[dléudshetth rNeMR Aadnadms&Pad cul at e t he m
wei ght of pol yanil icnael cauud mpgleedds . moTlee ulGREC wei ght
artificially higher due to either incomplete pol
polyaniline's stiffesedastandaothptPEBRusSledai ®@ast a
PBS samples of different mo'HNKMRBanad twee agh& &l attoe dc
mol ecul ar wei ght val ues. The valué80%)r.eséeht ema :

concluded t hat NMR praesanmtag eabecludttes, thhame GPC.

coOo



o}
£ 2400 | % GPC-based calculations i
o —o— 'HNMR-based calculations | : g
| ©
£ 2200 ~ /k . o
k=) R 9
o Ay . E
. \ =
- / . E
= :
© 1800 - / ) |
S P i
£ 1600 | e 2
S . |
PP
& 1400 - PR
5 1200 - - o
Q = E
-_E-, o] — e — —‘.ANW”V :
=z T I I I 10
80 85 - 95

T(°C)
Fi g 2ZrBéHNMRand ®@®RCcubaaed of t 8 ,-AB5A,-90A ands5 A
prepol ymer s

Similarly, Il zunobi 1&&4s ekbisgegli ntbloeg hmml ecul ar wei g
homopollUymeetrh-d xaymi nopol yet hyl eeNg) gdryd otthd MPIEGGc k c o
U-met hpoy yet hyl dhepgdilfpenlzy | ox ylklay Diome -b-] MPLE(GZ ) )

vidaii fferent methods including GPC (c&INIMRr.atTehde wi
strong dependence of the GPC resuw valoest odtaalnie

from t-ba&l iPbkSr ated curve were | ower than the the
measur ed sampl es, wher eas the opposite scenari
agreement with the abovementioned]| pulkeldiHiNiM&RI wor k
is the most reliable technique to assess the mol

no need for calibrhei pmweogknt ameg ¢aeed iof t he mon
wei ghts ™NMBugmd GPC i svedgnttieanplerhoure except
i nconsi st9nccyoudfd AHrobably be attributed to inho
to partial |l oss of the enzymebds reactivity at el

The-pAepol ymersd chemical svtirRBcSt uR Tel Rwacsh aalascd ev e «
Figade 1742Ce® stretching YviOBO asttiroentsc;hiInig5 4v i com a t
the ester grhu@@e; vibrhraticoon in the  BDOsyemgmeénirc
stretching mo'deféahnd h80 5 yodnainrea tbee nidrn9rég . 1nele br oad
band at ar otinsd a3t4t0r0i kcul esdt rteot cthh ei APrtotuep .BOMeen cht e
of the carbonyl str &t cihs CprOo pparntdi  Mmall 2t cwnm he con
bonds (COO) along the polymer backbolne tamids awo rtk
where the synthesized PBS grades weregobugsméns,
the overall carbonyl stretch C=0 band signal i nt
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PeFTI R spectra o80th&d pr-BP.ol & rdeqm s(ddAA.

ed, the carbonyl content , defined Ydwabkitati:
ddetcs ease withFitge@mpeer sashowiend that the peak i
ted t®endhestleai mroups which are consumed wi
d dbss earl vseodHR MR atl tes | at ed ester end groups per
d to deErg@dhe Megqedprecisely, the COO peak i
ps percentage decreased slightly (3 and 11%,

reaction temperatures below 85AC are insuffi
hot her hand, the highest percentage decreasce
est decHMMRalacfultaied ester end groups perce.l
e 85AC, indicating that i ncremdeeéstpod ygpe ou
umption were achieved. The kinetic energy of
i ci éhret ,moasnd stuccessf ul collisions due t o hi

meds active site and the subsdsatefs twhkeer é ac
erature (from 90 to 95AC) did not have a sig
: as the carbonyl content fur'MNMRatdeotaasdd
r end groups percentage remained al most cons

intensity odr dihes hyaalo'xyivh&4@®@0i smmuch weaker
the COO bdndwaast all7slo2 ecxmapmienpeod YirogrG e eT Me

intense change was detected when the react.i
decrease), similar to the carbonyl content.
sesterification rates wereesacbfewed.anAlt 8t5hA
sesterification rates were significantly | ow
ared (Thhi 8-e®B. group <concentration i ncrease
ati omi o ®IHi gomer-catdalry negyd | p pld¥Wmelr8ildah & on

cp



l ow internal carbon chain | ength of DES its acce
presence permits the nucleophilic attack of the

65 + —m— 1712 cm’!
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= Y e 406

= i
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Fi gwBrodHNMR al cul at ed ester end groups percentag
(transmittanaé pélCeandg@no0Bec mr-8p ed 5A0&@X-35AA

I n agreement with the decrease of COO intensit
cal cudwdrealge mol ecul ar weights significantly inc
85AFKCi B0HeTable S1). I n pa+tail cwd &rn2e8dohéy havogh e st G
(5100 'y wele abhs®@0WA&Ld with a di spersity of 2.2, b
mol ecul ar weight distribution value. At 95AC,

decrease (by 15%) compared to 90AC remaining tho
This beha¥wil ower polymerization rate at 95AC may
reactivity, while dispersity remained at similar
of biocatalysis temperature to the ®MéRGIMgref t
precisely, based on the DSC results, the solid s
pol ymer chains through the porous support to rea
resear cher s, PBS mel ti ng warse,p oasnsd b9l 0eA G bwoavse tt hhui ss
opti mal reaction temperature. Similarly, 90AC +

temperature of N435 in differ empemiodg npeoaliyzmeriiona
Gbcaprol act on[el da5mdt & kewleimpehcat i ¢ pol yami dgd §6ynt hesi

The percentage i-ctateastatel nkher @€ mbblfe cSUACarwavse i
calculated to find the tFoume3d)r.atA rtee mmpesrfdti wrie ndo e/
descri bes cthhaen geeloaft iaveproperty depending on a gi
it can be calculated as follows (Eq. 6)
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Figure 31. Temperature coefficient (a) and the ratios of the constants of the 2" order kinetics

(Ka/K2_rer)

The negative and low 0 - and 0 -based calculated temperature coefficients (-0.01A ¢ and
0. 0lrA€s pect i v e Figuke 31} tonfidrbtiatCthe (polymerization reaction was not

favored at reaction temperatures below 85AC, pro
with the diffusion |imitations due to the produ
values and process yields, especially at 80A CF i(g 2 18 € a b 9).eOn the other hand, the

temperature increase from 85 to 90AC seems cru
coefficient maximizes at 90AC. Following the FTI
to 95AC does not posi t tion eateyas thd tEngperaturetchetficiemto | y me r |
decreases, remaining though higher compared to t

The herein conducted polymerization is anticipated to follow the kinetics of a second order

reaction due to the presence of the enzyme as a catalyst. The polymerization kinetics were

analyzed under the assumptions of stoichiometric balance and no side readions (including

hydrolysis), based on the following Flory theory-based equation (Eq. 7).

® p Q60

(7)



Where 'Q the rate constant of the polymerization reaction (kg meq ™ h?), 6 the initial
concentration of the ester- or hydroxyl-end groups (t=0) and 0the reaction time (h).

The reaction temperature 80AC was considered as the reference
based on Eq. 7, the ratios— (where n: the different reaction temperatures and ref: 80A Pwere

calculated (Figure 31). It is confirmed that the rate constants ratios increase with temperature
up to 90AC. 419 AtChe hrean genp&0 ature increase from &
as the ratio—is 1.4 times higherthan—i ndi cati ng that 90AC is the m

temperature. On the other hand, the ratio — was found 12% decreased compared to—

probably due to the beginning of the protein denaturation as it remained higher (26%) than

Turning to the tHgereB2al TabbeeSRi)es a( l the enzym
samples were submitted to tahdiirr st heiwremali nlyi sctycocrl v
followed by €lo00AG.nglrheep oA pymer s crystalT)i zwmernen t
correlated to prepolymerization temperature and
(Fi gBrje The higher mol ecul a9r0 wvaenbd§ hA ppeesepnt gthe hs

crystallization temperatures (61 and 64AC respe
wei gBtOT.A5BLC and5TASAL. This trend is attributed
chain folding of | onger macromol ecules and the
act as cr yssltoawi ndge fdeocwtns t he crystallization proce

——A80
a) ——AS85 ) '\__\\
——A90 \‘\ﬁ
——A95 |
-

i / ——A-80
| ——A-85

U. —— A90
—AS5

T T T T T T T T T T T T T T
40 60 80 100 120 140 [} 20 40 60 80 100 120 140

Heat flow (endo up)
Heat flow (endo up)

c) ——A80

Heat flow (endo up)

T T T T T T T T
0 20 40 60 80 100 120 140
T(°C)

Figure 32. First heating (a), cooling (b) and second heating (c) of the prepolymers A 80, A-85,
A-90 and A-95.
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The calccruyl satteeldl h onwetvieers, werxe 21 9Wnddesi mndg acodgl i ng

and in agreement with the relevan{f l@Rdmuiersg rtelper
second heating, col d crystparldp ozlaytme8raisA Gagctc uen8d e d a f i
the formation of small c¢crystals that didndt have
the melt. The higher mol-8¢€uldOrd)wepirgehste npt E&Ip d Inycm eer:
values (8'tramgdp el2t iJvaegl v) , confirming again their

Mul tiple melting peaks we-peepheéy maorsi,t omeld cfaarni na
of different crystal populations (e.gingds$falkeilin
a typical phenomenon for PBS92 ThedOC®BAG tr & svoe anteil vt
are attributed to the [dr8irgwmialle ctriyesttahHilri ch eome,l tr
hi ghest templer7akQ)r ecsor(r9e3sponds to the recrystal.]l
crystals during heating andinWhb4 A®)unaf cd osemmer
grade. As expected, the highe90 moi#OdgAIlparswait ghlt f
hi gher me | tFiinggBPeod md ssHarper e nFajwred 32e ) imimic | gprelayk st «
typical PBS thermographs. The melting enthalpie
mol ecul ar we-i9@h ta+ghr,Adiese.A 'B8spadt B6elwng

66 110
—I—TC
64 - 108
| ——T, .
1 ~ {104
__ 60+ °
o 1 4102
= 58 <
~ ] 4100 E
56
| - 98
* /. 49
{ =
52 1 / {94
1 @
50 — . . — 92
80 85 90 95
T(°C)
FigB8BBeCrystallizald) oand emletriangrgoi(nt fl¥ydomft he s

the prepao8oy-@é&N-S0AAadd . A

Turning to TGArepasllymer sall esteani e d e @o nspionsgiltei on
FigBd#e Weh®from 302AQ@thad BBRBA o( Tabl moBBY) Tur gl e

values were found similafyatto ca.{ &@i@drCqioa maRBS | @t
was monitored at temperatures r dlodt eBd Ot d,@tbbeA Cmo n
DES: 179AC) dinodireast dmu@! alm® n o meFRigere35mM)Thkeaphdduet:
high thermal stability of the enzymatically synt
wei ght , can be evidenced and attributed t o t he
pol ymerization conditions an-@r otdhuec t asb saenndc emeotfa | un
residues that may accelerate thermad degradati on

c o
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Figure 35. 2" heating DSC thermogram of B-90 and the monomer BDO (a) and T* derivative
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Given the improved characteristics of the A-90 and A-95 prepolymers, the reduced pressure

effect was studied at 90 and 9-préddat(éetmnohrerdogat t o en
via evaporation and diffusion. In samples B-90 and B-95, the pressure was set at 20 mbar, and

the reference prepolymers were A-90 and A-95 (200 mbar).

Concerning the macroscopic observations, B90 was a colorless solid in contrast to B 95, which

was in the form of a sticky bulk material, indicating a lower degree of polymerization. The
process yield slightly incr e% §8%) while it sgifidaGtly ( 8 1 %)
decreased at9 5 ATa b(9):drom 91% (A-95) to 70% for B-95. At the end of the reaction at

95AC wunder 20 mbar , t he e nz yHgare 36a), dnslieating ¢hd vy el | o
beginning of its denaturation, which probably led to the formation of lower molecular weight
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oligomers that are more susceptible to sublimation, justifying also the lower yield. The chemical
structure of the prepolymers was again verified via *tHNMR, and the molecular weights were
calculated via 'HNMR and GPC (Table S1).
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Figure 36 Morphology of the enzymes at the end of the reactions for the production of the
prepolymers B-95 (a), G95 (d), B90 (e) and G 90 (f). Morphology of the prepolymers C-90 (b)
and C-95 (¢)

According to the process yield values, GPGcalculated 0  slightly increased with the reduced

pressure for the prepolymers synthesized at 90A COn the other hand, B-95 presented

significantly lower molecular weight values, and GPC showed a narrower MWD (dspersity 1.5),

something that may also confirm the removal of the lower molecular weight oligomers through

sublimation under the high vacuum of 20 mbar, thus disturbing the chemical reaction

equilibrium. As regards DSC analysis, M0 and B-90 behaved similarly (Table S2). Melt
crystallization (To) occurred atca.61-6 4 AC, and the presence of three
higherforB-90( 91, 99 and 105AC) is in line with- the sl
90 compared to A-9 0 . On the other hand, the prepol ymers
significantly different thermal properties. B-95 had significantly decreasedT.( 4 5AC) compar e
toA-95 (64 AC) ,30as1 dnd 84iJan'i(Figare 37). The faster crystallization kinetics of

A-95 verified its higher molecular weight compared to B -95. For the same reason, during the

second heating, B-95 presented significantly broader endothermic peaks and severely lower
TmncomparedtoA-95. I ndicatively, the third melting endc
A-95 and B-95 respectively. The3O values of B-95 were also found decreased (72 &™)

compared to A-95 (86 JyY).
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Figure 37. Cooling (a) and second heating (b) ofthe prepolymers A-95, B-95 and C-95.

The B-90 prepolymer also presented increased Tqsy% (327A C T g bommaredt8 the §-90
(303A T while the B-95 presented significantly decreased Tasw (272A Tcompared to §-95
(326A [T The Tyse is highly sensitive and correlated to the molecular weight changes; the
simultaneous increase of reaction temperature and vacuum in B-95 had a negative effect on
the achieved molecular weight and on the prepolymer thermal stability. On the other hand, at
the temperature of 90 A (the higher vacuum resulted in a slightly higher overall quality of the
prepolymer, i.e., in terms of molecular weight, melting characteristics and thermal stability.

Given the positive effect of the reduced pressu
hi gher reaction time (6 h) was al s®0)stamdd ed5 AG, p;
mbar (C-95). On that basis, the reference prepolymers were B90 and A-95 respectively.

Regarding prepolymers morphology, C-90 was a colorless solid Figure 36b) similar to B-90.

On the contrary C-95 was sticky figure 36c¢), indicating a low degree of polymerization.
Additionall vy, the enzyme collected at the end of
an indication of its thermal denaturation ( Figure 36d). The process yield increased slightly for

C-90 and G-95 (T a b9) with the increase in the reaction time. For G90, 0 increased up to

3100 ganol™ being close to the B-90 value (2500 ginol ). However,0 was found to decrease,

indicating the existence of competitive phenomena. Thesystem may have reachedequilibrium

due to increased end-groups consumption, while the high by-product amounts, requiring a

higher vacuum to be removed, led to by-product accumulation within the reacting particles

and alcoholysis reactions. Consddering also the solid state character of the products at 90A Gt

is easier for the shorter macromolecules to be recombined via diffusion and reaction on the

enzymatic support, compared to the longer macromolecules which present decreased mobility

being thus more susceptible to downgrade. As aresult,b of C-90 slightly increased in contrast

todb , which was found to decrease due to the | ong:
the weight-average molecular weight calculation.ForG9 5AC, bot h mol ecul ar we
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significantly decreased, confirming the e n z y me &dependentrteermal inactivationat 9 5 A C
indicated by its yellow color at the end of the reaction.

B-90 and C-90 presented similar thermal properties as evidenced by DSC and TGA analyses

(Tables S2, S3). On the contrary, M5 presented significant differences to A-95 including slower

crystallization kinetics, ( 2 6 AC Tk, o wee! dalvare'O). The increased3O of the higher

molecular weight prepolymer A-95 confirms its enhanced tendency to crystallize compared to

the lower molecular weight C-95, attributed to the increased lamellar crystal thickness derived

from the increased ease of chain folding of the longer macromolecule s. Song and Sung[188]

who studied the crystallization of different PBS grades as a function of molecular weight (4600

827000 “yatsmmoticed a significant increase atthezO ( f r om 18. 1 Htwhen19. 7 ¢
the molecular weight i ncr®Eene0 remainedalmésicdrdstatt o 6 300
up to 110@hdgdrmmlal |y decreased at highetat mol ecu
27000 Wamdhe fact that the higher mppresented ar wei
lower T and 3O values, can be attributed to the limited ease of chain folding due to the

increased viscosity of the medium. G95 also presented significantly different melting points,

crystallinity and Tgs%, all attributed to its lower molecular weight ( Figure 37, Table S3).
Interestingly, the Ty of the prepolymersC-90 ( 383 A€ @B83LC) were found
the B-9 0 ( 3 8 4 A%G)38540), cespéctively. Even though €90 and B-90 presented similar

MW values, while G95 presented a significantly decreased MW compared to A-95, the Ty in

both cases was not affected and the decomposition process was conducted in a single stage.

This non-dependence of the Tq and the MW is attributed to the fact that t he 0 of all the

prepol ymers is hi g Mereprecisely,ina v@klobthegraumdtivas proved

that the enzymatically synthesized PBS grades with low molecular weights) <1 000 ¢)a mo |
decomposed at temperatures | owestagetdacampostichiAC and
most cases. On the contrary, higher molecular weight grades ( 1000 - 3000 ¢)a mo |
decomposed at temperat ur es -stagegrbcess. Asimitarirend5a® AC i n
been reported by Chrissafiset al. [189] for poly(ethylene succinate) or PES; it was proved that

PESofl 230003000 gdenobmposed at temperatures Fower t
stage decomposition process. On the contrary, PES o) 3560-2 1 4 8 0 “‘gprserdd a clear

massl oss stage at temperatures higher than 290AC.
stability above a specific MW is rather complex and has not been studied in detail in the open

literature. Unger et al. [190] investigated the effect of molecular weight on the thermal

degr adat i ocaprdactonp)@iPZIl( by TGA and FTIR. The researchers discovered that

the | ower molecul ar we i {Jdetomposdinagthreedtep medn@BM 0 g a mo
in contrast to the higher?) fonwhich@twd-step degomposjtiot ( 8 00 0
was monitored. The products formed at each stage were defined through FTIR, and it was

found that in the low molecular weight PCL decomposition during the first step, which was not
observed for the high mol ec uicaprolacterseiwgshfdrmed tta d e , t
was considered that the depolymerization was conducted via an unzipping mechanism of the

PCL chains. This reaction was restricted to low molecular weight PCL because an increased
concentration of (hydroxyl and carboxyl) end groups was present. All the other products
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formed during the second and third decomposition steps were detected in low and high

molecular PCL grades. Summing up, there seems to be a critical molecular weight value above

which each polymer s decompositi onmdlesularweight (or e
variations.

The prepol ymer s ALy nuitnidesi 2éd nbta fRW carddR) Camprde e rht g d
the highest performance ilh 2680msa ndf &m0 IBGe7cOu0l ar w
and 5g2a0n®) | t her mal TnplrOckp earntdi elsO0 7AC) and morphol og

fl owing powders). Even though-90heias cskaeatedrist
up (10 and 20 g) as its synthesis reaction ti me
requirermdmtes wiin h t he gmaeéeeaenpcthreymi plitesi sofal so i mpo
herein applied process can be easdtleynpecatedeupuy

pol ymerizati on tiechangi gmuel tnioptl er esqgod vent s The t he
scadluedprepol ymers were al sbl owcegvpdwdserecol andes
process Yyi el6d%. wehree o5 ai ned mol ecul ar weight va

compared to the smaller scal el prredent @Hbabtlhee i)
decrease (53%)o ftrheent atbhge, ligndi cating that the forn
was restricted, while Othal uebkewastl|l desreasensa.:t
can be attributed to mass transbalrarigiemi $@ali eoan.s
i nstance, t-peodacte oé mdbowal decreases as the prc

(constant vmladdnd iotfi &2Mal l-wp prheep slcyarhesrds OH end
sl i dhtwer 89 0528 n83% f dr0 tgheand 20 gnpt e@@¥%opmmet Ise
B90 sFeegBM®e showing that mass transfer l'imitatio
concentration and accessibilitydinmetbhe dngymeba:
end grocmugprsge scal es.

The s-opl epdepol ymersd ther mal proper-BDRiI§g Bve e al s
Tabl eTHS& )mel ting points derived f ruwpn prheep ofliyrnsetr s
critical for tipolymesegaenoonpestep, wéiGeo rf otuhned t

10g aAd o098 the 20g) -TOmMAEBEdweéno Brystallization
crystallidhietagy, ngeonend i fuigsweaoientnsonarnadr ed -ufpor t he
prepolymers. On the contrary, the obtained decon

are not that sensitive t(oTamolleecudl)ar weight di ffe
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FigBBeFirst heating (a), cooling (b)-9a0n dnde d cred
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Therepol yimer20B was selected as the star-ting m
pol ymerizati osb. dedt d @Ghlauet drol .i2 s adequate avail
t her mal performance and morphology to per mit ap
upgrading met hod.

typi ccadt amgized systems of -eesstteerriiffiiccattiioom satn
l' y(al kyl ene succinate) production,byac&dichdgon
tanedi ol i.n Tshibieg hetqueixiciebsrsi um of tihse setsofeareidfsi c at
e f or matdiioers t efrh ¢ nodr maHriiocnh oofl i goesters that w
ring transleessttdor idi baghoryi el d oFfequdelde fadahl pr
nt hePsBifzietdh dicthfeenitemtn sest er i fi cation catalysts
f but abdi &liedofidddynt hesi zed di fferent aRBS$hatic
sianghi gher butanedi ol excess of H@%®%B (rmealcdar vreatgirc
such aenOé&éntr aalisoswsalalrye required during SSP as
at[elsibpa thi s heomoewtmertsd ratio was studied as
prpeol ymer i zZdtkeaogeofmc 2nedy stehleecoedi t i omde nweorcéa he
scadued pr eposlyynmeleasbid)sd he seBB@béeaxcessvsedbe examine
werbgltand0%nd the relevant pB9d0d RoBt@9O @r 20 @abdde d a s
B90 2Q@@respectively
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The obtained products weB80c?ROWe iesstpi cokbiHeitnes , wi
90 2G6&NnN®B90_20@ % pr oindichtihgya lower degree of polymerization . Thi s
mor phodloigghshathe@uvedesst tyd ell dwexc gDDHDd usc tasn o
10preseant®d% pr o,sé Ing ltyhROI0a 2p0rge po | ¥ 6P IED). ©On

the ot her h9On d2 0 gtphed) d@pcrtocess y¢aéekddtva 6@a b9)e

whi ch i s ext rpernoeblaymldyi @ehtr emsnalr k ab | enrqeuaa@@®©ch yt bé u
prepol ymehi maslisectudildower pol ymerization degree.

The pradhweatsst@ luct uvesiviiddeNdMR and FRMIdRt he OH end ¢
of the synthesiweaed pmoa(pdpBPdiss was exp@kanrd,
groups pesiceemitfaigceantisyngnBbO@asmeaaxitiesd rtcddneoval ue:
81%(f or 5t a@ ROt eexceesplecali vesygni ficanwlghhiognee r i
prepolBy9nde r2(0lg end gr oups5 3P mc eargtr egeene NH-NMR,t ha t he
similar trendnvwees FOHRe wiededuil hsensi ty o#fgrtohuepshydr
peak at 'BaGOeaming with thewdBDOu® xacersfsi i emecl k@lset.
exceosvser camé arsgeeal e ma s s transf erl elaidmindgiax® @ e ,
distributioni oftreRaedf igmalupdgrscditscsted in 2. 4. 2
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FigdOReak ipaen8#0O0H-NcMRcal cuhywdreaxyl groups percen
and t he analyticalflor ctaHhec up eBEOHAI12y8Drps28 g -5 %, B
90 _20g_1BYO ahlg 20 %

The OH endngr elaipreedar | yBDWO tehx ctenses i nch etlhél- based
NMR andmé&Th®dHPRs 0. 97019 %68 W-NKMR and rETpRctively.
Howe wehre,n t hwashalpetically calcul at edvaatf ceuancch tBaD C
decradsefFi g®Pe (Theosde attrithhet ecdrtyohi gh abundan
(for excesses, hpghbadbdihmg GHGédgicdenpetlienagdsi,ng t o t h
formatumwmde Difr abl e( ibryplrwdiarhga sanh mrisgiugdmerssadi meres

system tries to counteract the intense change 1in
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The prepolymersdé molecul avi'atveMRhano aGRE@s aed et e
are predgeémtddBea s ad on-ctah € ub@E eldt sdimbheshow signi fi
changés h the 20% BDO excedhe phi gdects Pmanspean teian @ f
to sheichiBMet2dDhpdecreasing prepadl yheatshdeedepi ct ed
more cl edd-NMRimeghlets, 89pelDgllRdpmlty mniealc hed

the value dtha@hfgaméing the negative effect of
prepoliy”mmemagr eement wi t h t he abovementi(enedkynac
mor pholTmegygf the pr epsolgynmefrisc awatsl y af f ercetaecchibnyg t h
up a3d5% decrease for thlee 206weBDOmeixecgésaer avleli yg h |
expected-gi awtsht epol ymeri zation when there are s

stoichiometric r atlino oafr ,tshyestesmanmdomegrhefa mount s of
resi dual unreacted BDO could also , hegdithfgetyp af
f ormat inounmeofouschsahortol(iegg.ogner,sdamerad) ea.dlyhedi scu:
formatitdhresiedrter mleigpd rad/ree g tMSV t(lees pec t a)lalnyd t he
consequentl y', s tdies pohyiatywacs eased and significar
t hmost probable molecul ar weight distribution va
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| owecr yst awdrialistogni t ored 20%r exbess((TephloadUBE)
decomposition temperatures o,f daelfli ntelde t®B®Mea gk c €l
i ncr e®s4e0B OAL compaB8@ _ 2frgesemtdfingBE4Tabl.eThE3)
behavior coultdhéei net-aagdddgt OHdp comfcetmntte aBDONeXC e
producas these arbbadmrgrnogu fheetag i magl ecul ars(leydr ogen
wi tihRBS esteandotheeehe overall stabblbttyuof heh
i nvestigati.oirhei d Gawevgals ralds o mo niBt90r 2d g{ @®Gst h e

i nsteadCoo®908130gttributed toweitghl ower mol ecul a



Overtahd ,prep®0y @20y _B% was selected as the starti
posptol ymeri zati ob. #de)dtdRu g Choa pittesr adequate ther mal
end groups percentage toestdudyouphecenhc¢entr afi dr
pol ymerization process.

Thi s C heaxpatneirP B r epol pmerit hwiseamszy mat i c pol ymeri zat
i mmobi Campdidda abhitmpase i 8a as a bi odateal yssytstiem. a T

enzymatic synthesis was conducted in twoCstages
at mospheric pressure, 24 h) to minimize possib
conditions (reaction temperature, pressure, ti me

Startibhpewrehction temperature, the e9@d®@ined te
the synthesized prepol ymwmeWmNMRs tamuwc tFulrleR. walsh ev eprrie
synthesized AQ AD0 axmab,Adbe s pperce s eveetl pyd)pir oper t i es
comparedpnwomdudcdtes of the | oweMoreaprieacnhseéempet aeu
wei ght wealeudtsoumthabeadE8beaching t heamah®ed of 27

gamal andd , resplecaATBAG § behradwipert yonfer i zatOAGn r at e
agreed wipgeén tlhiet er atAun s wheer 9®di cated as the
temperature of N435 in difRAer @%5tACp o lt wme raivzea taigoen

wei ghdcsr eas e dc osmpiagrhetd )y mo®®HMWICy i mpl ying partial I
reactbiuvti twehegberi | MWan t8We aiihde 8GiAC.er ent apsoduct !

gualitatively compared based on thetrzmasmiontyanaaea
percentage), given that the content shearhei gihresgor
percenltexgease of the carbonyl content HNMR%») and
calcul ated ester end groups percentage (t2hlenn) wer
contribution -gfoupe &8st eheepnderall carbonyl stre
i signiwheandol i gomer s. alrne leixnaemiwietdh t he GPC resul

ncreased polymerizandorstategramps chansatmpti on
A CA't this tehnepekianeatrieg d@ner gy of the enzyme an
uf ficient, and the most successful collisions
nzymeds active site and theherubshcraease wet et f
emperature (fromsbP@ntoi 9daAeR) poadmecThzatti loerr malt e
roperties of the prepol yMé@vesr es ypanl pskoens id zhe dh i agth e9 0

rystallizati(Qup ttelfp@at ahtiugheesr meéThtuipn ¢ AFA 0Tt s
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Given the improved ec9hOaraarmbepirepobtymefsthehd red
effect was studi(epd epto!l Pihe msbBB5rAcCs pecti vely) to
byproduct (et hanwildyvapemav alonr &alnel ap gIfiuesd orneduced
had a positiAeutefd ercd g att iAB® Tehfef erootr padd® | %bgay ei mB | a
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to t ha®ot) onfaime-€6 § owi ng Hp gviMtéwer e det er mi-h@d rMnamel he
2500 angamaiGPdCer ilveaddd , r espantdiiwglhwr mal propert
(e.Tg21l0AL On the -8bnwwsatigkyBbubkgmafdeicfafmetrieynt f r o
A-95:-95B al so pirgensiefnitceadd tsMW cedpAa®edr eaching the va
1400 angla@@IGPdCer ibvadd) , r especttihweealma)l. piifregBer t i es
were also dwiwnlgpoadedt lperafecr eds@ AL, and decreas
thermal ,ishdibdadt ecgi Ongi ftihmea@rntsheywhi ch deanshiitghviey an
coelated to the mol éedwladrl yWwei ¢egmtd ohHarndiees.reacti o
20 mbar, the enzyme presented yellowish col or, i
which probably | ed to the formation of | ower m
suscepti bl e t eadaulhbsholnmeavwe ronyi el d.

Hi gher reaction time (6 h) was al s-803tadidetd5A€, pi
mbar-9%C, with the referehCecarpbehebpRenstvbbipng i Bie
did not significantly affect polymerization at 9
ef fect wasFomeInd,tiorcerdeased awmibhei 34001 g96€ val uke I
( 25 0adoty bbutwas found to decrease, indicating t
phenomikmahemi cal reacmagnhaegeebiekadudue t o incr eeé
endroup condHi ggwpiromduct wewenteeqedring a higher
to be r,grhawed eaedihnagn ot o accumul ati on wi tamidn t he
al cohpobgetTehoen & hperronpaelr t-9 @ sa#®d ®&er e found similar.
hanfor -96 AC, both mol eculsagnwéi glan ttboy eldladgle gaansde d3 8 |

gamod and , respectbwnél yemizrygnetdlse t her mad5 At aot i val
indicated by its yell ow ®ebar danrgs htbeheeermnda lo fp rt chpee |
it pr essleemwieerd crystallization kinetics, significa
Ta, 5% al |l attributed to its | ower molecul ar weight
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the highest performance in terms of molecular w
Even though their cha9d@ctwarsi steil exctwar ¢ os ibmi Isxma,l €
as itsisynehetsi on ti me was shorter (2 h), per mit
l'ine with the mai n principles of the green ch
successfully scaled uap,t aihoemkp etratiutre Diumkl ipoil ty
technique not requiring multiple sTohluvwsent20 fgr o
enzymatically synthesized PBS were received for
open literature as di scUuhse ¢d-aipn ptdhee oiloytnpeloatluac g y o n
was as explearnleaslso,wifnrgelp adccd rosbt ai ned mol ecul ar w
were found to be | ower comparued tmastshe ramaslfleer |3
t hat oarree ilfét ense on | arge scuwfd epr.e pAadldy marosn'al OH ,en
were sl ogbt!| WOmmobBably due to the mass transfer
reactantsd concentration and | eading to a diver !
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subsequemd! ypmerti zati on step, wkGerfobhedACGgprdedr @

the 20g) compaACG6oweB crystallizaysboal ki-netiygcs:c
heating meltiTfhgswpoentmonahdred-uporprepel gmat €d O
contrary, the obtained decomposition temperature

to molecular weight differences

The |l ast exami nmdnopme amét e dn walse slt aadg eadpphyiengf

the optimized prepolymerization conditions. The
were 5, 10han®H26fd groups increased |linearly wi
onH-NMR and FTI R. However, when the sl ope was ana
excess, it was foundFhef debeepsepalymer §%was si g
by the BDO excess reaching up to dahea85%b dercvy &t sMW
decrease cantbedewintbonedrom t he mothoimnehrshimeé er i c
the high amoestduafl otheecwulcd erde BDtOi & e £ yfmarf cf,teican t h
|l eading to the formathannobl ngomeonsis(ehogrit di me
excess product presented the | owest melting poin
| owdssdw all attributedwkedoghts | ower mol ecul ar

Summi n®B@gpepolwaenreenz y matsiyma lhlgwghirzoeufgrhocaess desi gne
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energy requirements due to | ow Tlheacmadiom ddcwpretrad
prociesstscal abili,thapkhkstenoi @the diempl ipcuipteep azoadr r ol |
| omol ecwéiagahntd cr y sPtBapldrismiisitnyabl e degradati on r at
controll ed rel,eaansde iatp pil $ ¢ & hiuelnisaopnperdoi pcrailat matfeorri a
bi odegradabl e pl asltti ciss ftohu gprackemtoidmgti ncr eased
resarch and secondar.ily industri al interest
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I n 2004, t he US Deppuabrltirmsehnetddt o fo f-Ealléadgiodyiegh ¢c hemi c al
obtained from sugars (upda-feddinmnar2i0axy) l-F Lre)cenigd wlt
can be. fDuind monomer has attracted the attention
DuPont , Avantium and BASF, i Nt&®s eistt eids | alPdat 3c i & ™
sl eeping gianto6é due to its structural similarity
of i mportant thermopy@asthyl popéytsteplst hhakatepl (P
terephthal|] a9&) (PBT)

Among heDGCGRasepdo!l yeg(tierasl y ( ept Ry-f5e rda rc a rabtpex y(IPEF) ,
poly(pr® pfyureéannea rabtpex Yy PP F) , p2o,df5u (rd@ uct ayr bbeoexgy)IP BB F )
undoubtedlaw poccupieged poessembhadaue tto tithes engin
pol ylhdt dl ene t e[rleptt haolugthe PBF presents similar r

and mechanical properties to PBT due to their
replaces the benzene ring), it is more hydrophil
by micr osf JaBBE dlaskhown potenti al for usage 1in

materials due to its excppBGPindet thadldslybratrhrd seirz epdr |
homopol yesH#+®ICA wi tdh, i gh mol ¢ wmlgaer meeditgiptol lyyx otnwa
starting from di-mBCAylandsgéiycofs 5¢& hdi nfuenbent ol
met hyl ene groups tTamey edy nMtrioers i3z etdo péo)l yesters wer
freaeeanding thinedbietweeppt HGOkndbysl8Odmpressi on mol
researchers concluded that the pos$yadsteer s, ,PdPdn tamif
could betsuptadbtpgeda pwmictklkhgeut standing barrdasrimro
the case of bostles for soft drink

A 2010 patent has alreadVybmepeoconéedri@dpdbatjyerdwiadsin
[ 1949t esever al dtndeipBbagepdlrted its synthesis by

1,-Klut anedi ol t-etagghapptowach in theragpakeseatcae!l yd!t
includi hget MBFut)yl andamdatld (titaniascat est y(@83eseopr o
Chapter As2.alr2ald)y discussed, using met al cat al
especially when the final product is wused for fo

the environment and peopl e.

A promising alternative is enzymati c pol ymeri z
However, the relevant I|iterature is very | imite
synthesizilh@nRiBEpwt oh1600 and 5600 gamol



Thus, PBF seems to be a polymer with great pote
the coming year s. |t is thus cruci al to invest
probably upgrade PBF, f @iean mysmaatnicce ,p aMhyeme rpir zoadtuicoe

The main objective eoxfanmimiesnmchhea ®d diddva s alnitgpaarscet i ¢ a
B as a biocat aflryeset siyos tpermpad ¢ € b t2t,-5uU edd ec a rabtoex)y |
(PBFM a scal able process.

I n the firchapthenr mottttbeitical parameters of t he
temperatur e, pressur e,onana ¢ manlel, svealee FIEFdL e d
prepol ymer . T hrao Ipeacewlodry meeisdht , thermal werepert.

assessed forpavaemgt erockddi ti onall ypoaeanthisashg of
enzywes conducted.

I n the second pawb obnsbeuvrchaptt ts@rapriescgei ve 3 and
the PBF prepolymer and study th€hsgadlnsbd pgiinegd of

to invasdhtei gaetlatupe e ferc atl hemgprepol ymer s propertie

FoRBsynt hde seitsh y-2 -dbiua aarnb onD\EIFati®s, o pur i ty >959%EFwas
wapur c has &d ofsnSowtdetr,| éfmdl Bandasn t he af oyrem ¢ afdve r

't i s wotrhat @aDBEP Nnknown)anrdiDieRDNCGAR -diucraarnb oxy |l at e (
or DMFDCA) are t RBCdwmrsitv ectoammesssr glrleyf err ed toover FD

facilitate polymeeseadéoinvatiaces opsesent i ncr eas
the reaction mixtures anflbAdvekirt inmesiignidnya tde nepsetreart
as DEF is cruwhelrefenzgmarticaspol ymer bz @atciadml iyst
N43presenting increased specificity with esters.

Tabl® Compounds wused for ttHBe prepolymerization o

Mol ecu MW Ot her
Compou Struc o
For mul (ambhlcharact e

Supplier

DE GHi s ' 212. Pur+9% Biosyswihze

Hexan CeHis o>~~~ 86.1 Purity Fisher Sciz¢

8 2



BDGnd thebdNipBBsenChapeBTabl eewal so used for th
pol ymer Hextainen.was puFcbhhseed, S3krKkemtAlfli cchemical s
without further purification.

The assay of the N435 activity wasllccondactdéaed a
reusability potenti al of the biocatalyst N435 wz¢
|l oading was covih(ss edeer @Rla BtO®EF & r everynclaltdedeat non
reusability study.

Stoichiometri &€ @amoba®d ahdDBD@® 45gmMmwére premi xe
roubodottom flask and SOAICrriend a( 7r50trapm) eatdpbdr at or
Bucchi, Switzerl and) under atmospheric pressure
subsequently addeg¢p, paregpohymesoi zati on process was

Tabll Condi t Feornzsy noaft iPcB prepol ymeri zati on

Sampl 15'step 2"dst ep
T(ACP (mb t (| T(ACP (mb t (
D-7 5 50 1000 24 75 200 2
D-8 0 50 1000 24 80 200 2
D-8 5 50 1000 24 85 200 2
D96 50 1000 214 90 200 2
D-95 50 1000 214 95 200 2
E9 0 50 1000 24 90 20 2
E9 5 50 1000 24 95 20 2
F9 0 50 1000 214 90 20 6
F90_2 50 1000 24 90 200 24
F9 5 50 1000 24 95 200 6

‘D9 03g, -0 _:6 gs clad epr e psq3laynndgrées pedti vely

The first step?5wad, cwmdearcteaetdmatpheld4chpt es mune mi

| osses. Then, the temperature increased, and vac
chloroform wwg eddaded e( 4:01 monomers) to dissolve
enzyme was sSsubsequently filtered off. The remai

y o



vacuum pump (Edwards RV5 Rot aaryd Vtame fPammps d Egavlay
yvell owi gbwas icstkkgred in a desiccator. dbteiprdcé&s?2
Wh e n needed, the product was di spersed in hexe
undi ssolved oligomer was subsequently filtered o

The variation of enzymatic prepolymerization con
(Tabl)e: s aDrprleeasct i on @ &nbpleQ)a,t WBfaenppdiuecsed pressure v
and 20 mbarfrjreaampbesti me, 2D@abdwés h3callTde spmpod
a higmeunt3g)cd.or the -pol yomerhgapiosveatChampes 5).

'H-NMR spectroscopy wasonpear fBorrunkeed iDDRXCDAQO spectrc
with aH3€ mdwual inverse broad probe operating at
the formed polyeaverage Thmel aopgdhamdPiaaiagctul (at ed b

Eq8): (

) ) 2 )
— v — T pcc);w@p)grﬂtcp ®

where 88.10 isgam@l amblutyyd massdspient e maelaath | mas s
off ur ansoeaggnee nt s, 89. 11 dgamilhefBdOl 4gmrdmaps5.(06 i s t
mol ar graansdsl df egtreonapetdids the integral of the 1, 4
at435443ppnDi s t he i ntfeuwrraane osfe gtimeat7 . P aripa kh et

integr al of-gtbepBBPOgpraldOias Bhé7i ppexgr a-rofipt he
signal atanld.i2s5 tplpen i nt egr alatofl.t4h0e pepsnt er si gnal

Theumbaverage degree od)waasl ycnaelrciuzlaattieodn by Eq. (
2. 3.fordl ya2l gamgli t Breql ecul ar wei ght Foh)ithe repeat.

The percenhgadeemid gheup in respect to the total

was calcul @t:ed by Eq. (
)

EUAOK@@@T@@@AAh@AgKT-pnn ©)

6 (C

FTIR was per desmwme 8@ RIFTchpirrepd] ymer s, dtni pgtkhwesefror m o
were submitted to the FTIR analysis without prio
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GPC was canrridedcodit®ddei ma2.i bration of the instr
as describedhiencal 4b8ation curve was not used f
| ac kMamr-gko uwikn kaa)cd o ns tfaonrt sspplee i f i es oplovieynntersy st em

Differential scanning calorimetin (D8Ggmeamedem
i n334.Heatdcnogo |dhrecat i ng c¢%0c It86sAT,r ocnro 9D ABgdt beht i ng
t @0 AC were conducted. All measuflkment 20 wmkvanicho n d

al0ACamatiee rel evant mass (bd)wacst icoonmipeurd yasdt dlel icrmiot y
DSC cuagweersdianga),t of ofree.dthievf fusi on BBE@ED)Xe0% adr ytsot al
12 9 &f 1 98]

Thermogravimetric analgsiprégé&m)e3stvadbsncdnducted

Similarly to PBS (Chapter 2), the PBF enzymatic prepolymerization was conducted in two steps

to minimize BDO loss due to its high volatility. The selected reaction temperature of the first

stage was 50AC instead of 4&tAge reactiohterspbratueafa t he o
the case of PBS. This temperature was selected to have DEF in the liquid (melt) state, thus
ensuring that the monomers mixing and diffusion
enzymeds active si tTae reactionltainpemre bfdhe setond step @H .

95AC, sD)wagtheefisst parameter of the PBFenzymatic polymerization to be studied.

All the calculated process yields werehigher than 100%, indicating the presence of residual
monomers in the oligomer s &, asligwudsBDO |3 expdrtadotd be t he s
removed during drying .

Al l the productsd r e pia HtNMR gpectrasdofy, andahe obtamedi f i e d
spectra were similar. Indicatively, the D-90 spectrum is presented inF i g 4 fdc@mpared to the

relevant blank sample,the monomers (BDO and DEF)andthemonomer s & mi xTheur e spe
determined shifts of the herein synthesized prepolymers were: 7.20 (2H,-CH=, protons a from

the furan segment of DEF), 4.354.43 (4H,008CH8CH,dCH,8CH»8009, protons b from the butyl

yp



segment of BDO), 180-1.91 (4H,-CO-O-CH,-CH3-, protons c¢ from the butyl segment of BDO),
all verifying the repeating unit of PBF [103]. Regarding the end-group protons, the determined
shifts were: 3.683.75 2H, HOACH:0CH.0CH,0CH.00, protons d from the BDO end-groups)
and 1.25-1.28 (30, CH38CH.008CQO9, protons e from the ester end-groups, Fi g 4 rland
Fi g 4 2)¢49]. The BDO endgroup HO3CH8CH,0CH,8CH»80 (bd)@nd the ester end-group
CHz0CH»008C08 (b both give a signal at 4.35-4.43 ppm, which is overlapped with the main
butylene signal 803CH20CH.0CH.0CH 2009 (b) of the repeating unit [199].

e b o b ¢ ¢ b b ¢ ¢ d
Hac_CHz_+C\(}/CDO‘CH:‘CHz‘CHZ_CHz_C]_OCﬁD/COO—CHZ'—CHQ—CHg—CHg—OH
a a
aa  pu b g ) ¢ ¢« e
L. O VPR ot M-
J\_LL Blank

e =

d f fd ¢ ¢ d f

Lh 'Ih HO—CH;—CH;—CH;—CH,—OH
o 'LLJL J BDO

a b’ e e b . b’ e’

’
’ ‘ CHy—CH,;—00C, COO~CH,—CH,
|\ |l 1 nos

U oEr

Monomers'
A mixture
M e

Fi gdd'BENMR spectra of DBhieh e rielpeod yhmeeamphamdr s he
monomer s Tmexsugeaeal sz o ;amibob xFedy uarree

Secondary peakswere also monitored, except for the main shifts of the repeating unit (protons

a, b and c) and the end groups (protons d and €). As regards the furan segment at 7.20, in the
prepol ymer §adoulp peak wasimonitored (a and a @rotons). The first one, a, is

attributed to the prepolymer furan segment, as discussedabove. The other, a ,dwvhich is also

monitored in pure DEF monomersdmixture and the blank s a mp Ispedira as a single peak

(Fi g 4 Bkis attributed to the DEF furan ring, indicating res i d u a | DEF in the pr
mass The presence of residual DEF in the pepolymers is alsoindicated by the e protons (shift

at about 1.40), which are also monitored in DEE mo n o manixsiré and the blank s a mp | e 6 s
spectra. This peakat about 1.40 is attributed to the DEF group CHs-CH,-, which differs from

the e protons (shift at 1.25-1.28) of the pr e p o | gsteeendgsoups (Fi gddaadFi gur e

4 2). Bven though the chemical structuresof t he pure DEF (protons ed)
ester end group (protons e) are identical, this difference could be associated with the different

chemical environments of the oligoester compared to the shorter, pure diester. Interestingly, a

similar phenomenon was not observed in the case of PBS, where the signals of the end group

protons of the oligomer and the diester (diethylene succinate) were identical (Chapter 2.4.1.1,

Fi g @ ® ehis different behaviour between the two systems is probably attributed to the
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different nature of the oligoesters. The furan ring is more susceptible to chemical interactions

(e.g., hydrogen bonding) that may lead to shifts in the *"HNMR spectrum compared to the

aliphatic PBS. Montejoet al. [200] discovered the existence of different intermolecular contacts

between adjacent molecules in furan by a topological analysis of the theoretical electron

density and by a natural bond orbital (NBO) calculation. The researchers stated that these
results could be extrapolated to the polyfuran, suggesting possible interactions between end

groups of neighbo uring polymer chains that could affect its properties. It was stated that these

conclusions can also be extended to other conjugated polymers in which charge transfer

between chains could affect properties such as conductivity. The increased tendency of the
furan ring to interact (intermolecular and intramolecular interactions) , especially when found
in a polymer chain, could contribute to a significant shift in the *"HNMR spectra of the polymer
compared to the relevant monomer. As regards the other monomer, BDO, the hydroxyl end

group peak (3 ppm), monitored in th e BDO spectrum, is absent in all prepolymers spectra
(Fi g 4 1L dhe resonance signal of the end unit @OH) proton is typically not detectable in

pol ymer s& s p e cmaleaulardhydeogen loondingn (e.g.,ebetween hydroxyl groups

and the ester bonds), as discussed in Chapter 2.5.1lt is thus considered that there is no residual
unreacted BDO in the prepolymers.

Finally, thec protons (shift at about 1.64-1.75), monitored in the prepolymer, the BDO and the
monomer s mixture speBROeadgouprproters pHOACH.0CH.dCHH h e
CHO0 (F i g ¢4 B)eThe difference between the ¢ (butyl segment from BDO of the repeating
unit) and ¢ BBDO end group) protons is attributed to the fact that the first ones are more
protected as part of the repeating unit .

a) € b) a8 c)

DEF )
a ’

Monomers' C
mixture

Fi gdRZoo mHNMR spectra of D-B0hteh e rielpaon kylhmneeamphe mer s
DEF, aBhDdO t he monomer sé( adinah fip epcicdrodt pe ot onsd shi

Summing up, the presence of the protons a,candeexpl i ci tly in the prepol
confirms the formation of PBF after the herein-conducted enzymatic polymerization.

Additionally, the identical spectra of the blank sample and the DEF indicate that no polymeric

product was formed without using the enzyme, and BDO was removed during drying. Thus,

any possible BDO residuesin the prepolymers are expected to be removed during the applied

drying process, in contrast to the solid DEF residuesthat have already been monitored in the

prepolymers. The identical spectra of DEF and the blank samplealign with the morphology of

the obtained products : a sticky gel for the enzymatically synthesized prepolymers and a dried

powder, similar to the starting material DEF, for the blank sample(Figure 43).
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ChaptEemzymatic
Candida antarct

prepolymerizdtuiramdofcapbdbloxlyh att ell)emes i 21,g5
ica Lipase B (N435) as biocatal yst

Figure 43. Morphology of the prepolymer D -90 and the relevant blank sample

TheD-prepol ymer s o

chemi cal wid ATIR[A03,204]¢Figwesdda): 3lb3s 0 v er i

cm™, symmetric stretching vibration of the furan C-H; 3118 cm™, asymmetric stretching
vibration of the furan C-H; 2963 cm™, methylene G-H stretching vibrations; 1722 cm, ester
C=0 stretching vibrations; 1574 cm™, C=C ring stretching vibrations of the furan rings; 1272
cmt, asymmetric stretching vibrations of the ester C-O-C groups; 1222 cm™, =C-O-C= ring
vibrations of the furan ring; 965, and 768 cm, G-H out-of-plane deformation vibrations of the
furan ring. The broad band at around 3375 cm™ is attributed to the O -H stretch in the BDO

end group.
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Figure 44. FTIR spectrum of
monomers DEF,

T
1500

T T T T T T T T T
1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm')

the prepolymer D90 (a) compared to the blank sample, the

BDO and (bhe monomersd mixture

All the obtained spectra, except for the BDO, exhibited significant similarity, especially in
regions 400 to 1750 cm™, due to their comparable structural characteristics (Figure 44b). For
instance, the band at 1722 cm?, attributed to the ester C=0 stretching vibrations, is monitored

in the prepolymer and DEF

(and the monomers mixture) spectra, given that the herein

conducted polycondensation reaction is a transesterification, where the starting material is an
ester and the final product a polyester. It is of high essence that the blank and the DEF spectra

88



are identical, thus confirming the effectiveness of the conducted polymerization and the
removal of any residual BDO during drying, in agreement with the abovementioned *HNMR
results and the macroscopical observations.

In the next step, the intensities of the hydroxyl stretch band at around 3375 cm™ (monitored

in every sample except for the blank and DEF and the intensities of the ester stretching

vibrations at 1722 cm* were investigated. As expected, pure BDO presented the highest OH

intensity (transmittance 37%), followed by the monomers mixture (transmittance: 14%) and the

prepolymer (transmittance ~5%). In this context, the OH end group and the ester contents,
proportional to the relevant intensities , were qualitatively defined. Fi ve measur ement s

conducted forarmachhesampéragesanweres eniledwlbet ed
boxpl ots
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FigdbeINMR al cuBRB@ed groups pepeak tiamgteeBagbditi es at
(a) 1@2adcdmbf)or t he pb-@% 08D30MBeSN-9 0D-9 5 .

Starting with tthe 0K odbdritet viedmiitithaart f or al | t he L
based on néexeulRWMHliRlk e a high dispersity was moni
repeatabil ity ofprtohbea brhesa sduuree meantt he sticky morop

(Fi gddgHoweviee , O end groups wiédNeMRy | saon dd eaft icréeedh r e
was monitored. The OH ienncdr eqarsewp ap eROsdPMdigree ar |y
temper atspree, al IA\q ROf.t9BrOr PAELTExt remely high OH en
percent ageacdyers@8hats90AC, indicat irrnigc hgheamuwfpor mat
ol igomer s. Thiugna b blegatvti mirbut ed to sterical- factol
conductedat appsaed pol ymevr iimateirom;l tchaea o d¢hai n
bul ky furan rings of DEF | imit whispeamtceds ngodt
nucl eophilic attack in the intermediate compl excé
Addi tiiomar ¢ yseendd QH oups pr&ED@ xipse cnioerde r e@maitnhvye t hi
due thd gihtlsy hyedarca X wid egsriodugass anha tsi ¢ mo e gdeanatrse as e d

reactiinvieenyzymati ¢ pl[o2;¥%]easltieph & ri ccnaa {siaco hmaoahse niehr es

usdE)present | ower aromaticity compar dg® Qt2d bawto mat
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t he f uriasn erxipregschtoéwth cteased stability compared to
BDOManiear [allOidnNvestigated the i mpact of arematic
pol ymerization of DMFDC, BHMF, aliphat iwasl! isthe®amn
that fuhafypolbtypést ewdisestrictedorbpoarraotmantgiictrs t he
backhompi nnghat ehhgme' s substadaeart ersnsipneeo tehnl zcyi niey
catalytidepaatdi nigttwynuct me al compatibility of the :
transsittaVoer e specifically, the researchers wused
based copion yekisg leevsiydh eetftodr owi nngat eesngeagéupeocess
80AC, under nitroge®Sstaatgneo)s pahnedr 8 0fAoQr, 2ath a( Ir educ e o
for ,#8l howed by 24 h at (AGgeAdeor diundg wsctuluen r
wheXh,-fSurdaimet hyl ene furanoate (IFMED)eamoédiro fhededmh 2 5 ¢
t hevand ®theft he exampmnleyde toe ~f u(rpaonl dyi (n2e,t5hy tceenef ur at
dodecamet hyl enef uc eDnoFat)gnidrn cRNEMy dedr @8 etdofitt
and 14, rdépecwoirvebypondvagues were 13150 to 186(¢
230gamipl respectivel y.

I nterestingly, after 90AC, t he o@Hayc20% tiemadr eraesmea i\
monitwhed the tempertaitrinread fACEWMe@80thbe@belmct ant s
reactiisvietxypect ed tionciinedgesanpee w8435 has been f oul

present decreased reactivity due to the kmaginnin
temperatur eSC aDoveh®t0 basi s, e mzy neaftfiicci gmlcy meorfi
decreases, |l eading to the formation emdpgoowptss
concentratti@mn)| tshvanh € a® 0 A sp rpordoupdete t $ @me concl usi ©
reachetie casdg sefe EBIAtFdrg 8BNedTHEMRI ef i ned ester e

group percentageerat 380 aand 3953%(rio.ueg. ,petrlcee n® kL geersc
62 and 61%, ,irrecksipceattiinveltyhe f ormati on of products

Regarding the F@#kERreaspedttsoe ampictoirids ttyhe eealduti on
groupmsa,sed i heosmhdD00r ams mbD ®ManaccedQDr ansmiv 6 ppance:
wamoni t oaleldpen enp o | sy pneeadsekagurg44b), p o snspiibrisgu r fcarcyes t a |

contact Thesbasel i ne shift in ATR is a defect f
wavenumbers (due to infraredepenéeingtoont wéetwawe
thus | eading to i|n2 @Blsies bdaesfeelcitndes sihnitfetnssi ty depe
qguality, mai sluy fcdrayes ttad. Eteleen t & diworuignhg dspectra acql

emphasis has been put on the ATR measwyseamlentcoptra
i ss,uetsh emd&kryphol ogy ofi 4 hper onad elry arl sk pomogeéebéiet y oir n
surface and t hi cklntesiss odf thhieg hmaetsesrenacle t hat t he
in the FTIR opedtonuas Wwas PBE 1lsewhiCbhbhpwas Bn the
fré€éowiowder providing a high, homogenous surf ac

Regardhegi nt 2hn22tEmaéd®dowhi chr o porti onal to the c¢
of the ester bonds (COO) along the polymer backl
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FTIpR ovisded | art ovbartheucase of PBSit has been found thatt he COO peak
intensity is mainileyndr elsd te¢sde Chhaptarpdsle Hao meavianr ,t hi s
casaes discus,tbeée abevpprlesmeenrts veeypdhggbu®Hcecencentr
(OH end group upertoeFMtggges t hus, the polymer backhb
are expected etgoartdiienignat bonyl|l satr elt ThQ2nCctnh abta nbda s i s
all PphepbDl ymer s’ similiaadi eater sconnd emt Bimbhkktul ar
di fferences between the ester condreqitderpirmg atbh g
mor phol ogy of the sfalnopwleess shigpslrefad negomhact .

The mol ecul ar wei\yi@PL wehde predpd cmleydmer s wer e was h
before being submittedthe moaiHdaM&Ryessiisd ut@ich erDeEnfro v €
monomdB8DO andveDEF al so submitted to GRCthralbpsias nt
GPC chromat ogr aths,, Itlhameened phebahklst or ed poepabymehe

(FigdplkRreaks | moandi tidr-dd . dt ah®7 A& . AL, rceosrpreecstpi ovned vy
t ®B,F i n comdakasinlomh iotlo7r-eBdBnatwh i cat riisbut edi DEBERI
The molecul@rande)agfthtshi(s | ast peak wer’eTheal cul a

difference between the real Mo laencdultdheer inBBRQjuhets o f
i's attributed to tdfe tdhiid feramdarchemuseéedyin cal
examinedTéoamplkéati onship between mol ecul ar wei gh
polymer; thus, accurate molecular masses can onl
t he saampehes same type.rkelgwederthe prepol ymersd mo
the deviations are expected to dfe tshmealgr esp mlcyemd rt
the stamcdambgs signitf i(eeamt.l,y Idinfpfadgdrygdgnmmds br anched

Peak Il
Peak | Peak Il

Refractive Index
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BDO
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Elution volume (mL)

Fi gdab@PC chromatogr ams o7 5t-&®,-8p3D,-0® D39 Pmer s D
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oligomers in alllnth@PCpr eepaoclhy meeadk i ntensity st
concentration of the examined $falvetpeempar Edewi th
identical conlcatiaeya thieo ncxhuarntigegd di ssol uevem,t heéelt
measur ement .t hAss aabismdlaauttsa nrbetsusddft he percentage
each popul aftiimanlo dsinc Hawvee v er , o0 ft hteh e -aftoiil gelseusd tiag h t
popul dtPieak | ) owmoltehceud iag ht popul ation (Peak 11)
rei dues (Peak 111) can be calcul atedi ahdr emins MW
popul ations'i pdagght odbati ons

I n this constod xtt het hefemakisBibokiPe s k | /aPheda kPelalkl |1 | / Pea
were callfiugwrfeeden t hough peak ,presentihmg diomé nhi
absolinmtevsai ughse r ati o of i Ptearkisnld¢/ iPeaaske sl Iwi t h t e my
increase and reachesAQ hih ovikg O&eteatviadb ue | iagsh,®0y de
remainingigheug®sCan Th schehavibeapeme enzymeds ef
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decreasefC(Rifgdefr€h%i0s trend means that thanks to t
9@C, the highest quanBxpepcotedthe mencwmessmed, th
residual DEF in the final product and, probably,

The molecul ar weight GR@OD&HNMRIafrien @d Etslg@aBegh i n
Both &t hahend of Peneekr el found siMilandup $mal8l5 incr
monitor &r eaatc BION g da fh @ Cafnadl UgEEprie s p e cAL ovvedCy9 On o
positive effect on the W8¢% eaqdazdmiaidrinct hpg | eyhnaeyr mezdast
efficiency mé&xianitkatrthe nth@addt i bag.dTcthre same trend
monitoHANMR mwith | ower molecul.Ghpwengménsbnbtadyg de
menti onetdhe opeannidsi tmaartadtkruyrbeut ed t o t he tshter dGPELC de g
results on (ste@hampadeifilrdanad di'HNMR,, time di stinct porg
di fferent molcanubedrd emageieghetldt, i ng i n average MW val
GPC.
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(Pebk didadanf f ecttelde bryeacti on tMompe reaxtaucrtel vy, t he
popul ation presentbdomatehi amsamnmad s$thable mol ecul
100g0a moflor bBodarmd (TablP. Theememdency of the | owel
wei ght papsuliant iloinmne-gwiowh ht pel gymepi zatDuwrni nngaitnhepr

first hour s, the sl ow reaction between the monor
oligomers and insignificant MW i ncrease. The fo
hi gher reaction times, |l eading to a noticeable N
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TablLea™™MNMRand ®GRCcubatbtedand dispersity #® of the
synthesized PBF prepolymers

IHNMR

cal cul : GP& al cul ated
Sampl 4.(@ myl 4@ myl I (g myl (H)
D-75 300 170 100(500180 100 50C1.01.01.0
D-8 0 400 170 100(500180 100 50C 1.0 1.0 1.0
D-8 5 400 170 100(500180 100 50C 1.0 1.0 1.0
D-9 0 600 180 100(500190 100 50C1.01.01.0
D-95 600 180 100(500190 100 50C 1.0 1.0 1.0
E9 0 400 180 100(500180 100 50C 1.0 1.0 1.0
E95 200 140 800 400140 800 40C1.01.01.0
F9 0 300 160 900 400160 900 40C1.01.01.0
F90_2 400 170 900 400180 900 40C1.01.0 1.0
F95 200 150 900 400160 900 40C1.0 1.0 1.0
D90 _3 300 160 900 400170 900 40C1.01.01.0
D-90_6 n.d. 160 900 400160 900 40C1.01.0 1.0

Even though the achieved MW values are not consi
to relevant values repoCdmar faanr ()2 Yopbesil zeéeadr BE
oligomers in thebagpsedenret bd NARBBoewpnhEosts e b O

at atmospheric pressure and 18 h at 20 mbar ma
achieved MW val uesgave'ale ad @0, arneds psect i vely). The
MW was probably due to theolmpwar edadc iagprp et @mhp eeri
process.

It is of high essence that even though the enzy
the open I|iterature, t-eegi pthemoenendn t wb mbeecuwl
popul ati ons hasormhadr emermnteicdesteef ayiQs3ylhit aregi zed PBF
N43b5mdi phenyl et her . The firsACsestad@e hwausn deao n dnuici
at mospherthe Theeassure was reduced to 2 mmHg for
reaction temAE€randréhan 80e reaction tA@peratur
anothér F4nally, the reaction tempeA@burehwast as
24h. The researchers found that the proportion o
named oligo(butylene fur alnwmdt ea)b omrd MBBM nacr k& apreds &
the reaction temperatur®RCihiireatsreednd rwas 88t ttroi bl
reasonel uding the high crystallization ability
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CALB at temper AfAmrodsheabdwaet®d | eading to the inc
weight fraction, could be the diol dehypté@as8]on d
Since cBDOdr emadt with the ester monomer at high
catalyzed the recombhaiane @ noilonf @ raeheds esnlhpomt mol ecul
wei ght fraction. On the contrary, i n our case,
mol ecul ar weight fr,act i mems i wakidgndindo tviedh &sicdu | d
indicate that due to the deceased efficiency of
was catalyzed by the enzyme, thus producing some
and |l eading toaddcihelws ewld iag hgth f ra At9i0@dnandofl000 a
0 1900 and 1IPOO0 gamol

Turning to the ther mal characteristics of the pr
DEbefamed after washFhgdWhltddhkerexmamemers BDO and L
submitted to DSC f orDuadadmma rtihseo nfFiirrgesattdgmena thi rnoga d

endot heirmdi cating the f owamatmomn tofr-8adn talmpd dmearD, =
t o A&15t is of high essence that afctleraswd stcitn @ nwiotf
the endothebmobds dma wat ed meThé&inrgs tp eearkdsat hd B8 C,
i ndi cetsesluah DERgeg with the abpavDEnpernetsamntesc amr @s ul
melting poi MiCthat szewmdwt p67a5WC, attri buted to the
mel tTmg first heating cur vprse pwelryemesrismi | ar for al

During toel hevaamedcryst alli iggtd yHANSAC i g d b.e

Tabl) 64r t heD-UMwashedt al | i zahQoeHnl oXRacgwerl roesce ra tt ol X
DEF crysttalmpiez aitiuddap r(o b a midy ctat@amyst al Iboztatheon of
ol igomer and tdcec urerse dd,uawi tDhnftrhee il ledeesrd @ ed mwya s h
D-90Thmoni tored crystallization tetnpaemmat ohemi aalel
synthesized PBF reported ToabDB@204nhwhhehopsesnalkite
the | ow mol ecul ar wei ghdl iodo.ddtearha ie & d y sCsheadptt lreeas i z
24. 1)t he high molecul ar weight polymers typically

due to increased ease of chain folding compared
the decreased number of end groups, actingt iasn
process. theagddeseone of residual DEF in the pre
al i gnmenftoroMtendalibexx e ptecfroyrsttall | i zati on, another tF

monitore2l0 -¢®AC duringbatoldl unga$ébed and washed w
D-9 G amp.l es

The same trah@i-8Ad6nwasoml so marieecoad demtmngg o
samples eredt aentg[allOvBh®@ nzy matsiymd IhleBsBi Fz eodl i agfdo me r s

5500 ‘Qa’armablsubmitted i rte d eoad RDeSACd eamtail cyasli st, haebronuat | tr e
-30 #O0AEven though the morphology of this trans
temperatur®j sthepbBPBFed to be tshegndgder alnit 8-er ati wrhe
AAC)28R40 7Thi s traosidi dre r eérit ®tde n comotldde: utlweor wei g
popul avtbeseswed pr eeasnedn ttheev e me nwo rddoede pr,e ctihseellyower
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mol ecul ar weighbhawvpiopag! anf no mall ecnoeur| gdy aeceggui grhee me n
mobility at ver y dlroann stienmpoenr aftruorne sa sol Od tbhea mc
ot her hemxd,e cTj @alt ab®AC) 3insoniatored in the prepo
curves, pagodtathe yhi gher mol ecul ar wei ght popul at
oligomer mass, asDutuwrviidgeenccoerdd blyeodadiCcg yst al |l i zati o
for the unwas hvweals hd@d , hewhdrcen was foll owedACby mel
signi fi cahnatnlhye Icohveemri ctal | ymelynit i@ £péealie7BtARZB2E0 8 ]

attridbgaiea its | ower mol eCThéamoweigheéed vmélueisng
washing was hexane was slACg4hshguhdghersthhlhsobmdbdno
prodaecntdot deem t he resi dBals eREMP nmdlhtei mgg.cond heat
the amorphous <character of thechar dien asyammeas i 2
though DEF residues melt in the same temperature

No BDO residues are observed since BDO presents
endot he3 @atoballty i buted to i mpar utebeudt,adnModrieo|e x a
knowncotnot ai n iompurmoiwt feeeziln-flydoornyacérpdB@gbut ane
butyrol-ddfomempurfidr misngotropic mi-Bouaeediwveitrhg 1,
thus difficult to sepaf0Ane@t herr oe gl! alnhaettiiBIDIOa tdioaurh
endot tewrurhd be the presence dgf21®Wphdneménendygol i
reportaldi tief @atr thbilig A nddiwe N diisoti shg gshdiybl e as the r
mel t i nghagwd nitlesesoe eaclf 16t mAaE. 19

a) b)
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DEF
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e W S —
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Figde@eSC curves of the monomers BDO, b®EFr anand ha
washing with hexane: (a) first heating; (b) cool
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RegardGAag al l gr ad e ss tperpe sdeenctoentdp oask ittgvBoPne pMaoolfda d wel ar
wei ghgt critical par gpmdtydntemenmbbendeicphpgeoosChaphner
24. 1. 3) . More preciselyppol yower (mabdeolli goMmw® ) glgt a
and PCL have been found-stepdemecmpoasemsnimulcbinpl a
mol ecul ar wei ght grades that anduasloimet idmespmp evde
mechani sms. The main reason for this different

grademoneedawioll wed idre cadimip foehctongodne to increased end

group concentration. However, the effect of the molecular weight on the decomposition

mechanisms seems toeliminate above a critical molecular weight. The first decomposition step

was conducted for all the prepolymers at 278A @ nd t he seconAClaatbl1&bout 3
slightly | ower than the relevant value of the ci
(i .8AY 2®4]t is of higat ddBeached agi Miilamrg concl u
enzymatically synthesi zesdt B Fd g cardpeo Pirteisem t perdo fai |
step beA®réng5@ttri buted to the | ower molecul ar

Tabl3® Ther mal properties (TGA) of the enzymati ca

Sampl e Ta. s AC Ts( AC) Resi due
D-7 5 174 281 386 5. 31
D-8 0 226 280 380 2. 75
D-8 5 178 275 3814 2. 37
D-90 211 278 382 3.39
D-9 5 181 268 382 3.24
E9 0 203 271 385 0. 66
E9 5 183 27 2 384 2. 73
F9 0 159 275 382 1.15
F9O0_214 199 282 385 2.19
F9 5 180 278 384 1. 47
D-90 _ 3¢ 178 275 370 4. 8

D90 _6g 169 274 385 2.28

Even though washioreg amidtiechc th etxhaenedecomp ot i bhet em
prepol Vamewass, signi ficantl|l yD&Df @c e §@ Joif € ABR®ct ed .
| ower -©BahTeRef( RXThe DEF mas-90| was imor B iinttsense
hi gher tda@rheunmonomer s mass | osecqurue dto A@bawptor :
significantly | ower than the fir3hedmoommessbi omr
decongpsas AREI gher than theppobablswbshdncasing in
interactions (e. d.et weyedir d dhen BWDOn chiyrdg oxy |l )groups
requiring additiona,l Ieuntedger ttoh are ctohmgp ofsier st deco
the product s.



a) 100 =—D-90 b)
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Fi gagbe TGA c urnvoenso noefr st hBeD @0 nDEle r sadh dmit hteu rpeg-epo |l y me
90 before and after )wavehighmhg WhewvieBaexanmes (a

The recyclability of the biocatalyst N435 has been studied to an extent in the open literature

on enzymatic polymerization systems for the production of aliphatic polyesters, including PBS,

as will be discussed later. However, we decided to focus on the recyclability of the enzyme on

a more challenging polymerization system, i.e., for the production of furan-based polyesters

such as PBFIn order to study the recyclability potential of the biocatalyst, its activity before

and at the end of the reactions conducted under different temperatures (80, 85, 90 and 95\ I

was defined (Figure 51). As discussed in Chapter 3.3.1.1t he protein | oading o
considerwetdan@O%he relevant initidl 3&@®irDwWistayl Owas
Uniamgs, with an RSD of 6 %.

0,014 -
0,012 4
= ]
£ 0,010
£
g J
S 0,008
= ]
= 0,006
Q
> ]
0,004 -
0,002 - - .
0,000 - - __
80 85 90 95

N435
T(°C)

Figure 51. Initial activity of N435 compared to the defined activity at the end of the PBF
enzymatic prepolymerization reactions at 80, 85,
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Based on the assay results, the enzyme wassignificantly downgraded after the
prepolymerization reactions. Even for the temperature of 80A (the enzyme activity decreased
by 76%, while at 95A @ decreased by more than 90%. Thus, the enzyme cannot be reused after
being submitted to these conditions in this system.

A recyclability study of N435 has been conducted by Guckert et al. [95], who used 10% of the

enzyme relevant to the monomers massin polymerization reactions to synthesize PBS at 9@\ C

for a reaction time of 90 min. The recyclability of the enzyme was evaluated by its reuse in

different PBS synthesis cycles; the amount of the byproduct in each cycle was monitored. The

researchers found that the amounts of the by-products were similar for the first four cycles,

while a small reduction was observed after the fifth and sixth cycles. The end of the reuse

process was defined after the seventh cycle, where a decrease of 56% inthe bypr oduct s 6
amount was reached. The enzyme's activity was assessed after severtycles,and almost 88%

decreased compared to the initial activity. To increase the enzymeés recyclability, the

researchers conducted a makeup procedure with 25% of its mass replaced by a new enzyme.

When it was submitted to a new synthesis cycle, theresults obtained were higher than the fifth

cycle. As regards the MW of the obtained products, the 0 was unaffected until
cycl es, i n ©obnetirnmgsti nt ol itnhee wi-phothet mamounted by
similar for the first four cycles. Very |l ow mol
monitatredrreegencycl es

Ot her relevant studies focusing on e&hd®38i8adwede of

di et hy | ( BAdainpda-tle 6anedi ol in bulk and sol uthAGn sys
with 10% wt of the enzyme. They concludedt hathe pol y( hexyl eemaiamée g at e
constant over three cycles in bulk, whliologegaidecr

all6néported the N435 recovery and reuse for up t
in tol uA@®eh.atHi7gOh mol edubap o@elygives e( comtsitawndad .y

It was also stated that the multiple reuse cycl ¢
CALB occurred daseonmwt ipdirysdwrerailng pol ymer synthesi
high mechanical shear (e.\Weinheitegeaedlalsimdc NdadB8bcabr
the enzymati c pdoilnyemehryil DaMdiaapréh t dBfD OA Gnd 70 Mbar for 4

h. The researchers found tte enzyme stable for over nine cycles, with conversion rates between

92and94% Fi n &Aldlhyaerti [l pnduct ed eROP of |l actones to p

in a flow tubular reactor. Due to the decreased
synt hesi zed P CIA Gra redctmon time of 80 mint(for @ah cycle)whi | e r eusi n
the enzyme more than ten times. The achieved mol

slightthdihhewdr esh enzyme .after the eighth run

InNnt er esgaverrgltyhough oNt4a8lbl es efears sever al cycles in t
case, it was provedfiaeacaphél i oéstrevwsi@ag The <cor
the abovementi onmadneiart & mb at s cQobnksairdaecrtienrg t hi s, ¢

assume that the presence of the buld&vdmalaln gt algis
of t he .oz yintabdimnereases tendency of the furan ring to interact (intermolecular

seey



and intramolecular interactions), especially when found in a polymer chain, could affect the

enzyme's stability and lead to a faster decrease in its activity.To t he best of our k.
only @8t amtiolBdve at tteompd ertPBds iazrd enuveiset iggmzy me'
recycl aChALIBi t was recyct empef-anamiredst age enzymat.i
pol ymerization with DMFDCA in diphenylAgCet2h6erh;usi
(2)A@524 hAC(BE zly2nDat iopemiimg pol yheapralt aonomé (
was perwiorimeddresh andoregeycfFfgdt@ALBnzymatic cat e
recycledT@GARALBoOl ymerization react i of@r24heunder conduc
a nitrogen environment. The obtained PCL products formed with the recycled enzyme

presentedt hle an@d up to ®R%baaodeasceodnp arhed ftresh enzyme p
Thusvas concluded that the reactiwag yatotfritlhet ed emh
to the elevated temperatures | eading to the unfo

Given the improved characteristics of the D-90 and D-95 prepolymers, the reduced pressure

effect was st udi ®denhante the By-padud (etdamal) Gemoval rate via

evaporation and diffusion. In samples E-90 and E-95, the pressure was set at 20 mbar, and the

reference prepolymers were D-90 and D-95 (200 mbar).

The chemical structure of the prepolymers was verifiedvia FTIR and®HNMR, and the hydroxyl

and ester contents were also monitored. Regarding the FTIRresults t he ester and h
contents wtea edbidnoiunadr f or AGRihg @@andb) espactively)

probably indicating s u r fcarcyest al c gand aan iimrstsairesse baseliinne shi
thi s,to@ese@®hap3ded.Oin) t he ot HNMR rdvealaddeveraldifferences in

the hydroxyl end groups of the prepolymers. In both E-90 and E95, the OH end groups

decreased this reduction can be attributed to the loss of unreacted BDO, leading to ester end

group richer oligomers. Another reason could be the sublimation of several already formed

OH-rich oligomers due to the applied high vacuum. The most intense reduction (from 90 to

31%), monitored at 95A Ccan be also related to the enzymet her mal d evalcitda hv aits on
expectheedgatt o t Bmper.Buermasbow react iAdnhe atec ambi9bat i
through diffusion and reaction onosShédaédz@Pratic
rich ol wlyiowdmurligh, c r te lacsael ¢ uO Hpteerdc e otf a g & e p rde pdo Inyomhe r
proceed s.Ohf i bienbhAdvkeereyn higher teacBol rate is expected (due to

increased enzymeactivity), the recombination of a sufficient amount of the existing OH-rich

oligomers led to a less significant hydroxyl end group decrease in the final product (from 88

to 59%), as some of the ester end groups were consumedleading to a less intense OH-end

groups reduction.
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The molecular weights of the samples, calculated via *HNMR and GPC T a b1 % were also
affected by the reduced pressure. Based on the GPC results, 80 presented similar molecular
weight values to D-90 (0 1800 gamiplhl 1900 1800d) a moflor-9 M a M) E
r e s p e c Ontheedntyaly, E95 presented significantly lower molecular weight values than
D-95, reaching1400g am'od and of -93 ewk00a nd 1g%0ndorespectively).
Thed and of the second peak were also affected, both reaching 800g a m'q(ihstead of
1000 g a m'ool f t -® & A Bignificant reduction (about 66%) was also monitored in the
'HNMR-calculated 0 at 95A Gn line with the abovementioned GPC results The intense MW
reduction at 95A Ccan be attributed to the following interdependent reasons: first, the
unreacted BDO lossdue to high vacuum disrupts the reaction's stoichiometric balance, leading
to low polymerization degrees. Second, the decreased enzyme efficiency at 98\ Qdue to
thermal deactivation) leads to a reduced reaction rate and formation of only low molecular
weight oligomers with any remaining BDO. On the contrary, the high enzyme efficiency at 90A C
leads to the formation of higher molecular weight oligomers and the recombination of the
existing ones, thus balancing the sublimated oligomers loss and resulting in similar MW values
with D-90. Finally, the extended sublimation of the lower molecular weight oligomers that are
formed, disturbs the reaction equilibrium as part of the reactants is removed.

The ther mal properties of the prepolymers were|]
pressure (Ta b1 ¥ The decomposition occurred in two stages, attributed to the different

molecular weight populations, at 271-278A Q1% stage) and 382-385A Q2™ stage) for the

prepolymers synthesized at 90A D-90 and E90) and at 268-272A ¢1% stage) and 382-384A C

(2" stage) for the prepolymers synthesized at 95A GD-95 and E95). TheE90pr epol ymer & s
Te.swad$ ound sblei ghtl y 900® §8 2tARwhileDy swas found simil a
t he9 5 armd O 18138A@nalspedti OWal y hat basi s, it can be
prepol ymer s s yA@rédsaperiorzietdoseasynthésiged at 95A Cand the reaction

temperature is the most crucial parameter affecting their quality . It can be thus concluded that

MM



the process is mainly controlled by the chemical reaction itself, and not the by-product removal
rate through vacuum application.

't is of hi fprthe easesobPBS, & was ¢pacluded thatat the temperature of 90A C

the higher vacuum resulted in a slightly higher overall quality of the prepolymer, i.e., in terms

of molecular weight, melting characteristics and thermal stability (Chapter 2.4.1.2), while a

similar conclusion was not reached for the case of PBF. The noticeable difference between the

two systems is the nature of the reacting monomers; the bulky furanringsof t he al i phar o1
DEF and PBF c oariplair PrEds&sttiacnd hBS probably | i'"mit th
movement through the reaction mi xt urt(aevVv aphoursa tiinopne
and) diffusion.

Given theinsignificante f f ect of the reduced pressure at 90AC
higher reaction time (6 h) was then studied as a parameter at 90 and 95A Cat a pressure of 200

mbar (90 and 95, respectively). The reference prepolymers were D-90 and D-95 (2 h, 200

mbar).

The chemical structure of the prepolymers was verified via *HNMR and FTIR and the hydroxyl
and ester contents were also monitored. Regarding the *'HNMR results, the hydroxyl end group
percentage decreased slightlFi @f BahdbAr€speativaly). si gni f
The slight decrease in the F90 sample compared to D-90 can be attributed to slightly greater
BDO consumption after 6 than 2 h of reaction; the enzyme efficiency has been found to
maximize at 90A Gsee Chapter 3.4.1.1), meaning that BDO was participating in the occurring
reactions and after 6 h it was not as abundant as it was after 2 h. It is interesting to note that
the defined OH-end group percentage of F-90 (75%) was lower than D90 (88%) but higher
than E-90 (59%), confirming the effect of the lower pressure (i.e., loss of unreacted BDO) on
the end-group distribution discussed in Chapter 3.4.1.2. The significant decrease in the OH
end group percentage at 95A Gor 6 h of reaction is related to t he time-dependent thermal
inactivation of the enzyme. As the reaction time increases, the enzyme efficiency decreases,
forming (OH-rich) oligomers with very low molecular weights. These oligomers are prone to
sublimation and/or degradation, thus decreasing the hydroxyl-terminated oligomers number.

Regarding the FTIRresults t he hydr oxyl contents were similar
90AC andcdi9g®Me and b, respectively), probably in
sur fcarcyest al contact i ssueaers,i rctoemmsd a el a @l iad es os hihfe

Similar ester contents were also moniAQwhilead f or
small but noticeable reduction was observed in the ester content of the prepolymer
synthesized at 95A @fter 6 hours of reaction. This reduction indicates the decreased molecular
weight of the F-95 prepolymer; the ester band signal is proportional to the backbone ester
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bonds and not to the ester-end groups, given that OH-end groups dominate in PBF
prepolymers.
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The samples were submitted to GPC, and the following chromatograms were obtained (Figure
54). The longer reaction time negatively affected the polymerization for both 90 and especially
95A Cwith all the peaks being shifted to higher elution volumes, indicating lower molecular

weight values. More specifically, thed and 0
reaching the value of 1600 g mol™* a t

equil i bri umcdeaecstdidy e

amount s

accumul

wer e

ati

on

Refractive Index

f or med,

decreasedby 11 and 16%, respectively, both
9 |0cAnMe stated that the system may have reached

end gr ouTfhwy, s anccr sewlrppetdi dobny t

requiring,

al eha ddilypegr 0 tlvaacctu u m

wi t hiamdi t® hio & 3 6 tlisswiphigmessesce that the
same conclusions were reached when PBS was submitted for prolongedeaction times at the
optimum temperature of 90AC ( ChrR&.p3.er
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Figure 54. GPC chromatograms for the F90 and 95 prepolymers compared to the D-90 and

D-95
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In order to confirm the hypothesis mentioned above, a supplementary experiment was decided
to be conducted. Even though the very extended reaction times at the temperature of 90A C
would question the green character of the process due to significant energy requirements, 24
h was tested as the second stage reaction time. Based on the GPC analysis results, the 24 h
product presented similar MW to the 6 h-product, lower than the 2-h product D-90 (Figure
55). An identical trend was monitored in the *'HNMR results, thus confirming that 2 h is the
optimum reaction time for the second prepolymerization stage and higher reaction times do
not favor the process.

2000

—— GPC-calculated M,

1900 ~ M
3 "HNMR-calculated M,

1800 ~

1700 +

_,-—-__—/T
1600

1500 2

600 4

Molecular weight (g mol™)

500
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300+

200 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
Reaction time (h)

Figure 55. Molecular weights of the D-90, F90 and F90_24 prepolymers

As regar ds 0 9andAiC ,predemted b decrease of 17%, reaching the values of 1500

and 1600 g mol™, respectively. Thus, thee n z y me &-depehdentthermal inactivation

beginning at 9 5 As@onfirmed, in line withthe F TddR f i ned ester content, w h
f otrhper epol ymer synthesized at 95AC for 6 hours. I
values are slightly higher than the relevant val
reduced pressure (E95), indicating the negative effect of the high vacuum (i.e., the unreacted

BDOloss, disruption at the reaction equilibrium as the low MW oligomers were sublimated) on

the polymerization (see Chapter 3.4.13). Thesame trend was monitored in the *HNMR results

(Ta b1 2 with the defined MW being significantly lower than the reference sample D-95,

i mpl ying t he -deenpzeynndeednst tiinmaect i vati on at 95AC.

The monitored during TGA decomposition temperatures of the samples prepared at 90A C
remained similar as expected, in contrast to the Tqse that presented significant differences
(Fi g & B I line with the GPC results;Tq s of F-90 was defined at 159A (52A @wer than the
reference prepolymer D-90 (Tasw 211A T The supplementary experiment product (reaction
time 24 h) presented a higher than F-90 Tyse of 199A Chut still lower than the reference
prepolymer. As regards the prepolymers prepared at 95A Csimilar thermal properties were
monitored for them both (2 and 6 h), with Tyse at 180-181A €T a b1 Jimplying that thermal
deactivation dominates the system and leads to the formation of products with inferior
properties.
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The prepol ymer s anynitBlhesi0mbd cHDEDBDO 2 DM present ed
the highest performance ©nl 8k ranmdgdEimyotdkenvmalr we
propefki®esdAT 211 arAdC)L8IEven though their char a
D-90 was selected3atndghe ascaltedsyimd hperiwd kroev@ecrt i on

( 9AC) permitting | ower energy requiremepes in
cheastiry. It i s also i mportantcatnh ate tchoensh dreeied &
considering tlempertatuseablbbiw poltyhmaetr hdaoketsiee guti e c !
mul tiple solvents for the final product isolatio

Regarding -upheprsadud ectds® macr os €dp_i3cga lwanso rsp hno |l cagy ,t

90 and all the synthepiepdl ymemas smial ¢. Faalugtei( digy
5d@). On the oth®r6dawmas rntexeeiDved i n &ifgledwi,ng, d
indicating a | ower polymerization degree and pro
a similar dark yellow color.

The sampl es wer e s ubmiotttieceabd e GHELCr aamsle ai n t he
monitored conmnpradadal teo grOke(g b BPeh eT most significant
was monitob eaf itnhsechge PBF grade, i.e., Ww®%. Sim
procesl watshd ess affect edt h®l,0%) mgloynprag etdhato t he f
the | onger chains was restricted, probably due
intense on | arge scadpevduEbdr qeaampte, i hbeedbyes
remains constant, l eadangstol medgcedmemetmowial h t
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ChaptEemzymatic prepolymerizdtuiramdofcapbloxlylh att el)emes i 21,95
Candida antarctica Lipase B (N435) as biocatal yst

identical trend Wassarharhei bl ee dd evfnia@fhdke i n contrast
maxi mum decomposition temperatures that remained
the MW di fferences.

Figb7Mor phol ogy odp tpmree paci@Predrgs (20)0 _&mgd (D)

Except for the MW pv aplrueepso,|l ytnneer ssoc aOH dend groups dc¢
t he ssneaall le prepol ymer s90 _Bagr piresttantea, aD hydr ox)
percentage of 65%-emadtgraadumfp SBXe)NtOCABiemioPfBED v t o
scatluipngpr ecers st,hough t he -rfiocrhmaotliiogno noefr sOH s -expect
cat alpyozleydmer i zati ont heailmnimytddedt ester accessibi
(attributed to the | ow internaé afartbwinky hfaaman em
case qgf theF)mass transfer | imitations may affect
diverse distribwtini omragferemsad agrescups

Overall , -utpheprsecpaditeydndéhre scale of 3 g, was select
foll owi-m@gl ypmerti zati on . #)e 8d e (tCh aijpt®r sibmi |l ar mor
values with thespabd@u.cD of the 1g¢g
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This chaptéheeadiminmelpi Warzckidda alnitpaarscet iBBaas a bi o
i n a sfoleweemdtyostpemddbe RBEYymatic synthesis was co
with the first aSAQatmbespheondi pressuc(e, 24 h) 1
monomersd® | osses. The second stageds conditions
thoroughly investigated.

Thexami saedaesntda g e reampeoat ur e384 GveAkl 76he synt h
prepol ymer sd vetivichkMMR amad FTI R, and residual DE
the formed pr dgpaulnydmerasibwde rCcspecially the ones s
95AGOQq DaOkb ,D respecti velhy), iantittreidb UDtEeFd atcac essi bi |
due to | ow internal carbon chain | ehlge hmalnac ulhar
weights of the prepolymers esentflasnidz etdb i aptle e 9s0l i ayr
compared to the | ower temperaturesd prgaalts, re
O andd , resplectwhiely twopdpdeifa@ariemns MWere detect
advantage of these prepolymers was that the high
at A®ond sl ightlyACeprebabdtdyai mpSying partial | oss
remaining thougi#8BICi githeer tthrearmad5 properties of al
similar, with rel atThuel yAL o meart éd gt @ od memi dal |
PBS grades due to their | owerstraglee cduelcaormpwesii d h to
monitoretdhd opr eadgdl ymers attributed to the two di
the open I|literature.

An assay of the recyclability potential of the
cannot be reused, in contrast to other systems
enzymatic synphetyvesoers. The faster enzyme deac

could be attributed to t htehpreaetswerfeugodoftrhien gno)n.o mer

Theeduced pressthesnafdfied awad9® amila ek @dwuec tby

(ethanol) vemoapobr ataiten &ahd dppfusdomeduced pre:
affecpr egphcel ymers synthesized at 90AC but had a

synthesi zeTheatdex5A@sed enzyme efficiency probab
MW ol i gomer saboblptmmgt edt erruppi Tdputtbedahmranadb Wl
values wereA@mndanideacr a6 @n atth é 8ot here tpa epol ymer s
properties were not significantly affected by th

The reaction ti me i nvlenget reagter timesnnegativetyiaffeetdde¢hd t h a't
polymerization for both 90 and especially 95A CAs regards 90A dt was attributed to by -product
accumulation within the reacting particles, leading to alcoholysis reaction. As for 95A C , both

0 and 0 presented a decrease of 17%, reaching the values of 1500 and 1600y mol?,
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respectively. Thus, thee n z y me &dependenttbermal inactivation beginning at 9 5 Av@s
confirmed. The thermal properties of the prepolymer synthesized at 90A @ecreased, while at
95A @emained low and constant.

The prepolymer A@nuhdebadh@O)@8&s selected to be
up3alnélgY hanks to its superior propert.iTees Reomepiam ed
applied warso csaxgssecsad feudh dugpk s t o i tist sii shpdmipledrway ,ur &s
bul k pol ymeri ztah & b nndotte erdengidgituiep!l e sol vents for t|
i sol athib®@W. Bigr phol ogy wagyaes l exwpesdt sdi9OKkYwggeviaks,
received in a flowing, dark yarmhdwmt fofr mhe pirdbalbl
MW values decreased only -ssdalgeht(l iyg %ed qpdmatigad d d/7 a't
the potential for a larger scaling up. The same trend was depicted for the thermal properties

of the scaled-up products. Finally,t he swe@al pdepol ymersd OH end gro

compared t ectaHe gmelplol ymer s, a phenomenon obser
attri bmaesd towansfehambymaftadteconshe r ealcdaaditrs@d tcmn
a diverse distribution of end groups on | arger s

Summing up, PBF prepolymers were eéeéemzymathi aalplrycs
designed in |ine with the gr eaemplcihedni ssirmp lgeu i pred
al so proved to be scalabl e. On that basi s, a ¢tr
grade odnhabeed, pot epnatcikaalgliyn gu saepdp | fiaccrat i ons takin
promi sing bar.rier properties
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tinases are polyester hydrolases that can hydr
nomeric units. Leaf and branch compost cuti ne
drolysis activit¥lalbpdi hget mastahel ofythe most
e developctagakytredaBET recycling met hods.

| aiema pa2lldBi]scovered LCC through a metagenomic s
anch compost. Although the native host of the
sed on its significant sequence identity witt
er mobi fdutai nedisiea 4 6 % i delmteirtmpo bwiftlai M@lsae,a The
thors subsequently reported LCCds crystal strd
d PET hydrolysis activityTnot CB,6Awshihdhg,hliyn tthree m

20 mM Ca€teases by an additional 12AC. This
us far reported.

spite its high thermodynamic stability, LCC
| aiemafeolund the enZzymeshad hHalst 40A@ind AROd 7 n
spec[td v, yBhétr Ha&d lRi]scovered that LCC displays
opensity, primarily contributing to its ther
operty arissobguwbefmpetodian) i nteractions-are st
|l vent -s(ogernott)ei nnteractions. El ectrostatic or

mi nate these interactions. Proteins in their n
ncentration and ambient conditions (na&tiitwe cor
wever, higher protein concentrations (such a:
gregation and |l ead to formulation challenges.
: chemical, temperatur es, agitatbaa)icanchadg
ading to aggregatioh2a®2]!| ower concentrations

that basis, a ther mb¥¥ttabadte exhi @ints olii gICCs |f & €
d demonstrates remar kabl e efficiency i n depo
vel ppe8JNot ab9fs LEE€ only enzyme to be industri
th a processing temperature of 72AC, and is e
gmn2 16 ]

terestingly, edgmpet mowght htehea hwirlmbst abl e varie
ver al (PET) hedrogl2UHith eyl thdhivees never been wuse
action, i.e., polyester synthesis. I'fSCtwas cor
amined as a biocatalyst in the PBS synthesis.
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The main scope of this chaptenowabk-c 0 mmerxaind Inley
avail able '"f“zZmewnLE®r its plastic degrading ac
PBS synthesis for the first ti me.

I n the first part of the chapter, the protein
bi ocatal yst characterization conducted at t he |
I ndustri al Bi otechnology & BiocatakhWwaracgeoupat s

included the investi gaTixe nanodf oipttsi nmuhnelyteanp esrtaat buirl

In the second part of the chapter, the products
attempts were evaluated. The enzymatiCaaldiygasyn
antarlkitpasae CALB (N435) PBS at t-h@) ,opit mwmé teidg ato
Chapter 2, was used as the reference materi al

The materials used for PBS synthesis include the
the final product isolation, all presented in Ch
Regarding the wgeddbuptatabhybsant of | eaf @ ranch

variant F2431/ D238€CypRr8BCLCYURAVGrowKBdI D: G9BY57
signal waptheaetedr ol ogousl y expa @dsrisde d hienn tihnmemobbaicltiez

the carPiAembe EzI\&2ig@sr%( Engi nZy me, Sweden) by t
Bi otechnol ogy & BNogAbalkesdsi #ongt bep dxypees anreinli @ad
bel ow?i sEza-lGyemiophi lic carrier consisting of cont

FigGBeControlled porosity glass beads carrier

The selected exyfEressoilbr most wadely studied het
platform. The transformation wassh o ¢ k n dpurcotteodc o b a ¢
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recombin&ntRo21i | BE83) and the plasmids (pET22b( +)
LC'C5® were inserted in an Eppendorf tube at 42AC

easily permit the plasmids penetration.

The sterilized (121AC, 20 min) nutrient medi um
( kanamptlank* oG nutrient medi um) and the recombina
di shes and incubated at 37AC overnight. The trar

at 37AC under agitation (180 rpm) and recombina
addi tfi oOn. 20 mM ADsletphrioopgyall act opyranosi dase (1 PTG) f

protein expression in bacteria is intracellular
bacteria cells. The cells were theimamiecsatsipem)d,e da
centrifugation was wused again to removevitahe ce
| mmobilized Met al Affinity Chromatography and s
polyacryl amide gel electrophoresis to be identi
i midazole (used during I mmobilized Metpalot&fifni ni
from the columns) residues, dialysis occur s.

The immobilization of the protenemntwadnedwoimadu ati e

coval ent bindi n§Amblehre Icaas rFe( | IEIz)i Gparticles on |
coval ent bond4 agi toli tihe kHiecombinant expressed
i mmobilization.

Thepti mi zed protocol for' “@me | Tomesoda i fiAmedteird miaGf L
wei ghead suspended in a phosphate buffer 500 mM N
enzyme after purificationloaldbhengr atoi ot haef stutpepoe
(( WnzymWar)iewas optimized to 20%. The mi xture was ag

Anal ytical Il nstruments Manufactur iArCg The LloTpD,i nGhezi
procedure applied resulted in a 77% i mmobilizat
procedur e, the enzymatic solution was centri fug
with the immobilized enzymenwagheribedchrdygh Iwna
the fof mééowang Fpogwadpeer (

Pl

' §
b ' 2
u

Fig6bel mmobi

ized on the'“C%Zi G3 Amber car



Cal cul ating the masst hoef ntahses foifn atlh ec airmmnmoebri |ai nzde d
the absor banafe tah-e @mdbinlm zed enzyme in the enzym
was defined asens/gw aca@ahyo: 18%/ wWarsiedhi s value is co
to the commercially Cawdiildabladnit @mmmdb iClAiLBed t he r
|l oadi ng of-2WHKAet (Cuh,yn®ar)B,ebas di scussed in Chapter 2

Esterolytic activity of the Dbiocatalystp-was as
nitrophenpgNPLI, adadact®510 min under agitation (140
Ther momi xer Comfort (Eppendorf, Ger many) . Reacti
containing 1.0 mM of t he-csiubrsattrea tbeu fafrg wn I r. M 265086 sv
1% v/ v -TOO0OtemM ¥. 0, and 0.5 mg ofnihirompdNdaloywsat(s. Th
monitored at 410 mM,0 imm ca oppeadter aaxder ( Mol ecul
CA, USA), connected with the SoftMaxPro software
CA, USA).

The opti mal temperature was assessed pMRLLugh r
following tphh®P atsamgarcenditions, over-8&LTlhenge of
rel easmi torfopgpNePnnolwa(s moni tored at 421900 nmm,crionplaat

reader (Mol ecul ar Devices, Sunnyval e, CA, USA) ,
(version 1.1, Mol ecular Devices, Sunnyvale, CA,
The thermostabilitSWad iimmedbtiilgateald LIEC assessing

ompNPL, after incubation ofHGlIh,e b5 ®cmMaNgGIlt pht &.5
temperatures ranging from 60 to 80AC dN®r as sayr at
conditions.

Stoichiometric amounts of DES (6 mmol, 1.04 g) a
rou-bdttom flask and s20AQC eidn (& 5r atpam)y ad&@Par at or
Bucchi, Switzerland) under atmospbtemcentpr @tsisam ev

6.5 % wt (relative to monb@E&%se pdiemgMmEmn)ithvehiiarntmok
was 15% (sele PCRBaphteerprotein content was cal cul a
monomer s. This content was$ heseepeotednt combeersti mi
enzymatic synthesis of PBS with the commercial e
used biocatal yst concentration was 10% wt rel af
((WnzymWar)iedfWHEO®@% N435 (see Chapter 2.3.1.1), the p
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to monomer s, i . d.CCPsriotidiarr . caddh ttema t helL GGfmobi | i
bi ocatal yst -adeptproepolay mwoi z at i(Toanbll ger oTchees sf iwasst as
was conducti@AC,aturbdder at mospheric pressure for

through | imited transesterification reactions.

vacuum of 200 mbar was applilkldor dAftontrhewaest dadde d
relative to monomers) to dissolve the formed po
filtered off. The remaining evhalcairuarf corummpw a sE dewaa pdc
Rotary Vane Pump, Edwards, U. K. ) . nTdhes escaonmed psrtoecy
80AC, 200 mbar, 2h) was applied without biocat al

Tabl4 Conditions of PBS enzymatic prepbymerizat

Samp 1sstep 2"dst ep
T(ACP (mb t (K T(ACP (mb t (

L-50 50 1000 24 80 200

L-6 0 60 1000 24 80 200

L-7 0 70 1000 24 80 200

H-NMRvas carasedesatibed in 2.3.3.1.

FTwRs carasedesotibed in 2.3.3. 2.

GP@Was carasedesati bed in 2.3.3. 3.

TGWwas carasedesatibed in 2.3.3.5.

The esterolytic acti ViCtGypNPiL twhe icmhaclil laitzed elg@@
0.080angpBd tBased on thesag|levart | MhPpbées ernreadd LCRe
maxi mum acAiChi(dGaEt WOi ch was thus considered it
t hdbtasi s, t he reacttiloen ftierngpterattap eofoft he f ol |l owi
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investigated i-f0OABe Thegktoonf 8B0ration of the fir
pressure (no vacuum that could | ead to monomer s
appropriate condition§%féiexamicyeoinh®BSeahzliy@®@t i

Y]
—

b) 100
100 Q0

80
90
70 H

80 60
50 H
70 4
40 H

Relative activity (%)
Relative activity (%)

60 30
204
50
10

40 T T T T 0 T T T T T T T
50 60 70 80 0 10 20 30 40 50 60 70

Temperature (°C) Time (h)

Figedef fect of temper dta)r enan t thlwef s d anbmiovbiii 19z @) L (
omNPL.

Theffect of temperature on thé‘“Basabal sobysobdiae
based on the relevant resuhéesmakhy biabheabystO
24 h of incubation, as the cal(fEubébgegdOnacthei byhe

hand, the i mnithielrinzaeld sLtCaCbi | ity at 79 AdQu rdiencgr etahsee
first 24 h. As regards 80AC, the biocatalyst ret
i ncubation, and it was practically deactivated i
context, the secondigstpaode mefritzlae i oomlsl ovmas sel ect
80AC for 2 h under a vacuum of 200 mbar. The sel
PBS production b-prodmovi fgthtiHddomyg darhde g eaction ¢
the right, thus enhancing the enzymatically synt

reaction.

The bdamkfFieg@2d and9@ hEeBB prepol ymer syFntghuersei zed
62) were used as reference materials to'“S%udy t
products. All the pwietph'Chia@ res i iy nthlee fioFadjof e st i
6 b-d) , indicating a relatively | ow degree of pol
(H0) presentreeds eanbl i ggi anor phol ogy simil ar to th
products synthesi Hé&d adltd ,6 0 raensde n7tOeAdDm,gyldr es e mimbd i pk
the reference PBBE2p8kpol ymer, B
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Doctor al Di ssertati on Christina Gkount

Figaeeel ank (reference) sampl e ( a)he prmemodli f%hezresd sby
at 50, AC w80 Qe)

Al'l the prepol ymer'ds-NMRrandubml Rted wverify that
f o r mRB& repeating unit was verifiedvia *H-NMR spectroscopy for allthe L CC“Fr oduct s
(Figure 63). All the determined shifts were identical to the N435 product, B-90, presented in

Chapter 2.4.1.1 No residual BDO was detected in the prepolymers, as the hydroxyl end group

peak (signal at about 3 ppm, Figure 27) monitored in the BDO spectrum was absent in all
prepolymers spectra. As discussed in ChapteR.4.1.1 since the resonance signal of the end unit

(6OH) proton is typically not det enwleclarhywlrogem pol ym
bonding (e.g., between hydroxyl groups and the ester bonds), its absence in the spectra
confirmed no residual unreacted BDO in the prepolymers. In addition, the presence of multiple,
distinguished peaks at 4.12 and 1.7 ppm indicates that the expected polymerization degree is

higher than the minimum (i.e., 0 1200 g mol™ and & 14) above which the *HNMR peaks
distinguish, as it is thoroughly discussed in Chapter 2.4.1.1 Regarding the blank sample, the

signals corresponding to the e and d protons from the diester, and the diol were hardly

detected, presenting significantly lower intensities and different morphology than the
prepolymers, probably xtwmedi cating a monomer sd mi

e o c ¢ a b b a ao” d
H;C-CH,-0[OC-CH,-CH,-COO-CH,-CH,-CH,-CH,-0] OC-CH,-CH,-COO-CH,-CH,-CH,-CH,-OH

C
a, a;’ an b

w  f gL .,

L-50 . D JA“ A
L-60 e D ’ﬂ\‘ A
L-70 ] =i .
Blank L= L

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Figure 63. "HNMR spectra of the prepolymers L-50, L-60, L-70, B-90 and the blank (reference)
sample



The prepol ymer sd c¢hemi c avlaFBRandthe PRScharactessticpaakss o v er
presented in Chapter 2.4.1.1 were monitored (F i g & & é&'he main difference between the

LCCfroducts -@0d sampl| 86s spectra is that the | a
baseline shif-prepobtygymerast Asoit is t h3ordoqulygdll v di

baseline shift in ATR is a defect fostering st
infrared penetration within the sample dependin
contact issues. Significant baselriempe® | gyhmefrtss (Werag
3.4) 1. which, si +pirlegproll ypmesehhed La sticky morpho
responsible for inhomogeneity in the surface ani
FTImRasur elmenwas thus concfFudwdnghpowdbde foem of
synthesized PBS provided a high, homogenous sur
contact issues.

Fi g 6 dFeT IspRctra of the prepolymers L-50, L-60, L-70, B-90 and the blank (reference)
sample

Even though there may be surface contact i ssues
contents at aroundwerd OmamidERAI7TADI c nm ki geika st ep
The OH content was similar fAQ, twhhei |tee nap esrnaatlulr edse
monitored at 70AC. The same tr éliMRvarse dwiptexs eed n
reduction from abd@)o 692 %A aisM7ma GHWoup per cent
was monitored. Given that the boiling points of
and 2®)0, BDO is probably more prone to evaporat:.
| ower t hagmoD'E ® st @@ dg nmif’, respeatively). Given that BDO evaporation

may begin at the temperature of 70A C, l eading to a decreased avail
rich oligomers.

Regarding the ester content, the relevant intens
60AC and a slighter increase at 70ACCs gLoopoderon
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